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ABSTRACT

Superimposed a.c. is found to favor the dissolution of lead while d.c. helps
the formation of lead dioxide. The role of a.c. is thus similar to that of a
“forming agent,” like nitrate, the use of which tends to boost the formation of
lead dioxide. This view is supported by mcasurements of anode potentials and
the time needed for passivation. The porous nature of the surface film, indi-
cated by the resistance measurements, explains the continued formation of
lead dioxide. A probable mode of attack of the lead surface is given based on
the microscopic examination of the corroded surface.

In an earlier communication (1) it was shown
that superimposition of a.c. on d.c. resulted in an
increased formation of lead dioxide which was con-
firmed by the discharge capacity measurements and
quantitative estimation of the lead dioxide formed.
No explanation was offered, however, for the results
obtained. It is the purpose of this paper to discuss
the role of a.c. in increasing the formation of lead
dioxide.

Alternating current superimposed on d.c. finds
application in different fields by virtue of its effects
on the electrode reactions. Effect of periodically re-
versed currents on the corrosion of underground
cables has been reported (2,3), and it has been
shown that corrosion decreases with increasing fre-
quency (2). Superimposed a.c. has been found to be
useful in the electrodeposition of zine, nickel, etc.
(4), in the refining of gold (5) and in the prepara-
tion of inorganic compounds like lead chromate
(6). Superimposed a.c. has been utilized to advan-
tage in obtaining bright electrodeposits of metals
(7). The a.c. superimposed has been found to have
the following effects: (i) it enhances anodic corro-
sion of metals which depends on the frequency of
the a.c. and the ratio of a.c. to d.c., ete.; (ii) it re-
duces both cathodic and anodic polarization and
electrochemical passivity; (iii) it causes marked
reduction of both hydrogen and oxygen overvolt-
ages, and the extent of depolarization appears to be
independent of the electrode (in the case of hydro-
gen overvoltage) and is primarily determined by
the ratio of a.c. to d.c. (8). Corrosion by superim-
posed a.c. has been found at first to increase with
increasing current density, reach a maximum, and
then to decline at still higher current density in the
case of lead in sulfuric acid (9). The effect of differ-
ent wave forms on the anodic oxidation of aluminum
(10) has also been studied and reported. An under-
standing of the function of a.c. in the anodic oxida-
tion of lead may find application in the formation of
Planté plates without the use of forming agent
for the purpose.

Experimental

Lead foil guaranteed to contain less than 0.001%
of silver was used in the investigation. The area of
the electrode oxidized in every experiment was 1
cm?, the rest of the surface being stopped off with
nitrocellulose varnish. The electrolyte was prepared
by diluting reagent grade sulfuric acid to 1.200 sp gr
(5.66N). A large, formed negative plate of a lead-
acid battery served as the cathode so that hydrogen
evolution could not occur. Direct current was ob-
tained from an electronic current regulator and a.c.
(50 cps) from the mains through a voltage stabilizer.
The circuit diagram is given in Fig. 1. The panels
were cleaned by dipping in 70-80% ammonium ace-
tate solution for a few minutes just before the ex-
periment to remove the oxides of lead formed on
the surface by atmospheric oxidation. Experiments
were carried out at 30° = 1°C with d.c. alone, with
d.c. having superimposed a.c.,, and with d.c. and
forming agent as employed in Planté plate forma-
tion. Reagent grade ammonium nitrate was used as
the forming agent, as has been found to be effec-
tive for the purpose (13). Different current densities
of d.c. tried were from 1 to 8 ma/cm? The current
density of a.c. was varied from 0 to 3 ma/cm?, form-
ing a ratio of 0-300%, of d.c. used. Four different
concentrations of the forming agent, viz., 1.5, 3, 6,
and 12 g/]1 of ammonium nitrate, were employed.
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Fig. 1. Circuit diagram for superimposing a.c. on d.c. for anodic
oxidation of lead in sulfuric acid.
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During the experiment the anode potential was
measured with reference to Hg/Hg,S0,/1.200 sp gr
sulfuric acid using Philips V.T.V.M. GM 6010, and
time was noted with a stopwatch which could read
up to 0.02 sec. The peak or the maximum potential
attained by the anode and the time required to reach
the same (passivation time) were noted in every
case.

Results and Discussion

The wvariations of peak potential and time of
passivation with current density (d.c.) under differ-
ent experimental conditions are graphically repre-
sented in Fig. 2 to 5. It is observed that with increase
in current density the passivation time decreases
(Fig. 2). The time required for attaining the peak
potential is the lowest when d.c. alone is employed
at any particular current density. The superim-
position of a.c. raises the time of passivation which
remains particularly high with 1 ma a.c. at all cur-
rent densities studied. The anode potential is re-
duced by the superimposition of a.c. (Fig. 3), a
marked lowering of the peak potential being effected
by the use of 1 ma a.c.
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Fig. 2. Passivation time vs. direct current density with different
amounts of superimposed a.c.: (a) d.c. only; (b) d.c. + 0.5 ma a.c.;
(c) dc. + 1.0 ma ac.; (d) dec. + 2.0 ma ac.; (e) dec. + 3.0

ma a.c.
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Fig. 3. Peak potential vs. direct current density with different
amounts of superimposed a.c.; (a) d.c. only; (b) d.c. + 0.5 ma a.c.;
(¢) de. + 1.0 ma ac.; (d) dc. + 2.0 ma ac.; (e} dec. + 3.0
mg a.c.
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The use of ammonium nitrate in different concen-
trations as a forming agent at varying current den-
sity leads to an increase in the time of passivation
(Fig. 4) and to lower peak potentials compared to
those obtained using d.c. without any forming agent
(Fig. 5). Out of the concentration of the forming
agent tried, it is found that the peak potential is the
lowest and passivation time the highest in the case
of 12 g/1 ammonium nitrate in the bath.

It has been reported (11) that the potential-time
curve for the anodic oxidation of lead in sulfuric
acid under galvanostatic conditions consists of three
distinct regions: the first a negative region, a second
region comprising a rapid rise of potential to a
maximum value followed by a sudden fall, and a
third region of steady potential. The first region is
said to correspond to the passivation of the surface
due to the formation of an isolated layer of lead
sulfate. During the rapid rise of potential, conver-
sion of lead sulfate to lead dioxide commences. At
the peak the pores get closed, and during the sudden
fall lead dioxide is formed in between the crystals
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Fig. 4. Passivation time vs. direct current density with different
concentrations of ammonium nitrate as the forming agent: (a) sul-
furic acid only; (b) sulfuric acid containing 1.5 g/l ammonium
nitrate; (c) swlfuric acid containing 3 g/l ommonium nitrate; (d)
sulfuric acid containing 6 g/I ammonium nitrate; (e} sulfuric acid
containing 12 g/l ammonium nitrate.
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Fig. 5. Peak potential vs. direct current density with different
concentrations of ammonium nitrate as the forming agent: (a) sul-
furic acid only; (b) sulfuric acid containg 1.5 g/l of ammonium
nitrate; (c) sulfuric acid containing 3 g/l of ammonium nitrate;
(d) sulfuric acid containing 6 g/I of ammonium nitrate; (e) sulfuric
acid containing 12 g/! of ammonium nitrate.
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of lead sulfate. In the last region of the curve gas
evolution and further formation of lead dioxide
takes place. The film formed with d.c. alone in sul-
furic acid is also reported to be compact and non-
porous. It is well known that the addition of forming
agents like nitrates and perchlorates increases the
formation of lead dioxide in the case of Plante’ plate
formation. In the absence of forming agents the
conversion of lead sulfate begins near the Pb/PbSO,
interface and continues through the deposit without
any further attack of the lead, but when a forming
agent is present, the attack on the lead continues,
thus maintaining a high concentration of Pb++
near the electrode surface (12). Chemical precipi-
tation of lead sulfate takes place on the surface with
subsequent oxidation to lead dioxide. Due to the
simultaneous occurrence of the dissolution of the
base metal, the anode potentials are lowered by the
use of superimposed a.c. or of the forming agent.
The continued attack of the anode results in a delay
of the passivation of the surface and hence in an in-
crease of the passivation time.

By increasing the concentration of the forming
agent, the concentration of the nitrate ions available
for the attack of the surface is increased. More of
lead goes into solution, and a decrease of the anode
potential should be expected as has been found
experimentally (Fig. 5).

Alternating current is known to promote the dis-
solution of lead (9), and the potential with d.c. plus
a.c. is also found to be less than that observed with
d.c. alone for all ratios of a.c. to d.c. Increase of a.c.,
however, does not decrease the anode potential
proportionately. This decrease of anode potential by
the superimposed a.c. is an indication that the anodic
attack of lead is favored by a.c. The negative value
of the potential (—0.90v with reference to the
Hg/Hg,S0,4/1.200 sp gr Hy,SO,4) obtained when only
a.c. is used shows that oxidation to lead dioxide does
not take place in this case.

The loss of weight suffered by the panels during
oxidation was determined for d.c. alone, for d.c.
with superimposed a.c., and for d.c. with the form-
ing agent. The panels which were weighed before
the experiment were oxidized anodically for the
same duration under different conditions. The panels
were weighed again after completely stripping off
the oxide layer with ammonium acetate solution.
The difference in weight of the panel obtained is
given in Table I. It can be seen readily that the
weight loss is the lowest in the case of the panel
formed with d.c. alone.

The resistances of the films formed on lead using
d.c. alone, d.c. with superimposed a.c., and d.c. with
the forming agent were measured. Oscilloscopic
transients were taken and the resistance computed
from the initial potential jump under galvanostatic
conditions. Approximate resistance values calcu-
lated are given in Table II. The results show that
the films formed with the forming agent and with
superimposed a.c. are more porous than that formed
with d.c. alone and have lower resistances. The
film formed with a.c. superimposition appears to be
the most porous.

FUNCTION OF A.C. SUPERIMPOSED ON D.C. 3

Table I. Weight loss of the panels under different conditions of
anodic oxidation

Duration of anodization, 2 hr
Total weight

Condition of formation loss, mg/cm?

D.C. 2ma/cm?2 5.2
5.0 }
5.6
D.C. 2ma/cm?2 -+ 9.6
A.C. 1ma/cm?2 8.2 }
7.8
D.C. 2ma/cm? 4+ 10.2
“Forming agent” 9.0 }
12 g/1 9.8

Table 11. Resistance of the films formed under different conditions

Voltage Resistance of
Condition of formation jump, v the film, ohms
D.C.only,2ma 0.4 200
D.C.only,2ma 0.3-0.4 150-200
D.C. only,2ma 0.4 200
D.C. 2ma + 0.1 333
AC. 1ma 0.1 33.3
D.C. 2ma+ 0.2 100
“Forming Agent” 12 g/1 } 0.2 100

The weight loss measurements as well as the
estimated values of the resistance of the films
formed during the oxidation process tend to indicate
that superimposed a.c. attacks lead in a manner
similar to a forming agent and promotes the forma-
tion of more lead dioxide as in the case of Planté
plate formation.

A microscopic examination of the surfaces of
panels just before the peak potential is reached and
after the steady-state potential is reached under
different conditions of oxidation revealed that there
is uniform oxidation of the surface with formation
of very little sulfate during the sharp rise of poten-
tial when d.c. alone was used. On the other hand
only lead sulfate is formed if a.c. alone is employed.
The potential in the latter case remains so low that
oxidation to lead dioxide is not feasible. The use of
superimposed a.c. produces a marked change in that
both lead dioxide and lead sulfate are formed with
lead dissolving out preferentially from a number of
points. The surface of the panel oxidized using the

Fig. 6. Lead surface after removal of film formed: (a) initial
surface; (b) d.c. 2 ma/em?2, surface after removing the oxide film;
(c) a.c. 1 ma/cm?2, surface after removing the sulfate film; (d) d.c.
2 ma/em2 + a.c. 1 ma/cm?, surface after removing the oxide film;
(e) d.c. 2 ma/cm2, forming agent 12 g/l, surface after removing the
oxide film, Magnification approximately 80X.
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Fig. 7. Mode of attack of lead surface by a.c. or forming agent

forming agent appeared similar to that obtained
with superimposed a.c. although the amount of sul-
fate on the surface was less in the former case.
There was evidence of continued attack of the metal
in both cases even after the steady potential was
registered. The photomicrographs in Fig. 6 show the
surface of the panels after removal of the film
formed by oxidizing with d.c. alone, d.c. plus a.c.,
and d.c. plus forming agent. It may be seen that the
surface shows a number of pits where the attack of
the metal was concentrated in the cases where the
forming agent and superimposed a.c. were em-
ployed. From the above consideration, it is possible
to picture the mode of attack and the maintenance
of the porosity of the film schematically as shown in
Fig. 7. The lead is attacked at a point A and is pre-
cipitated chemically as lead sulfate at a spot B very
near A. Subsequent dissolution of lead occurs pref-
erentially at A rather than at other fresh spots
which are covered by the film of sulfate. A number of
such anodic dissolution points exist and hence the
film remains porous.

As the mode of attack of the lead by superim-
posed a.c. is found to be similar to that of the form-
ing agent, a.c. superimposed on d.c. can be used in
the formation of Planté plates instead of the con-
ventional forming agents like nitrate or perchlorate.
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A significant advantage of the use of a.c. would be
the absence of the harmful effects of small gquan-
tities of the forming agents retained in the plate
after formation.
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The Effect of Alloying Elements on the Oxidation of Tin
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ABSTRACT

Small amounts of certain alloying elements change the oxidation behavior of
tin. If the formation of SnO is thermodynamically favored, elements that enter
the oxide with valence greater than tin increase the rate of formation of SnO.
When the formation of SnO is not favored, the alloying element is oxidized
preferentially on the surface of the alloy in the form of a thin oxide film and
discrete crystallites. The crystallites were found to be associated with dislo-

cations in the metal.

In a search for means of improving the oxidation
resistance of tin, the authors have investigated and
previously reported the oxidation kineties (1) and
the morphology and mode of growth (2) of oxide
films formed on pure-tin foils in pure dry oxygen.

The oxidation process started with the nucleation
and lateral growth of crystalline a~SnO. During this
interval, the rate of oxidation increased with time.
As the impingement of the laterally spreading oxide
platelets became widespread, the rate of oxidation
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began to decrease, conforming to a direct logarith-
mic rate law, and cavities began to develop at the
oxide-metal interface. The authors have shown that
the observed logarithmic behavior could be the re-
sult of an interplay between the throttling action of
the expanding cavities at the base of the oxide film
and the movement of tin ions through a thickening
film of oxide (3). Evans (4) has suggested that such
cavities might be the result of the coalescence of
vacancies that had diffused through the oxide to the
oxide-metal interface. The most likely source of
vacancies would be the reaction between oxygen
and tin ions at the oxide-oxygen interface, provided
that stannous oxide, the compound formed under the
experimental conditions, is a p-type, cation-defi-
cient semiconductor.

In a subsequent phase of this investigation, the
effects of small amounts of impurity and alloying
elements on the oxidation of tin have been explored.
Commercial tin sometimes contains impurities that
may influence its oxidation resistance. Furthermore,
alloying elements are often used to improve the oxi-
dation and corrosion resistance of technologically im-
portant metals, and it was expected that elements
could be found that had similar inhibiting effects on
the oxidation of tin. Finally, the effects of certain al-
loying elements on the rate of tin oxide formation
might help to establish the semiconductor classifica-
tion of the oxide formed on tin below its melting
point («-SnO) and re-enforce the arguments already
advanced (3) to explain the logarithmic oxidation
behavior of tin. An extensive literature search had
failed to reveal the semiconductor classification of
stannous oxide, although this information is avail-
able for stannic oxide (5).

The first alloying elements investigated were se-
lected using Hauffe’s valency rule (6) as a guide.
According to this rule, if an oxide contains cation
vacancies (p-type), the introduction of a minor con-
stituent of greater valency than the solvent metal
should increase the oxidation rate, whereas the in-
troduction of a minor constituent of lower valency
should decrease the rate. The valency rule often has
been useful in predicting the effects of minor alloy-
ing constituents on the oxidation rates of metals (4).
It was realized that the application of the valency
rule to the logarithmic oxidation of tin might not be
valid, since theoretically the rule applies only to a

Table 1. Concentration of the alloying elements in the
binary tin aloys

Nominal Spectrographic
concentration concentration
Atom Weight Atom Weight
per cent per cent per cent per cent
Antimony 0.1 0.103 0.11 0.11
Bismuth 0.1 0.181 0.1 0.18
Cadmium 0.1 0.095 0.074 0.070
Indium 0.1 0.099 0.083 0.080
Iron 0.1 0.047 0.049 0.023
Lead 0.1 0.175 0.09 0.15
Manganese 0.1 0.046 0.086 0.040
Phosphorus 0.388 0.105 0.535 0.14
Thallium 0.1 0.172 0.029 0.050
Zinc 0.1 0.055 0.078 0.043
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Table I1. Free energy of formation of the oxides of the alloying
elements and the reported solubilities in tin

Free energy of

formation per
gram atom
of oxygen,

Solubility Temperature
of element of solubility
in tin, weight measure-

Element keal at 25°C Oxide per cent ment, °C
Bismuth —39 Bi2O3 21.5 —
Thallium —43 T10 ¥ —
Lead —45 PbO 2.6 183
Antimony —50 Sb20s3 8.0 25
Iron —59 Fe203 * —
Cadmium —60 CdoO 1.0 —
Tin —61 SnO — —_
Phosphorus —64 P05 * —
Indium —173 In203 12.00 117
Zinc 717 ZnO 2.5 196
Manganese —89 MnO * —

—'76 Mn3Os4

* The solid solubilities of these elements in tin are not reported
in the technical literature.

diffusion-controlled process which would be ex-
pected to conform to the parabolic rate law. Never-
theless, sincé the logarithmic rate behavior ob-
served in the earlier work on the oxidation of tin
(1, 3) appeared to be a modification of parabolic be-
havior, as first suggested by Evans (4), it seemed
worthwhile to attempt to apply the valency rule, as
a first approximation, to predict the effects of vari-
ous alloying and impurity elements on the oxidation
rate of tin. After this preliminary survey the em-
phasis of the investigation was placed on a study
of the mechanisms by which a few other alloying
elements produce marked inhibition of tin oxidation,
as had been reported in the literature (7).

Experimental Procedure

Table I shows the compositions of the binary
alloys used in this investigation. These alloys were
made by melting 10-g ingots of 99.999% pure tin
(obtained from A. D. MacKay, Inc.) with the
amount of the respective alloying element calculated
to produce a concentration of 0.1 atomic per cent
(a/o0) in the tin. The solid solubilities (8) of these
elements, together with the free energies of forma-
tion of the most likely oxides (9, 10), are given in
Table II. Chemically pure (C. P.) grade metals were
used as alloy additions, and no further purification
was attempted. The melting was conducted in a
quartz tube under an atmosphere of Matheson pre-
purified grade argon. When the tin became entirely
molten and the alloying constituent had completely
dissolved, as far as could be determined visually, the
tube was agitated to achieve as much homogeneity
of composition in the liquid alloy as possible. The
melt then was allowed to cool and solidify under the
argon atmosphere. The top surface of each of the
ingots was filed clean to remove any dross or segre-
gation of foreign element in the surface. Each ingot
then was rolled, on a small rolling mill, into foil ap-
proximately 3 mils thick. In view of the relatively
low melting point of tin, it is believed that the large
amount of mechanical deformation provided by the
rolling to foil thickness, coupled with the subsequent
annealing treatment at 200°C for 1 hr in vacuum,



6 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

was sufficient to ensure uniform composition of the
alloy foils.

Spectrographic analyses of electropolished speci-
mens of the foils showed that the actual concentra-
tion of alloying constituent sometimes varied from
the desired 0.1 a/o. These variations were not con-
sidered critical, since rigorous quantitative com-
parisons of the oxidation behavior of the various al-
loys were not of primary interest. The average
grain diameter of the tin in these foils was 0.18 mm.
To provide a sample of pure-tin foil for comparison
with these alloys, an ingot of the pure tin used in the
preparation of these alloys was remelted in the
quartz tube and rolled into a 3-mil-thick foil. This
material also had an average grain diameter of 0.18
mm. The curves for the oxidation kinetics of pure tin,
which are used for comparison throughout this
paper, were obtained from experiments in which
this remelted tin was used.

The surface of each foil was prepared for con-
trolled oxidation by abrasive grinding, electropol-
ishing, and washing; the foil was then inserted in
a vacuum microbalance system and annealed at
200°C in a vacuum of 10~7 torr,! or better, for 1 hr.
Immediately after the vacuum-annealing step, the
temperature of the system was adjusted to 190° or
220°C, and pure, dry oxygen was introduced at a
pressure of 10 torr. The change in weight of the foil
specimen, caused by the reaction with oxygen, was
measured with the microbalance (1). The micro-
balance used in these experiments had a sensitivity
of 0.1 pug per micron deflection. The weight gains in
duplicate experiments usually agreed within 19.
After oxidation, the specimen was removed from the
vacuum system and was prepared for electron mi-
croscopy and electron diffraction analysis by using
the extraction-replication techniques discussed in an
earlier paper (2).

Since the condition of the surface of the metal be-
fore the start of controlled oxidation is important in
the subsequent growth of the oxide, an attempt
was made to determine the composition of any ini-
tial surface films by using reflection electron diffrac-
tion. Pure tin and the tin alloys containing indium,
zine, and manganese were examined (i) after elec-
tropolishing and (ii) after vacuum annealing at
200°C.

Valuable information about the distribution of
oxide in extraction replicas of the alloy surfaces was
obtained by using dark-field electron microscopy.
In this technique the objective-contrast aperture is
displaced from the central electron beam to cover a
preselected spot or ring segment in the diffraction
pattern produced by the crystalline material in the
film. The diffracted electrons producing this spot or
ring are then focused on the viewing screen, forming
an image in which the particular distribution of
crystallographic planes responsible for the diffrac-
tion are illuminated in an otherwise dark field.
Comparison of conventional and dark-field micro-
graphs of the same area shows whether the illumi-
nated crystallographic planes are associated with a
continuous oxide film or only with a distribution of

s 11::1{11 Hg; nomenclature recommended by the American Vacuum
ociety.
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separated, discrete oxide particles on the surface of
the metal.

Results and Discussion

In all, the effects of the addition of about 0.1 a/o
of some 10 alloying elements to 99.999% pure tin
were investigated (Table I). As the kinetic and
electron diffraction data for the oxidation of these
binary alloys were accumulated, it became con-
venient to classify the alloying additions in two
groups: (i) those that increased the rate of forma-
tion of stannous oxide, and (ii) those in which prefer-
ential oxidation of the alloying constituent inhibited
the formation of stannous oxide.

Elements That Increased the Rate of Formation of
Stannous Oxide

Initially, a number of alloying elements were in-
vestigated that might increase the oxidation rate if
Hauffe’s valency rule was assumed applicable to
tin oxidation. The results of the investigation
of the oxidation kinetics of the binary alloys of tin
and antimony, bismuth, iron, lead, thallium, and
cadmium, respectively, are plotted in Fig. 1 and 2.
Each of these alloys gained weight in conformance
with a direct logarithmic rate law (1,3) after the
usual “induction period” of oxide nucleation and
lateral growth (2-4). The greatest increases in oxi-
dation rate, as compared with that of pure tin, were
produced by the addition of antimony and thallium.
Bismuth and iron caused lesser increases, whereas
lead and cadmium had only slight and probably in-
significant effects. The increases in oxidation rate
observed were in accord with the valency rule for a
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Fig. 1. Oxidation kinetics of tin-antimony, tin-thallium, and tin-
bismuth alloys compared with that of pure tin.
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Fig. 2. Oxidation kinetics of tin-iron, tin-cadmium, and tin-lead
alloys compared with that of pure tin,
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Fig. 3. Electron micrographs of the oxide stripped from pure tin
and alloys containing antimony, thallium, bismuth, iron, lead, and
cadmium after oxidation at 190°C and 10 torr for 1400 min.

cation-deficient oxide in a diffusion-controlled
process.

Structure of oxide films.—Figure 3 shows electron
micrographs of the oxide films isolated from the
specimens of pure tin and of the alloys of tin with
antimony, thallium, bismuth, iron, lead, and cad-
mium, respectively, which formed during oxidation
for 1400 min at 190°C and an oxygen pressure of 10
torr. The microstructures of the oxide films formed
on these tin alloys are not significantly different
from the microstructure of oxide films formed on the
pure tin. The structure consists of tin oxide grains of
differing orientation and thickness. Many of the
oxide grains contain cavities at the oxide-metal
interface; these are arranged in parallel rows that
presumably correspond to certain crystallographic
directions or traces of crystallographic planes in the
oxide. This type of structure has been discussed in
more detail in an earlier paper (2). The small ap-
parent differences among the micrographs of Fig.
3 are of degree and not of kind. Although an attempt
was made in each case to choose a micrograph that
would represent the “average” structure of the
whole oxide film, the range of variation usually ob-
served is so broad that this ideal can only be ap-
proximated in a single micrograph at the necessarily
high magnifications used. Furthermore, even though
the microstructures are compared on the basis of a
single time of oxidation (1400 min), it should be
noted that the progress of oxidation is different in
general because of the varying effects of the alloy-
ing elements on the oxidation rate. For the alloy-
ing elements that increase the oxidation rate, it is
to be expected that at a given time of oxidation the
oxide films on the alloys will be thicker and the
cavities will be larger and more coalesced than will
those of the oxide film on pure tin. This indeed ap-
pears to be the trend in the micrographs of Fig. 3.

All the oxide films formed on these dilute tin
alloys were identified as stannous oxide («-SnO) by
means of electron diffraction. Although slight
changes in crystal-lattice parameters of the tin
oxide might be expected because of the substitution
of alloying-element ions for stannous ions, they were
not detected within the limits of precision of the
electron diffraction technique used.
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Elements That Were Preferentially Oxidized

Since the ultimate objective of the present in-
vestigation was to find a practicable and generally
useful means for improving the oxidation resistance
of tin, further effort was concentrated on a deter-
mination of the mechanism(s) underlying the re-
ported increase in oxidation resistance imparted to
tin by the addition of a certain few alloying ele-
ments. According to Britton and Bright (7), the
formation of colored temper films on tin heated in
air is inhibited by alloying tin with small amounts
of indium, phosphorus, or zinc. The simplest and
intuitively most reasonable explanation of this effect
is that the alloying element is preferentially oxi-
dized (11) in the surface of the tin alloy.

If the formation of the oxide of a solute element
is thermodynamically favored over the formation
of the oxide of the solvent metal, a thin film of the
oxide of the solute element may be formed prefer-
entially over the surface of the alloy. If the diffusion
rate of oxygen and/or solvent metal ions through
this solute-element oxide film is less than the diffu-
sion rate through the oxide of the solvent metal, then
the oxidation rate of the alloy would be reduced to
a value below the oxidation rate of the pure solvent
metal. On the other hand, if the diffusion rate of
solute ions through the solute-element oxide film is
higher than the diffusion rate of solvent ions through
the solvent or solute-element oxide, then the oxi-
dation rate of the alloy would be expected to be
higher than that of the pure metal, at least until the
amount of solute at the oxide-metal interface would
be greatly depleted. In either case, very little of the
oxide of the solvent metal would be expected to
form.

The free energies of formation, per gram atom of
oxygen, of ZnO (—T7 kcal), InyO3 (—73 kecal), and
P20y (—64 kcal) are more negative than the free
energy of formation of «-SnO (—61 kecal) (9, 10).
Thus, the formation of the oxides of these alloying
elements would be expected to be favored thermo-
dynamically over the formation of tin oxide.

If preferential formation of alloying element
oxide actually produced the effect observed by
Britton and Bright (7), then some evidence of the
alloying-element oxide should be found in films
stripped from oxidized tin alloys. Accordingly, bi-
nary alloys of tin containing zine, indium, and phos-
phorus were subjected to oxidation experiments
similar to those previously performed with pure tin,
and the oxidized surfaces were examined.

Condition of alloy surfaces at the start of con-
trolled oxidation.—The presence of a coherent and
stable film on the metal surface at the start of oxida-
tion would be expected to have some influence on
the course of subsequent oxide film growth. As re-
ported in a previous paper (1), no electron diffrac-
tion patterns were obtained from extraction replicas
of the electropolished and vacuum-annealed sam-
ples of pure tin. Since this technique places the sam-
ple film normal to the electron beam in the diffrac-
tion instrument, very thin (about 20A or less) crys-
tallites or crystalline films might not be detected. If
a very smooth tin specimen covered with such a film



8 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

is placed nearly parallel to the beam so that the in-
cident electron beam grazes its surface, the effective
thickness of the surface film, and thus the sensi-
tivity of the diffraction technique, is increased.

Specimens of freshly electropolished pure tin,
tin-zine, and tin-indium alloys were examined by
this method. The major electron diffraction pattern
obtained was that of 8-tin. In addition, a weak pat-
tern of hydrated tin oxide, 2SnO-H,0, was detected
in the pure-tin surface and on the tin-zinc alloy sur-
face. After the electropolished specimens were vac-
uum annealed for 1 hr at 200°C, the hydrated tin
oxide pattern no longer could be detected. However,
one line, attributable to ZnO, was obtained from the
surface of the tin-zinc alloy. The only other electron
diffraction rings obtained from these surfaces cor-
respond to B-tin. It is apparent that the surfaces of
the alloys were cleaned somewhat by the vacuum-
annealing treatment, but it is unlikely that any
oxide resulting from electropolishing was com-
pletely eliminated. The results of these experiments
are summarized in Table III.

Oxidation of the alloys.—The kinetic data ob-
tained from the oxidation of binary alloys of tin
with zine, indium, and phosphorus at 190°C and an
oxygen pressure of 10 torr (solid lines), compared
with data for pure tin (broken lines) oxidized under
similar conditions, are plotted in Fig. 4. The addition
of about 0.1 a/o of these alloying elements resulted
in a marked decrease in the oxidation rate. The
rates of oxidation were so low that the rate laws
involved could not be deduced from the kinetic data.

Extraction replicas were made of the oxide
formed on each of the alloys during the kinetic
studies. The oxides were then identified by electron
diffraction. The diffraction pattern obtained from
extraction replicas of the oxidized tin-zinc surface
was entirely that of ZnO. The patterns obtained
from the replica of the oxidized tin-indium alloy
were attributable in the main to InyOj, although a
few rings corresponding to «-SnO were also found.
No diffraction pattern was obtained from an extrac-
tion replica of the tin-phosphorus surface. This
latter result is not unexpected, since the oxides of

Table l1I. Summary of reflection electron diffraction results

Diffraction pattern after treatment

Electropolished Vacuum annealed
1. Pure tin Total 17 rings  Total 10 rings
13 8-Sn 10 8-Sn
32Sn0O-H:0
1 Unidentified
2. Tin + indium Total 11 rings  Total 11 rings
11 8-Sn 10 8-Sn
1 Unidentified
3. Tin + zinc Total 25 rings  Total 11 rings
11 8-Sn 10 8-Sn
11 2Sn0-H0 1Zn0O?
3 Unidentified
or ambigu-
ous

4. Tin + manganese

Total 19 rings
11 2Sn0O-Hz0

6 g-Sn

2 Unidentified

Total 13 rings
12 g-Sn
1 Unidentified
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Fig. 4. Oxidation kinetics of tin-indium, tin-zinc, and tin-
phosphorus alloys compared with that of pure tin.

Fig. 5. Electron micrograph of the zinc oxide crystallites found
on a tin-zinc alloy ofter oxidation at 190°C ond 10 torr for 1400
min.

phosphorus most likely to be formed are very hy-
groscopic and probably are lost during preparation
of the replica for electron optical examination. The
replicas were also examined by electron microscopy.
Tin-zine.—Discrete crystallites of zinc oxide (ZnO)
were found in some areas of the oxidized tin-zinc
alloy specimens, as shown in Fig. 5. However, an
observation of seemingly greater significance is that
the entire surface of the tin-zinc alloy was covered
with a thin, continuous polycrystalline film of zinc
oxide.

Evidence for the existence of the continuous ZnO
film was obtained by conventional transmission elec-
tron diffraction and by dark-field electron micro-
scopy. The diffraction patterns consisted of continu-
ous rings, similar in appearance to the familiar pow-
der patterns of x-ray diffraction. Such patterns are
caused by a multitude of randomly oriented crystal-
lites. The most convincing evidence of the continuous
nature of the ZnO film was obtained by dark-field
electron microscopy. Figure 6 shows a conventional
electron micrograph and a dark-field micrograph of
the same area of a ZnO film. The dark-field micro-
graph was obtained by using only the diffracted
electrons that form the first strong line of the ZnO
pattern, that is, the 2.816A line from the (100)
planes of the ZnO crystals.
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Fig. 6. Conventional and dark-field electron micrographs of the
same area of the surface of a tin-zinc alloy after oxidation at
190°C and 10 torr for 1400 min, showing the recurrence of the
(100) plane of ZnO in the oxide film,

The profusion of bright spots in the dark-field
micrograph results from the frequent recurrence of
the (100) planes in proper diffracting orientation in
the zinc oxide film covering the surface of the metal.
1t is evident that the minute ZnO crystallites pro-
viding these (100) reflections are very uniformly
distributed and closely spaced in the surface film.
Although these crystallites are not resolved in the
corresponding conventional bright-field micrograph,
they probably are the reason for the mottled texture
observed. These diffracting regions of zinc oxide
detected by dark-field microscopy are so much
smaller and more closely spaced than the idio-
morphic zine oxide crystallites observed by bright-
field microscopy that it seems quite certain that they
represent a continuous oxide film rather than sepa-
rated, discrete particles. This thin film of zinc oxide
effectively inhibits the formation of tin oxide on the
surface of the tin-zine alloy.

Tin-indium.—The oxide found on a specimen of the
tin-indium alloy, which was oxidized for 5400 min
at 190°C and 10 torr, consisted of small discrete rod-
or plate-shaped crystallites of In,O; such as are

Fig. 7. Electron micrograph of the indium oxide particles formed
on a tin-indium alloy during oxidation at 190°C and 10 torr for
5400 min with inset showing oxide formed on pure tin under similar
conditions.
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shown in Fig. 7. No direct evidence of any oxide
could be found on the areas between the indium
oxide particles. However, in some more recent work
in this laboratory on additional tin alloys, notably
tin-germanium, both continuous films and discrete
particles of the solute-element oxide have been
identified on the surface after oxidation; this in-
formation will be published at a later date. The
oxide formed on pure tin oxidized under similar
conditions is a film of «-SnO covering the entire
surface of the metal, as is shown in the inset. The
indium oxide particles that formed on this alloy
under the above conditions were 1500-3000A long
and 700-1500A wide. They protrude 700-1500A
above the plastic support, as is shown by the length
of their shadows. Since similar shadows are not
found on preshadowed specimens, it is evident that
the indium oxide particles actually were imbedded in
the metal and did not protrude appreciably above
its surface.

The density of distribution of the particles varies
from one alloy grain to another, as is shown in Fig.
7, where a grain boundary separates the grain in the
upper right quadrant from a second grain in the
lower left quadrant, but the over-all average density
is about 5 x 107 particles/em2. This finding suggests
that the indium oxide particles are associated with
dislocations intersecting the surface of the tin-in-
dium alloy. The tendency of impurities in crystals to
diffuse to dislocations is well known (12). Young has
demonstrated the correspondence between oxide
“nuclei” and dislocations in copper single crystals
doped with certain impurities (13).

Direct evidence of the association of the indium
oxide particles with dislocations in the metal crys-
tals is shown in Fig. 8, a transmission electron mi-
crograph of an electrothinned specimen of the tin-
indium alloy, which had been oxidized for 2800 min
in oxygen at 10 torr and 190°C. The oxidized speci-
men was thinned by electropolishing from one side
(14), using the standard 20% perchloric, 80% acetic
acid tin electropolishing solution in a Zeiss (Jena)

Fig. 8. Transmission electron micrograph of a tin-indium alloy
foil after oxidation at 190°C and 10 torr for 2800 min.
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“Elypovist” electropolishing microscope. The indium
oxide particles at the ends of dislocations in the
metal are clearly shown.

It might be hypothesized that indium atoms, since
they are slightly larger than the tin atoms of the
matrix (1.62A vs. 1.40A), produce symmetrical di-
lations of the tin lattice. Such oversized indium
atoms are attracted to regions of hydrostatic tension
and repelled from regions of compression in the
crystal lattice, and so they diffuse to the tension side
of edge dislocations where they are removed from
the tin matrix by inclusion in indium oxide crys-
tallites. Thus, dislocations may serve as ‘“diffusion
pipes” to facilitate transfer of indium atoms from
the interior of the metal to the oxide crystallites in
the surface.

Tin-phosphorus.—The results of the electron micro-
scopic examination of the surface of the tin-phos-
phorus alloy were inconclusive. No electron diffrac-
tion patterns were obtained, and no clear evidence of
oxide could be found with the electron microscope.
As stated above, this might be expected because of
the affinity of phosphorus oxides for water. It is be-
lieved that any oxide formed by preferential oxi-
dation of phosphorus in the dry atmosphere of the
balance system would absorb water from the labora-
tory air and either assume an amorphous character
or be lost during the preparation of an extraction
replica for electron microscopic examination.

Mechanism for inhibition of oxidation.—It is clear
that preferential oxidation of zine, indium, and
phosphorus occurred when alloys of tin containing
these elements were exposed to pure oxygen at ele-
vated temperatures. A continuous film of ZnQO was
found on the oxidized tin-zinc alloy. Although it
could not be demonstrated experimentally, it is be-
lieved that a similar, but even thinner, film of in-
dium oxide formed on the tin-indium alloy. Such a
film evidently impedes the movement of tin or
oxygen ions through it to a greater degree than does
a normal tin oxide film. It is reasonable to believe
that this mechanism is operative in the early stages
of the oxidation of these binary tin alloys, although
it has been difficult to demonstrate the presence of
these films on alloys that had been oxidized only for
short times.

Preferential formation of alloying-element oxide
was observed in the form of oxide crystallites im-
bedded in the surface of the tin-indium and tin-
zinc alloys. It appears that these ‘“‘plugs” grow at
sites where dislocations emerge at the surface of the
metal. Their role in the over-all mechanism of the
inhibition of tin oxidation produced by small
amounts of indium or zinc is not clearly established.
However, it may be significant that none of the char-
acteristic tin oxide growth centers (2) have been
found on oxidized specimens of these alloys. Perhaps
the sites normally involved in the nucleation of tin
oxide growth centers are blocked by the preferential
formation of these alloying-element oxide crystal-
lites.

Tin-manganese.—Inasmuch as the oxides formed on
only two tin alloys (Zn and In) were detected and
positively identified, an effort was made to discover
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additional, verifiable examples of the preferential
oxidation of alloying elements in tin. Additional
elements were considered for study primarily on the
basis of the free energies of formation of their ox-
ides. A second consideration in the choice of the
additional elements was the stability of the oxides
in a moist atmosphere and/or in the film stripping
procedure, in order to avoid the difficulties en-
countered with phosphorus. Managanese, selected
according to these considerations, exhibited unusual
and interesting behavior. The oxides which form on
pure manganese are MnO and Mn;O, (15); their
free energies of formation, per gram atom of oxygen,
are —89 kcal and —76 kcal, respectively, which are
considerably more negative than that of tin oxide
(—61 kcal). The tin-manganese alloy was prepared
and investigated in the same manner as previously
described. Electron diffraction examination of
freshly electropolished surfaces of this alloy re-
vealed the presence of a hydrated tin oxide
(2Sn0-Hy0), as shown in Table III; after vacuum
annealing, however, the pattern of this hydrated
oxide disappeared, and only a pattern of B8-tin was
obtained.

In contrast to the tin-zinc, tin-indium, and tin-
phosphorus alloys, the tin-manganese alloy ex-
hibited a higher oxidation rate than pure tin, Fig. 9.
The data for the oxidation of this alloy conformed
initially to the parabolic rate law, Fig. 10. The rate
became less than parabolic only after the weight
increase corresponded to the consumption of about
13% of the total manganese present in the specimen.
The value of the parabolic rate constant for this tin
alloy at 190°C, 0.017 ug? em~* min—!, is fairly close
to the value, 0.008 g2 em~—* min—1, extrapolated to
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Fig. 9. Oxidation kinetics of a tin-manganese alloy compared with
that of pure tin.
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Fig. 10. Parabolic plots of the oxidation kinetics of a tin-
manganese alloy and of pure tin.
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Fig. 11. Electron micrograph of the oxide films formed on a
tin-manganese alloy during oxidation at 190°C and 10 torr for
240 min.

190°C from data given in the literature (15) for the
oxidation of pure manganese. The surface of the
oxidized tin-manganese alloy was found to be cov-
ered with a continuous film of the manganese oxides,
MnO and MnzO4, Fig. 11. The electron diffraction
pattern of MnO was obtained from extraction repli-
cas of the surface of this alloy after relatively short
periods of oxidation at 190° and 220°C. The diffrac-
tion pattern of Mn;O, appeared and became stronger
after successively longer periods of oxidation. Ap-
parently the oxide, MnO, formed first under the con-
ditions of these experiments. It is interesting to note
that the formation of Mns;O, is reported to occur
first on pure manganese (15). No trace of tin oxide
was found in the oxide films stripped from this
alloy. Thus, the oxide film formed on this alloy by
preferential oxidation of the manganese is protec-
tive to the tin, although the over-all rate of oxida-
tion is higher than that of pure tin because of the
high rate of oxidation of manganese.

Summary

The rate of oxidation of tin can be markedly
changed by alloying it with small amounts (about
0.1 a/o) of certain elements which exhibit appre-
ciable solid solubility in tin. If the oxide of the
alloying element was less stable thermodynamically
than stannous oxide, the oxidation rate of the alloy
was altered, perhaps fortuitously, in the direction
predicted by Hauffe’s valency rule. The ions of
higher valence than stannous ion (antimony, bis-
muth, iron, and thallium) increased the oxidation
rate of tin, while the ions of the same valence had no
significant effect on the oxidation rate.

On the other hand, if an alloying element formed
an oxide that was thermodynamically more stable
than 4-SnO, the alloying element was preferentially
oxidized on the surface of the alloy, and the forma-
tion of tin oxide was inhibited. Thus, zinc was pref-
erentially oxidized, forming a thin surface film
covering the alloy surface. No tin oxide was found
on this alloy, and the rate of reaction with oxygen
was observed to be much less than that of pure tin.
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Similar reductions in oxidation rate and inhibition
of tin oxide formation were observed with tin-in-
dium, tin-phosphorus, and tin-germanium alloys.
Thus, the solute element must have diffused to the
surface of the alloy and was oxidized there to form
a barrier to the movement of tin or oxygen ions,
thereby inhibiting the formation of tin oxide.

Manganese also inhibited the formation of tin
oxide. However, a relatively thick film of man-
ganese oxides formed on the surface of a tin-man-
ganese alloy. The rate of oxidation of this alloy was
about as great as would be expected for the oxida-
tion of pure manganese until the amount of man-
ganese available in the alloy was considerably de-
pleted.

In addition to the oxide films, discrete, idio-
morphic oxide ‘erystallites were observed in the sur-
faces of oxidized tin-zinc, tin-indium, and tin-ger-
manium alloys. In the case of the tin-indium and
tin-germanium alloys, these oxide crystallites
formed in the same general pattern (that is, loca-
tion and density of sites) as the tin oxide growth
centers normally do during the oxidation of pure tin.
Furthermore, dislocations in the tin alloy substrate
have been observed directly associated with the in-
dium oxide crystallites in the surface. These obser-
vations strongly suggest (i) that these crystallites
nucleate and grow either from a thin continuous
oxide film or in the metal surface itself at high-en-
ergy sites in the surface where dislocations emerge
from the substrate, and (ii) that the formation of
the alloying-element crystallites in these preferred
high-energy sites may impede or preclude the nu-
cleation of the «-SnO growth centers that normally
form and grow rapidly, with large attendant weight
increase, on the surface of pure tin.

Manuscript received May 11, 1962. This paper was

prepared for delivery before the Boston Meeting, Sept.
16-20, 1962.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
JOURNAL.
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Porous Tantalum Anodes for Liquid and Solid Electrolytic
Capacitors by Reaction in Situ

J. A. Pierret, A. Shtasel,! H. T. Knight, and A. B. Michae!

Fansteel Metallurgical Corporation, North Chicago, Illinois

ABSTRACT

A new porous tantalum capacitor anode for liquid and solid electrolytic
capacitors, prepared directly by the reaction in situ of Ta205 and C is described.
Porous in situ anodes with total interstitial contents (C, O, and N) of less
than 0.02%, metallic impurity contents less than the limit of chemical analytical
detection, densities of approximately 4-12 g/cc, and specific capacitances of 1600~
3200 ucoul/g were evaluated. Life tests of 1000 hr showed only slight changes
in electrical characteristics for liquid electrolytic capacitors tested at 125v and
85°C and solid electrolytic capacitors tested at 34v and 125°C.

The electrical characteristics of porous anode
tantalum capacitors are highly dependent on the
purity and surface area of the tantalum anode, and
considerable work has been directed toward pre-
paring tantalum anodes having a maximum purity
and optimum surface area. The general and current
practice for preparing anodes is to compact powder
particles of specified size, size distribution, and
morphology into the desired shape and then to sin-
ter under controlled conditions in vacuum at an ele-
vated temperature. The selection of different combi-
nations of powder particles, pressing pressures, and
sintering conditions permits control of the surface
area of the anode. Frequently, binders and lubri-
cants are added to facilitate compaction, and these
and other residual impurities must be removed dur-
ing sintering.

The objective of the work reported here was to
prepare high-purity porous tantalum anodes with
controlled surface area by a simpler, more direct
process than that currently used and, further, to
prepare anodes with a high capacitance on a weight
and volume basis. These objectives were met using
a new approach based on the reduction in situ of a
tantalum compound. The in situ process for prepar-
ing porous tantalum anodes is described. The char-
acteristics of the anodes and of liquid and solid
electrolytic capacitors prepared from these anodes
are discussed. The investigation of columbium ca-
pacitor anodes prepared by reaction in situ is in
progress and will be reported on in a later publica-
tion.

In Situ Process and Anode Preparation

Preliminary studies showed that the reduction of
Tay,O5 with carbon was a more feasible reaction for
preparing porous anodes by in situ reaction than
the other systems examined, such as TayOs; with
TaC and K,TaF; with Na, and the major effort was
concentrated on this system.

The in situ process consists of intimately blending
high-purity Ta,O5s with graphite and compacting the

1 Present address: Cornell-Dubilier Electronics, Division of Fed-
eral Pacific Electric Company, Norwood, Massachusetts.
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Fig. 1. Porous tantalum in situ anodes. Compacted Ta205 and C
blend before reaction (left), as reacted anodes (right); scale in mm.

blend into the shape of an anode, as shown in Fig. 1.
Because of the compacting and lubricating prop-
erties of the blend, no additional lubricants or
binders are required. The unreacted anode is heated
in vacuum under a controlled temperature-time
cycle to 2200°C to remove oxygen and carbon ac-
cording to the reaction TayOs + 5C 4+ 2Ta— 5CO.
Reacted anodes are shown in Fig. 1. Considerable
shrinkage occurs on reaction, but the cylindrical
shape of the initial compact is retained.

Characteristics of In Situ Anodes

The chemical purity, pore size, and pore size distri-
bution of the reacted anode is a function of the parti-
cle size of the reactants, pressing pressure, and the
temperature-time cycle for the reaction. Anodes with
acceptable electrical characteristics were obtained
when the carbon content was less than 0.004%,
oxygen less than 0.029%, and nitrogen less than
0.0019%. Metallic impurities were readily maintained
less than the limit of chemical analytical techniques
when high-purity reactants were used. A typical
analysis of an in situ tantalum anode is given in
Table 1.

The in situ anodes are characterized by a thin
sponge-like network of tantalum, as shown in Fig.
2A, whereas conventional anodes prepared from
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Table 1. Typical analysis of in situ anodes®

¢ 0.014% Zr <0.002 %
C 0.002 Si <0.005
N 0.001 Ti <0.002
Cb <0.003 w <0.005
Mo <0.001 Mn <0.005
Fe <0.001 Cu <0.0005
Co <0.005 Al <0.0005
Sn <0.005 Ni <0.005

aMethods of analysis: O-Leco oxygen analyzer, C-Leco carbon
analyzer, N-Micro-Kjeldahl, Metallics-emission spectrographic using
special carriers.

Table Il. Density and wet electrical characteristics of in situ anodes

Electrical characteristicse

Specific Specific

capacitance, capacitance, Dissipation
Density, ucoul/g ucoul/ce d-c Leakage, factor, %,
g/ce at 120 cps at 120 cps pa at 125v at 120 cps
3.6 3200 11,800 20.0 1.7
5.6 2800 15,700 0.60 1.9
5.7 2800 16,000 0.50 1.6
5.9 3020 17,800 0.40 1.2
7.3 2560 18,700 1.0 N.D.
8.5 1970 16,700 0.6 2.0
9.6 1680 16,100 0.5 4.2
9.7 2250 21,800 1.15 3.3
11.0 2150 23,600 18.0 2.5
12.0 12800 15,400® 2.5 8.0®

POROUS TANTALUM ANODES FOR CAPACITORS

@ Anodized to 200v in ethylene glycol-oxalic acid, measured in
sulfuric acid.
¥ Anodized to 100v, measured at 60v.

powder retain some of the characteristics of the ini-
tial powder particles, as shown in Fig. 2B and 2C.

Table II gives the densities and related electrical
characteristics of in situ anodes. The useful range of
anode densities is 5-10 g/cc. At densities less than
5 g/cc the capacitance per volume {ucoul/cc) is low,
even though the capacitance per gram (ucoul/g) is
acceptable. For high-density anodes the specific ca-
pacitance per gram is low. Both extremes of density
showed high d-c leakages.

A comparison of the pore diameter distribution
for in situ anodes and anodes prepared by conven-
tional techniques is given in Table III. The higher
specific capacitance of the sodium reduced powder
and in situ anodes compared to the electrolytic pow-
der anodes is attributed to the higher percentage of
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Fig. 2. Microstructure of in situ and conventional tantalum
anodes. (A) (left), in situ anode; (B) (center), anode prepared
from sodium reduced powder; (C) (right) anode prepared from elec-
trolytically reduced powder. Magnification 100X before reduction
for publication.

pore diameters in the range of 4-14u. The in situ
anodes have a pore diameter distribution similar to
anodes prepared from sodium-reduced powder but
a higher percent porosity, which results in a higher
specific capacitance.

Performance of Anodes

Wet electrolytic capacitors were prepared from
1.05g in situ anodes having a density of 5.9 g/cc by
forming to 200v in an ethylene glycol-oxalic acid
electrolyte at 105°C. A specific capacitance of 3,020
pcoul/g was obtained. The anodes were encapsulated
in a silver case containing a sulfuric acid electro-
lyte.

Solid electrolytic capacitors were prepared from
0.70g in situ anodes having a density 7.0 g/cc by
forming to 200v, as above. A specific capacitance of
2660 pcoul/g was obtained. These anodes were fab-
ricated into solid electrolytic capacitors with a MnO,
solid electrolyte according to the procedure used by
McLean (1), and encapsulated in a brass case.

The wet electrolytic capacitors were life tested for
1000 hr at 125v at 85°C. The results of this test, as
shown in Table IV, indicate that these units have
unusually good electrical characteristics. The ini-
tial capacitance values of the individual capacitors
do not vary more than =2.5% from the average, and
after 1000 hr the variation remains equally as small.
The change in capacitance after life testing is also
unusually small. The remarkable uniformity of the
dissipation factor both before and after testing, to-
gether with the capacitance regularity, is character-
istic of the in-situ type of capacitor. The dissipation

Table I11. Pore diameter distribution for conventional and in situ anodes?®

Apparent pore diameter Specific
per cent of total porosity capacitance,?

Total - ucoul/g,

Anode type porosity, % >1T7u 1-14y 14-104 10-64 6-4p 4-2u <2 at 120 cps
Electrolytically 46.1 17.6 54.1 10.2 12.2 3.0 0.5 2.4 1185
reduced powder 47.4 20.4 51.0 9.8 9.8 6.7 1.9 0.4 1270
Sodium reduced 40.0 7.8 3.4 1.2 35.7 38.8 11.4 1.7 1800
powder 40.1 4.2 2.3 0.5 33.1 43.5 14.6 1.8 1800
In situ 55.3 2.5 3.6 26.8 27.2 27.2 10.9 1.8 2600
55.5 11.7 9.3 9.3 26.2 26.2 11.2 6.1 2600

¢ Measurements with an American Instrument Company Porosimeter.

% Anodized to 200v.
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Table IV. Life tests of wet electrolytic capacitors?®

Initial values

After 1000 hr at 125v and 85°C

25°C 25°C
Dissipation 85°C 85°C Dissipation
C, factor, %, d-¢ Leakage, d-c leakage, d-c leakage, C, factor, %, d-c Leakage,
uf at 120 cps at 120 cps ua at 125v una at 125v pa at 125v uf at 120 cps at 120 cps na at 125v

1 15.5 1.2 0.6 4.8 4.0 14.9 1.0 0.5
2 16.0 1.2 0.1 33. 5.0 15.4 1.1 0.5
3 16.0 1.2 0.9 5.1 5.0 15.3 1.0 1.0
4 16.2 1.0 0.3 2.4 4.5 15.6 1.0 0.8
5 15.7 1.2 0.8 6.0 6.0 15.1 1.0 0.6
6 15.6 1.2 0.2 2.1 5.0 14.9 1.0 0.5
7 15.6 1.2 0.1 2.1 4.0 15.0 1.0 0.7
Avg 15.8 1.2 0.41 3.72 4.83 15.2 1.0 0.74

¢ In situ anodes of 1.05g anodized to 200v.

12 X 10—+ pa/uf-v

219 x 103 ya/uf-v.

324 %X 10-3 pa/uf-v

43.6 X 10-% ua/uf-v.

Table V. Life test of solid electrolytic capacitors @
Initial values After 1000 hours at 34 volts and 125°C
25°C 25°C
Dissipation 125°C 125°C Dissipation .
C, factor, %, d-c Leakage, d-c leakage, d-c leakage, C, factor, %, d-c Leakage,
uf at 120 cps at 120 cps pna at 50v na at 34v ua at 34v uf at 120 cps at 120 cps una at 50v

1 8.9 1.2 0.3 26.0* 29.0* 8.7 1.0 0.8
2 9.0 1.0 0.4 2.4 135 8.8 0.8 1.1
3 9.6 1.0 0.2 0.2 8.7 9.3 1.0 0.6
4 9.8 1.0 0.2 0.2 10.0 9.6 1.0 0.5
5 9.7 0.8 0.1 1.3 12.8 9.6 1.0 0.4
6 9.2 1.0 0.1 0.2 6.2 9.0 1.0 0.3
7 9.0 1.2 0.1 0.2 6.9 8.8 0.8 0.4
Avg 9.3 1.0 0.21 0.82 9.73 9.1 0.9 0.64

* Not included in averages.
8 In situ anodes of 0.70g anodized to 200v,

ESC T

5
1 X 10-2 pa/pf-v.
3 x 10-3 ya/uf-v.

factor values are less than those usually encountered
in conventional tantalum wet slug capacitors, owing
to the particular pore-size distribution of the in
situ anode. The d-c leakage current of these units is
also very low, about one tenth the value of conven-
tional tantalum wet slug capacitors (1).

The results of the 1000-hr life tests on the solid
electrolytic capacitors, as well as their initial elec-
trical characteristics, are given in Table V. These
50v-9 uf solid capacitors are quite superior to solid
capacitors prepared from conventional tantalum
anodes. As with the wet capacitors prepared from in
situ anodes, the solid electrolytic capacitors are
characterized by wunusually low leakage current
values at 50v at room temperature and at the de-
rated voltage of 34v at 125°C and a particularly low
and stable dissipation factor. Even after 1000 hr at
125°C and 34v, the leakage current at room tem-
perature has only increased by a factor of three.
Also there is almost no change in capacitance values
over this test period.

Discussion

The in situ process described in this paper shows
great promise as a means for obtaining porous ca-

pacitor anodes with superior electrical character-
istics as well as offering a cheaper and more
efficient process for preparing porous anodes. It
holds the further promise of being capable of ex-
tending the specific capacitance of porous slugs be-
yond the range now commercially feasible. On a
weight basis, specific charge densities of 3000
ncoul/g are easily attained, and on a volume basis
around 20,000 ucoul/cc can be reached. There are
indications from experiments not as yet reported
that a much higher specific capacitance is possible,
approaching six times the normal specific capaci-
tance-volt value on both a weight and volume basis.

The superior electrical characteristics can be ex-
plained by the unusual purity of these slugs and the
special pore configuration of the reacted anode. The
total interstitial impurity content is 170 ppm while
the total metallic impurity content is less than 400
ppm. The tantalum purity, therefore, is better than
99.94% which is probably the highest purity re-
ported in the literature for a porous anode and ap-
proaches the purity of electron beam-melted tanta-
lum. There has been some speculation that the na-
ture of the physical bonding between the tantalum
metal particles has a direct bearing on both the
leakage current values and the performance on life
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test of wet and solid electrolytic capacitors. The im-
proved leakage current and life test stability of the
in situ anode is attributed to the sponge-like tanta-
lum network and the increased porosity. The con-
sistently low dissipation factor of both the wet and
solid in situ capacitors is attributed to the uniform
pore size.
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Manuscript received July 3, 1962; revised manu-
script received Sept. 10, 1962.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
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Electrical Properties of Thin Organic Films

Arthur Bradley and John P. Hammes

Radiation Research Corporation, Westbury, New York

ABSTRACT

Thin organic polymer film specimens were prepared for electrical con-
ductivity measurements by the glow discharge polymerization process. The ex-
perimental procedure for film preparation is described in detail. Data on film
properties and deposition efficiencies (g/kwhr) are presented for their possible
bearing on the polymerization mechanisms. Dark conductivities (¢) were meas-
ured over the temperature range 75°-275°C. Plots of log ¢ vs. 1/Taps generally
gave straight lines above about 125° with slopes characteristic of the chemical
composition of the polymer film. Conductivities at 150°C ranged from 10—
mho/cm (films rich in halogen) to 10—18 mho/cm (ferrocene, tetracyanoethyl-
ene). A possible relationship between structure and conductivity is discussed.

It appears that semiconductive or photoconduc-
tive thin films will occupy a significant place in fu-
ture technology. Both inorganic and organic mate-
rials are being evaluated for this application. The
present communication describes convenient pro-
cedures for preparing thin organic films and their
incorporation into specimens suitable for electrical
measurements. Some representative data on con-
ductivity as a function of temperature are included
and discussed.

Uniformly thin organic films of good physical
properties and generally high electrical resistance
have been prepared by glow-discharge polymeriza-
tion. Approximately forty different organic com-
pounds were tested as potential “monomers.” A
variety of film specimens were prepared, differing
in appearance and electrical parameters. Correla-
tions were sought between these properties and
the chemical nature of the polymer, as reflecting the
choice of monomer. It was intended that this in-
formation would be applied to the synthesis of or-
ganic semiconductor films and might possibly lead
to a better understanding of the source of free car-
riers and the mechanisms of charge transfer in
amorphous solids,

Glow Discharge Polymerization

When an organic substance in the vapor phase is
excited into luminescence by an electric discharge, a
solid film tends to deposit on all surfaces exposed to
the luminous plasma. This process has been the sub-
ject of considerable study at Radiation Research
Corporation in recent years (1), and a film with
composition and properties similar to Teflon is now

being produced for use as a capacitor dielectric
(trade name: “Glofilm”) (2).

The solid deposit from the glow discharge need
not be formed in the conventional manner of func-
tional groups uniting with each other in a repeating
chain reaction. In fact, no such functional groups are
necessary (e.g., methane and benzene gave solid
films, the latter in relatively high yield). It is be-
lieved that ionic and ion-radical fragments are
formed under the intense electron bombardment and
recombine as they accumulate on the electrodes. The
result is a complex intermolecular rearrangement of
chemical bonds at more or less specific locations in
the monomer molecule, leading to a macromolecule
of fairly well defined structure: a three-dimensional
network of atoms built up of the original compound
(and/or its principal subsidiary units) in an irregu-
lar, but homogeneous pattern.

When the discharge conditions could be met (see
below) most organic vapors deposited films. Un-
saturated and aromatic compounds were “polymer-
ized” at the fastest rate, that is, with the most effi-
cient conversion of the energy dissipated in the dis-
charge into new chemical bonds. The slowest or most
inefficient materials were saturated aliphatics, par-
ticularly perhalogenated hydrocarbons.

The basic equipment for preparing glow-dis-
charge films consisted of an evacuated chamber with
a source of organic “monomer” vapor and electrodes
wired to an external power supply. The electrodes
were pairs of flat plates of any conductive material,
placed approximately 1 c¢m apart. With a wvapor
pressure of about 1 mm Hg the glow discharge was
usually initiated at 300-400v. Good films were ob-
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tained when the discharge was sustained with a
current density of the order of 1-3 ma/cm?2,

An alternating voltage in the ultra-audio fre-
quency range (10-50 kc) was most satisfactory in
the production of uniform, adhesive films. In most
experiments, the two electrode plates became coated
with identical “polymer” layers of thickness de-
pendent only on the discharge current and time. The
film thickness was self regulating through its own
impedance, resulting in a high degree of uniformity
and freedom from pinholes. The best films for elec-
trical measurements were between 0.5 and 2.0p
thick,

The organic vapor was introduced through a
needle valve from an external gas cylinder or liquid
reservoir. Solid compounds were placed directly in
the reaction chamber and their equilibrium vapor
pressure adjusted to meet optimum discharge re-
quirements by heating the entire system. All or-
ganics with vapor pressure approaching 1 mm Hg
below 200°C without decomposition were satisfac-
tory. Even then, the limiting factors were warping of
the Teflon electrode holders and sublimation of
monomer directly onto the electrodes. Discharges
conducted at 200°C and above appeared to give as
good films as at room temperature.

A detail view of the electrode holder assembly is
shown in Fig. 1. An 8-in. bell jar constituted the dis-
charge chamber. It was customary to evacuate the
system to 10—5 mm Hg before admitting the monomer
vapor to ensure that residual impurities from the
previous deposition did not remain in the chamber.
During each polymerization run the monomer pres-
sure, voltage, and discharge current were monitored
to control the film thickness and quality.

It was observed that films produced by glow dis-
charge had higher melting points, greater thermal
stability, and lower solubility than conventional
polymers of similar composition. Most of them were
hard and smooth and quite resistant to chemical at-
tack. These good physical and chemical properties,
coupled with the variety of fundamental structural
elements and functional groups that could be in-
corporated into them, made them uniquely useful

Fig. 1. Electrodes set up for glow discharge. 1, Quartz back up
plate; 2, silica microscope slide specimen plate; 3, aluminized
“bottom” electrode; 4, tinned copper strip electrical contact; 5,
Teflon support pieces with adjustable jaws for clamping slides;
6, vacuum-tight electrical feedthru; 7, base plate for bell jar seal;
8, evacuation system and connection to monomer reservoir.
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Fig. 2. Preparation of organic polymer film specimens. Step 1,
application of vacuum metallized bottom electrode (Al); step 2,
organic film from glow-discharge polymerization; step 3, top elec-
trode (Al); step 4, electrical connections.

for a study of the electrical properties of organic
solids.

Electrical Measurements

The electrodes used in the discharge were silica
microscope slides (1 x 25 x 75 mm) coated with a
thin conducting film of aluminum by standard
evaporation techniques. The sequence of operations
involved in preparing specimens from these slides is
illustrated in Fig. 2.

As set up in the chamber, the Teflon holder
masked the lower edge of the aluminized electrode
during the deposition, permitting later electrical
contact. At the higher edge of the electrodes the
polymer fringe bridged over onto the silica sub-
strate, allowing a top electrode to be evaporated di-
rectly over the organic film without shorting. The
specimen was masked during the second aluminiza-
tion to restrict the area of the top electrode to ap-
proximately one square inch and increase the sur-
face path to the edges. When leads were attached at
the ends of the specimen with the aid of silver paste
they were ready for electrical measurements. The
procedure for determining dark conductivities as a
function of temperature was quite straightforward
and need not be described in detail.

The measured electrical parameter was current, at
1.4v (dry cell less 0.1v drop across the electrom-
eter). Most measurements were carried out on a
General Radio 1520-A d-c amplifier, although a few
specimens at higher temperature could be read di-
rectly on a microammeter. A typical specimen (naph-
thalene, 6.5 cm? area, 1.8 x 10—% c¢m thick) gave
4 x 10— amp at 150°C and 1.4 x 10—8 amp at 250°,
or dark conductivities of about 10—15 and 3 x 1013
mho/cm at the respective temperatures. Intermedi-
ate values fell on the straight line joining these
points on a plot of log conductivity vs. reciprocal of
absolute temperature, with a slope corresponding to
a thermal activation energy of conduction of 1.1 ev

(Eq. [1]) (3).
o = goe~Ed/kT [1]

Conductivity vs. temperature points for naphtha-
lene and acrylonitrile are plotted in Fig. 3. Similar
plots for other monomers tested in this investigation
(with experimental points omitted) are given in
Fig. 4 through 8.

An accurate value of film thickness was required
for the calculation of conductivity. This could be
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determined either (a) from the measured capaci-
tance of the specimen, assuming a reasonable di-
electric constant, or (b) by counting interference
fringes, and assuming a reasonable index of re-
fraction. The two methods were used with fair
agreement, as discussed below.

Film specimens were prepared from over 40
monomers, about 30 of which gave some useful
conductivity data. A few invariably blistered or
peeled during the temperature cycle (see below)
or gave scattered or poorly reproducible currents.
In most cases, the experimental points from dupli-
cate films of the same monomer were essentially
interchangeable on the linear portions of the log
o vs. 1/T plots. The curves presented in Fig. 4
through 8 were obtained with at least two specimens
of each material.

Some comments on the discharge process and the
properties of thin organie film specimens are pre-
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Fig. 3. Experimental current and conductivity vs. temperature
points for naphthalene and acrylonitrile.
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sented in the following sections, followed by a con-
cluding discussion of the conductivity results.

Discharge Parameters; Efficiency

As indicated above, the experimental procedures
were essentially identical for the production of film
from all monomers. When necessary, the entire sys-
tem was heated to achieve the desired vapor pres-
sure with the result that polymerization runs on
certain high-molecular-weight solid monomers like
triphenyltin-chloride were carried out at relatively
high temperatures (200°C and above). There were
no definite indications that such heating had a sig-
nificant influence on the properties of the films so
deposited.

The voltage required to initiate the discharge
with fixed electrode configuration was chiefly de-
pendent on the pressure, as would be expected from

-7
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Fig. 5. Conductivity () vs. temperature for organic polymer film
specimens: oxygen, sulfur, and halogen compounds.
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Fig. 6. Conductivity (o) vs. temperature for organic polymer film
specimens: amines.
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Paschen’s law (4). The ionization characteristics of
the monomer were probably also a factor in deter-
mining this voltage. The observed parameters of
typical discharge runs are recorded in Table I. The
discharge current and duration of each run were
arbitrarily chosen according to the thickness of de-
posit desired and the anticipated efficiency of the
polymerization. In duplicate experiments on a single
monomer, it was found that the weight of polymer
obtained was approximately proportional to the en-
ergy dissipated in the discharge, regardless of the
rate of deposition.

The deposition “efficiency,” or rate of accumula-
tion of solid polymer per unit of electrical power,

January 1963

reflected both the molecular weight of the monomer
and the ease with which it yielded ionized or radical
fragments under electron bombardment. Most aro-
matic compounds yielded between 25 and 75
g/kwhr, as shown in Table II. Nitroso-substituted
amines and ethylene compounds comprised a less
efficient class, and it is noteworthy that there was no
correlation between efficiency and film electrical
properties. The difference between 1, 3, 5- and 1, 2,
4-trichlorobenzene was striking and will be dis-
cussed further below. The highest yield (300
g/kwhr) was obtained with vinyl ferrocene, a solid
that required warming to above 60°C to give a suffi-
cient vapor pressure to sustain a discharge. Com-
pletely saturated molecules such as propane were
deposited with poor efficiency, as were most halo-
gen-substituted compounds. For example, tetrafluo-
roethylene polymerized no faster than ethylene, de-
spite its molecular weight advantage of 3.5:1. Satu-
rated perhalogenated hydrocarbons such as carbon
tetrachloride and even hexachlorobenzene gave no
film at all. In general, polymer was obtained where
the monomer contained any carbon-hydrogen bond,
any carbon-carbon double bond, and any aromatic
ring unless perhalogenated.

Special attention can be directed to the compara-
tive efficiencies of 1, 3, 5- and 1, 2, 4-trichloroben-
zene. The former was polymerized at the very high
rate of 190 g/kwhr; the latter far below the related
aromaties at only 5.5 g/kwhr. Both were solids that
required mild heating to get sufficient vapor pres-
sure. The essential difference appears to be the
higher equilibrium concentration of the free radical
intermediate from the symmetrical (1, 3, 5) com-
pound, which could be stabilized by resonance more
easily than the unsymmetrical (1, 2, 4) isomer. The
former gave the most intense discharge color (bright
red) of any monomer tested in this program. This
observation suggests that the rate-determining
step in the polymerization mechanism involved the
consumption of a free radical intermediate.

In general the starting pressure was between 0.5
and 1.0 mm Hg or as close to this as could conven-
iently be obtained. During each polymerization run
the system was closed off from the monomer reservoir
(“static conditions’). Changes in pressure were fre-
quently observed during the discharge to an extent
that could be predicted fairly well from the struc-
ture. Monomers that had an easy route to ionization
without breaking a carbon-hydrogen bond, such as
acrylonitrile, showed a normal decrease in pressure
as they were converted to solid film. On the other
hand, saturated hydrocarbons showed pressure in-
creases during a run. It may be assumed that more
molecules of hydrogen and other gaseous fragments
were formed in these experiments than monomer
was consumed. In either case it will be evident that
a static system will deposit polymer less efficiently
with time, and therefore the most reliable efficiency
data will be derived from runs of short duration.

Film Properties; Thickness; Thermal Effects
Besides the discharge variables, Table I also pre-
sents the raw measurements from which film thick-
ness were computed: capacitance and number of



Vol. 110, No. 1

ELECTRICAL PROPERTIES OF ORGANIC FILMS

19

Table 1. Discharge variables and film properties

Run Avg Cap. after Fringes
No. Monomer Volts ma-min rel P* Cap. uF heating 508 my
84 Tetraethyl orthotitanate 350 50 4.6 0.026 —_ 5
87 Ferrocene 340 10 2.2 0.078 —_ 4
89 Phenanthene 315 30 2.8 0.018 0.022 16
94 Naphthalene 370 10 2.3 0.011 0.020 12
96 Dicyclopentadienyl titanium 360 9 3.0 0.023 0.031 7
dichloride
97 Pentamethylbenzene 340 9 1.7 0.0066 0.0059 13
102 Vinyl ferrocene 425 7.5 0.9 0.0037 — 20
110 Ethylene dithiocyanate 385 135 2.0 0.064 0.063 35
112 Triphenylmethane 420 16 2.2 0.0037 0.0058 13
136 Acetylene 275 23 1.9 0.105 0.115 25
141 Cyclopentadiene 340 16 1.8 0.016 0.015 7
147 Hexamethylbenzene 360 22 2.8 0.0058 0.0053 17
150 Methoxynaphthalene 385 12 2.0 0.0041 0.0077 22
156 Quinoline 305 60 1.9 0.066 Shorted 2
165 Styrene 350 15 2.7 0.021 0.022 12
167 p-Nitrotoluene 350 20 5.1 0.0079 0.011 16
168 p-Xylene 300 10 2.1 0.0094 Peeled 12
176 Acrylonitrile 350 5 1.5 0.005 0.013 5
201 Diphenyl selenide 400 14 1.4 0.0172 0.0171 9
203 Picoline 385 20 1.5 0.0087 0.0093 16
207 Malononitrile 415 5 3.5 0.0395 0.056 6
214 N, N-dimethyl-p-~toluidine 355 42 3.7 0.0052 0.0058 19
222 Aniline 345 25 3.2 0.0115 0.0108 9
226 Dicyanoketene ethylacetal 450 11 1.2 0.0906 0.113 2
230 Cyamelurine 350 27 1.5 0.074 0.099 2
235 Diphenyl mercury 370 17 2.5 0.0187 0.0187 7
241 N-Nitrosodiphenylamine 445 57 1.6 0.0161 0.0139 8
247 Thiourea 325 150 1.3 0.0118 0.0125 10
251 1-Nitrosopiperidine 455 100 4 0.011 0.0120 11
254 Triphenylarsenic 355 250 1.1 0.0332 Shorted 4
260 Tetracyano ethylene 450 11 1.2 0.0906 0.113 2
267 N-Nitrosodiethylamine 365 96 1.8 0.038 0.038 6
277 Hexa-n-butyl (di) tin 305 150 1.3 0.014 0.0136 9
285 Thianthrene 330 300 1.0 0.098 0.098 7
304 Tetraisopropyl orthotitanate 350 90 —_ 0.015 0.017 6
306 Thioacetamide 385 210 1.1 0.020 Shorted 11
355 Thiophene 435 75 —_ 0.0071 0.0115 17
356 Benzene selenol 440 85 0.4 0.0049 0.0067 —

* Rough criterion of Relative Pressure, in units of 10-? amp of ionization current (tritium vacuum gage, 45v applied). Calibration varies

slightly for different monomers, and current is only approximately linear function of P. On the average, 4 x

mm Hg.

interference fringes. Each method requires an as-
sumption of the magnitude of a basic property of the
material: the dielectric constant (k) in the case of
capacitance and the index of refraction in the case
of fringes. Fairly consistent comparisons of the two
methods were obtained when these numbers were
chosen to be 3.0 and 1.5, respectively.

The capacitance method has the advantage of be-
ing based on approximately the same area-to-thick-
ness ratio as the resistance measurements. It can
also give an average thickness in the case of a non-
uniform specimen. If parts of either the upper or
lower electrode were not in good contact with the
film, the capacitance method would lead to an er-
roneous conclusion of thickness but an accurate
value for the conductivity. A typical capacitance for
a specimen of 6.5 cm? (nominal) area might be 0.01
#F. Assuming k=3.0, the average thickness would
then be 1.7u.

The fringe-counting method is most effective
when the thickness is essentially uniform, with a
steep taper at the edge, and the number of fringes
lies between 3 and about 25. It is much closer to being
a direct measurement than capacitance except that

10-¢ amp corresponds to 1.0

the index of refraction must be included to correct
for the slower speed of light in the organic film
medium. Each additional band appearing at the
specimen edge represents an increment in thickness
of one half wavelength. Using a 508 mu green light
source in a standard metallurgical microscope, and
assuming IR=1.5, the 1.7x specimen referred to
above would show between 10 and 11 fringes.

Certain runs, particularly at extremes of pres-
sure where the discharge was difficult to sustain
evenly over the electrode surface, gave nonuniform
deposition of film. This was immediately evident on
inspection, since interference bands could be ob-
served across the entire face of the specimen. The
usual pattern was a series of roughly concentric
rings, or “bull’s eye,” clearly indicating the thickest
(or thinnest) region. These patterns could be seen
without the aid of a microscope or monochromatic
light, especially after the heating cycle of a resist-
ance vs. temperature measurement. As mentioned
above, the capacitance method provided an average
thickness and therefore accurate conductivities
could be derived for bull’s eye specimens.

The fringe count did not change after the heating
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Table 1l. Polymerization efficiencies

Monomer Yield, g/kwhr  Moles/kwhr
Vinyl ferrocene 300 14
1, 3, 5-Trichlorobenzene 190 1.05
Chlorobenzene 75 0.67
Styrene 69 0.66
Ferrocene 67 0.36
Picoline 65 0.70
Naphthalene 62 0.48
Pentamethylbenzene 61 0.44
Nitrotoluene 55 0.40
Acrylonitrile 55 1.04
Diphenyl selenide 52 0.20
p-Toluidine 47 0.44
p-Xylene 45 0.42
N, N-dimethyl-p-toluidine 39 0.29
Toluene 38 0.41
Aniline 38 0.41
Diphenyl mercury 30 0.08
Hexamethylbenzene 28 0.17
Malononitrile 25 0.38
Tetracyanoethylene 19 0.15
Thiophene 135 0.16
Benzene selenol 13.5 0.086
Tetrafluoroethylene 12 0.12
Ethylene 11 0.39
N-Nitrosodiphenylamine 10 0.05
Thianthrene 10 0.046
Acetylene 9 0.35
N-Nitrosopiperidine 9 0.08
Dicyanoketene ethylacetal 7 0.04
Cyamelurine 6 0.013
1, 2, 4-Trichlorobenzene 5.5 0.03
Propane 5.2 0.12
Thiourea 4.7 0.06
Thioacetamide 4.4 0.059
N-Nitrosodiethylamine 4.2 0.04
Hexa-n-butyl (di) tin 4.0 0.007
Triphenyl arsenic 3.4 0.19
Methyl mercaptan 1 —_
Carbon tetrachloride 0
Hexachlorobenzene 0
Ammonia 0

cycle, indicating that the thickness remained the
same. There was a tendency for the capacitance and
the power factor to increase during the conductivity
runs, possibly due to chemical changes such as fur-
thur oxidation at elevated temperatures. The con-
ductivity was markedly independent of minor
changes in composition, whereas increases in di-
electric constant and power factor would be ex-
pected on introduction of polar impurities such as
represented by new carbon-oxygen bonds.

There was evidence that some oxygen was taken
up by the films even before heating. Both combus-
tion and infrared absorption analyses showed the
presence of oxygen (2-10%) in glow-discharge
polymer prepared from hydrocarbons such as cyclo-
pentadiene and p-xylene. Unfortunately, the infra-
red spectra were almost completely lacking in fine
structure and so were of no value in clarifying the
chemical nature of the film.

It was occasionally observed that temperature
cycling affected the lower or nonlinear portions of
the log o vs. 1/T plots. Repeat runs on the same
specimen sometimes showed higher currents in this
region and thereby tended to raise the threshold of
linearity from which activation energies were cal-
culated. This again suggests the addition of im-
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purities by heating, changing the conductivity in
what for inorganic semiconductors might be re-
ferred to as the “extrinsic region.”

A tendency to “peel” or separate from the sub-
strate silica plate was observed in many of the hy-
drocarbon films. Among the most troublesome were
toluene, p-xylene, and chlorobenzene. This difficulty
rarely occurred with solid monomers, and even with
liquids it could usually be controlled by restricting
the thickness to Y% p. Another precaution that proved
useful in preserving the life of the film specimens
was storage in a dessicator. Most films were moder-
ately sensitive to damage by moisture, especially
in the first few days after preparation. Certain com-
pounds (e.g., N-nitrosoamines) formed surface
bubbles after thermal cycling indicative of gaseous
decomposition products.

In terms of the properties of these glow-discharge
films, 1 to 2p represented a substantial and useful
thickness, with pinhole counts vanishingly small
and capable of supporting 50v d.c. or more without
breakdown. Thicker specimens could have been pre-
pared, particularly from amine and solid hydro-
carbon monomers, but only with the sacrifice of uni-
formity and efficiency. It may be estimated as a
matter of general interest that the practical upper
limit of thickness for such films (maintaining a cer-
tain degree of physical integrity as films) is of the
order of 10g.

Many of the thinner films (0.5x and less) ex-
amined for conductivity vs. temperature were dis-
covered to have become shorted during or after the
heating cycle. On the other hand, the thickest speci-
mens (above 2u) tended to separate from the sub-
strate due to differences in thermal expansion and
contraction coefficients and were often found to have
opened along the fringe area covered by the top
aluminized electrode. These could generally be re-
paired, but the most reproducible results on re-
peated thermal cycling were obtained with those
specimens in the optimum thickness range of 1-2p.

Conductivity of Film Specimens

Although this program is barely out of the ex-
ploratory stage, it is felt that the conductivity vs.
temperature relationships observed with these
glow-discharge films are representative of the best
information currently available on the electrical be-
havior of organic solids. The high thermal stability
of the films made it possible to measure an accurate
and significant activation energy of conduction for
most specimens. The values of E, determined from
the slopes of the log ¢ wvs. 1/T curves over large
ranges of temperature were reproducible in differ-
ent specimens of the same material prepared under
variant conditions and were also found to be char-
acteristically uniform in groups of structurally re-
lated compounds.

Absolute magnitudes of dark conductivity at
150°C ranged from below 10—17 mho/cm for poly-
mer films prepared from 1, 3, 5-trichlorobenzene
to above 1013 for ferrocene. However, the great
majority of monomer compositions led to films with
conductivities between about 10-16 and 10—14¢
mho/cm at this temperature. This was particularly



Vol. 110, No. 1

ELECTRICAL PROPERTIES OF ORGANIC FILMS 21

Table I11. Typical conductivity vs. temperature data

Monomer o, mho/cm Eq, ev
150° 250° See fig.
Naphthalene 9 x 10—16 2.7 % 10138 1.1 3,4
Styrene 6 x 10—16 9 x 10— 14 1.2 4
p-Xylene 5 x 10—17 1.5 x 10—13 1.8 4
Cyclopentadiene 1.0 x 1016 1.2 x 1018 1.5 4
Hexamethylbenzene 7% 10-17 7x 1014 1.5 4
Ethylene oxide 4 x 10—16 1.6 x 1013 1.1 5
Methoxynaphthalene 1.1 x 10—16 7T x 10—14 1.5 5
Thiourea 3.3 x 1016 4 x 10—13 1.7 5
Chlorobenzene 8 x 10—17 1.9 x 1014 14 5
Picoline 2.2 x 10—14 6 x 1012 1.1 6
N-Nitrosodiphenylamine 8 x 1015 3.0 x 10—12 1.2 6
p-Toluidine T x 1016 2.3 x 1012 1.5 6
Aniline 2.8 x 1016 14 x 10—12 1.8 6
p-Nitrotoluene 5 x 10—18 2.5 x 1013 1.2 6
Diphenyl selenide 3.1 x 10—18 8 x 1018 0.75, 1.5 7
Diphenyl mercury 2.8 x 10—15 2.7 x 10—13 0.85 i
Ferrocene 2.7 x 10—138 45 x 1012 0.55 7,8
Benzene selenol 2.5 x 1014 7 x 10—12 1.1 7
Hexa-n-butyl (di) tin 1.5 x 10—15 7 x 10—13 1.1 7
Tetracyanoethylene 1.8 x 10—13 5 x 10—12 0.60 8
Malononitrile 3 x 1014 1.8 x 1012 0.75 8
Thianthrene 1.5 x 10—14 1.6 x 10—12 0.85 8
Thiophene 6 x 1014 3 x 10—12 0.75 8
Thioacetamide 8 x 10—14 9 x 1012 0.85 8

true of the hydrocarbons and the amines, which con-
stituted the two largest groups. Activation energies
of conduction were more nearly uniform in these
two sets. The average value of E, for fifteen mon-
omers (all except acetylene in Fig. 4 and 6) was
1.36 = 0.06 ev. This magnitude of temperature re-
sponse may be related to the energy required to
create charge carriers in a structure consisting
principally of carbon-carbon bonds.

It should be made clear that the conductivities
and activation energies under discussion do not refer
to the monomers themselves. The actual composi-
tions and structures of the polymer films tested are
unknown and may reflect much or little of the mon-
omer, depending on the conditions and the mech-
anisms of glow-discharge polymerization. Moreover,
these conductivity data were generally recorded in a
temperature range where the monomer would not be
available in the solid state. There is no contradic-
tion, for example, between the value of 1.1 ev for the
activation energy of a film derived from naphthalene
(Table III) and the lower literature values on the
crystalline monomer (3).

The results suggest that conduction in organics is
determined only by gross compositional features
common to a great variety of polymers. This investi-
gation did not distinguish between films prepared
from such contrasting monomers as cyclopentadiene
and hexamethylbenzene on the basis of magnitude
and temperature dependence of conductivity. This is
not to be interpreted that the glow-discharge proc-
ess converted all organic monomers to the identical
polymer structure, for there were differences in ap-
pearance and stability that clearly set them apart,
but that the conduction mechanism involved only
certain chemical bond linkages which were approxi-
mately the same for all.

Moreover, impurities cannot be considered as par-
ticipating in the conduction process. The proportions

of whole molecules and fragments of different sizes
would tend to vary according to the pressure and
voltage in different runs but this was evidently not
a consideration. Certain of these films were con-
taminated with as much as 10% oxygen, and there
was no indication that it changed the conductivity
as much as a factor of two.

In connection with the above, it was not surpris-
ing to find that films prepared from compounds al-
ready containing oxygen were electrically similar to
those from hydrocarbon monomers (Fig. 5). It ap-
pears that in many cases the common “hetero”
atoms of organic chemistry (O, N, S, halogens) can
be incorporated into glow-discharge films in various
mixtures and combinations without causing signifi-
cant changes in the fundamental conductivity proc-
ess. No doubt many exceptions to this generalization
will be uncovered. The first one to be discussed in-
volves compounds with two or more nitrile groups.

The conductivity of acrylonitrile film (Fig. 3) was
comparable to the hydrocarbon-amine groups; in
fact it was nearly identical to picoline (Fig. 6).
However, the presence of an additional nitrile sub-
stituent in the monomers resulted in a lower slope
and, at least in the case of tetracyanoethylene (Fig.
8), a significant increase in conductivity.

All materials tested in this program which gave
relatively highly conductive films (Fig. 8) had acti-
vation energies of conduction below 0.9 ev. This was
in marked contrast to the average of 1.36 ev for hy-
drocarbon and amine polymers. A different con-
ductivity mechanism is indicated, and one of the
first possibilities to be considered must be that the
principal charge carriers are now becoming avail-
able from new sites in the molecular structure. This
may be accompanied by a shift in the charge trans-
fer path from the carbon-carbon bond skeleton to
the functional groups (where the mobility may be
higher).
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The compounds with two or more nitrile groups
may have formed polymer linkages that were rich
in carbon-nitrogen bonds, perhaps with some degree
of conjugated unsaturation. Other workers have ob-
served high conductivity in substituted cyamelu-
rines (high molecular weight compounds rich in
aromatic nitrogen in condensed rings) (5). Our at-
tempts to polymerize cyamelurine decomposition
products at 200°C led to film specimens of varying
appearance and stability and no consistent conduc-
tivity pattern.

A few sulfur-containing films were found in the
highest conduction group (Fig. 8). Thiophene and
thianthrene had conductivities higher than any hy-
drocarbon polymer, and thioacetamide was compa-
rable to tetracyanoethylene and ferrocene at the
higher temperatures. It appears that the sulfur
atom, as a functional group with favorable charge
transfer characteristics, is potentially capable of
dominating the conduction mechanism. There is a
distinct possibility that results showing no enhance-
ment of conductivity with a sulfur compound (ac-
companied by a high E_, as in thiourea, Fig. 5) were
anomalous and represented a recombination of de-
composition fragments which included little or no
sulfur.

The presence of a metal or transition element in
the polymer generally did not lead to special elec-
trical properties. Various monomers containing tin,
titanium, mercury, and selenium were tested (Fig.
7) and generally gave log o vs. 1/T curves in the
hydrocarbon region, although they were rarely as
reproducible and not generally good exponentials.
Diphenyl selenide showed a fairly sharp break in
slope at about 200°C; tetraisopropyl orthotitanate
and dicyclopentadienyl titanium dichloride were
nonlinear, as was vinyl ferrocene; diphenyl! mercury
and the tin-containing compounds gave somewhat
scattered points that were only approximately rep-
resented by single lines. By contrast, excellent
agreement in conductivities over a wide tempera-
ture range was obtained from five different speci-
mens of ferrocene.

The reproducibility and characteristic activation
energy of ferrocene suggest that there was an es-
sential difference between the polymerization mech-
anism for this monomer and other metal-organics.
There may have been either less fragmentation or
some favored linkage to join the surviving units in
the film. On the other hand, ferrous ions may have
functioned as preferred carrier sources by conver-
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sion to the ferric (4-3) oxidation state with the loss
of one electron. No more specific explanation of the
high conductivity of ferrocene polymer can be
offered at this time.

In summary, it is proposed that there is a charac-
teristic magnitude and temperature dependence of
conductivity for organic polymer films that is basi-
cally due to the preponderance of carbon-carbon
bonds in the structure. This situation remains es-
sentially the same even when a fair proportion (say
10%) of the atoms in the carbon network are re-
placed by other elements, whether metals or non-
metals. However, when special structural features
begin to appear in significant competition with the
cross-linked carbon skeleton and these features offer
new sources of carriers or a preferred path for their
transmission, new patterns in conductivity response
may be expected. These phenomena were observed
with films prepared from ferrocene, some sulfur
compounds, and certain monomers containing nitro-
gen in a form likely to be incorporated into a con-
densed ring or conjugated chain structure.

None of these films would qualify for considera-
tion as organic semiconductors. Extrapolated to
room temperature, the highest conductivities
achieved in this survey of glow-discharge films did
not exceed 10— mho/cm. Nevertheless, certain
trends are clearly indicated to guide a specific de-
velopment to this end: the influence of the car-
bon-carbon backbone must be minimized and the
possible categories of substituent atoms or func-
tional groups classified for selection according to
their relative charge transfer capabilities. The opti-
mum composition for a semiconductive organic
polymer film should consist of a high concentration
of electronically active centers held together by a
framework that includes no superfluous carbon.

Manuscript received April 24, 1962; revised manu-
script received Sept. 6, 1962. This paper was prepared
for delivery before the Boston Meeting, Sept. 16-20,
1962.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
JOURNAL,
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A New Family of Self-Activated Phosphors

D. E. Harrison, N. T. Melamed, and E. C. Subbarao

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

A series of compounds were discovered which have the generalized formula
Ro2+R4+Ro5+t Q9. Examination of single crystals of Pb2ZrP2Os showed it to
have hexagonal symmetry with am = 10.08A and cm = 23.29A. Five of the
seven compounds studied (BasZrP2Qs, Sr2ZrP209, PbaTiP2Og, BasZrAssQg, and
PhbeZrAsoQOg) were isostructural with Pb2ZrP:0g, and the seventh, SroZrAssOs,
had optical properties closely related to the group. With the exception of
Pb2TiP20, all of the compounds exhibited a broad band blue fluorescence, with
an intensity maximum near 4800A, when excited by 2537A radiation. By con-
trast, PbeTiP20s showed a weak orange fluorescence, more easily excited by
3650A radiation. Emission, absorption, and excitation data are presented.

The following describes a new class of host-lumi-
nescent materials which have the generalized for-
mula Ry>2TR4*Ry5+Oy. Their synthesis resulted from
an attempt to prepare compounds isostructural
with the self-activated phosphor Ba,TiP,Oy (1, 2).
Of the seven compounds reported here, Ba,ZrP>0,,
SreZrPy0y, PbyZrPy0q, Pb,TiPy0y, BayZrAs,Qy, and
PbyZrAsy,Oy are isostructural with one another, and
the seventh, Sr;ZrAs;Oy, has optical properties
closely related to the group. Because of certain fea-
tures common to host luminescence, it is instructive
to make some comparisons between the present sys-
tem and other known host-luminescent systems.

The most comprehensive study of host lumines-
cence is given by Kroger (3), and is concerned with
the alkali and alkaline earth tungstates and molyb-
dates. These materials are characterized by fairly
broad emission bands and by very strong absorp-
tion bands which are characteristic of lattice ab-
sorption. The absorption bands commence in the
u.v. exhibiting steep edges which rise rapidly to
very high values and appear to maintain these high
values toward shorter wavelengths. Excitation is
stated to occur everywhere within the absorption
bands to within the limits of measurements. Because
of these features, no meaningful details are seen
within either the absorption or the excitation bands.
On the basis of fairly extensive comparisons be-
tween the tungstates and molybdates and their solid
solutions, Kroger concludes that the WO,= and
MoO,™ ions are responsible for the observed lumi-
nescence. Indeed, it is difficult to see how anything
else could be possible.

The present series of compounds differ from the
tungstates and molybdates in several respects. The
most notable differences are in the absorption and
excitation bands. In the ternary zirconates, the ab-
sorption coefficients of the bands responsible for
luminescence appear to be much weaker, but at the
same time the bands are better defined than the cor-
responding bands in the tungstates or molybdates.
The excitation bands, which are undefined in the
tungstates or molybdates, are very well defined in
the ternary zirconates and show a structure which is
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remarkably similar from compound to compound. In
this respect, the present series adds to the previous
work on host luminescence by providing additional
information not seen, for example, in the tungstates
and molybdates. The information is of a more de-
tailed nature and may help toward characterizing
the center in host-activated luminescence. Despite
the preliminary and largely descriptive nature of
the present work, one conclusion can readily be
drawn, namely, that in the ternary zirconates the
zirconium ion is the essential constituent of the
luminescent center.

Crystal Chemistry

Preparation—Compositions were made according
to the general formula, R 2*R**Ry°*Q4, where
R2+ = Mg, Ca, Sr, Ba, Pb, Cd, Zn; R** = Ti, Zr, Sn;
and R5* = P, As, Sb, V. Those compositions which
were examined are listed in Table 1. Samples were
prepared by calcination of the appropriate oxides
or carbonates of reagent grade purity in fused silica
crucibles at 1000°-1400° in a SiC resistance fur-
nace.! X-ray diffraction data and petrographic tech-
niques were used to identify phases.

Small single crystals of PbyZrP,0Oy (PZP) were
grown from the melt by cooling at a rate of about
80°C/hr after fusion at 1400°C in a platinum cru-
cible. The crystals formed as thin hexagonal plate-
lets about 10 mm? in area by 0.2 mm in thickness.

Phase data.—Phase identification was made by
means of standard x-ray diffraction techniques using
CuKe radiation. These data showed that none of the
compositions listed in Table I were isostructural
with either of the forms of Ba,TiP,Oy (2). The com-
positions listed in the first column of Table I are
nonfluorescent and some of them are multiphase.
Only those single phase materials which exhibited
luminescence were selected for further study. Of this
group, six form an isostructural series (see Table
II) and the seventh, Sr.ZrAs,Oy, has optical prop-
erties closely related to the series. Both SryZrAs,Oy

1The Zirconium Corporation of America supplied the hafnium-
free ZrO: which contained 1000 ppm Ca, 300 ppm Mg, 150 ppm Si
and other impurities each <100 ppm. The TiO»; was fluorescent grade
yﬁlaterial obtained from Westinghouse Lamp Division, Bloomfield,
. J.
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Table I. Compositions
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Table I1l. X-ray powder diffraction data, CuKe radiation

Nonfluorescent materials of
undetermined phase

(a) (b)
B-BagZrAs:0e a-BagZrAs:Oy

composition Fluorescent compounds
MgsTiP209 BaxZrP209 (BZP)
CazTﬁPzOs Sr2ZrP20g (SZP)
Sr2TiP20y PbeZrP:0y (PZP)
MgoZrP20g PbaTiP209 (PTP)
CazZrP20s¢ BagZrAs209 (BZA)
ZnsZrP20¢ PboZrAs:09 (PZA)
Cd2ZrP20¢ SreZrAszOg (SZA)
CasSnP20y
SreSnP2Qg Other compounds
Ba2SnP20y ZrP»07
Pb2SnP>0g BaZrO3
BasTiVaOg BasP207
BasZrVaOs PhaP207
BasTiSh20y ZrOo
BazZrSbha20g

Table 1. Lattice parameters, angstrom units

Compound an CH
BasZrP209 10.26 23.76
Pb2ZrP20g 10.08 23.29
Sr2ZrP209 9.86 22.78
Pb2TiP20y 10.03 23.13
Ba2ZrAssOg 10.54 24.34
PbaZrAs209 10.37 23.91

(SZA) and BapZrAs;O, (BZA) are dimorphic. In
BZA, the crystallographic inversion is at 1260°
+ 15°C, and in SZA it is at 1225° = 15°C. On the
order of 20-30 hr is required for either inversion to
reach completion even at 30°C above the transi-
tion temperature. The low-temperature form of
BZA is isostructural with the other members of the
series. The high-temperature form of BZA and both
forms of SZA are of undetermined structure. Char-
acteristic x-ray patterns of the high- and low-tem-
perature modifications of BZA and SZA are listed
in Table III. The low-temperature form of BZA is
indexed on the basis of the single crystal measure-
ments performed on PZP (see below). For purposes
of discussion, the isostructural series is referred to
as the B-structure, the high-temperature form of
BZA as the a-structure, and the low- and high-tem-
perature forms of SZA as B;- and a;-structures, re-
spectively.

The ternary zirconium phosphates and PbyZrAs,Og
(PZA) appear to be stable at temperatures ap-
proaching their melting points. In the case of the
high-temperature forms of BZA and SZA partial
decomposition occurred as revealed by the evolution
of vapor during the sluggish crystallographic in-
version and the presence of free ZrQO, in the high
temperature phases. In no case, however, could the
excess ZrQ, account for the optical properties which
were observed.

Crystal structure data.—Rotation and Weisenberg
photographs taken both parallel and perpendicular
to the hexagonal faces of the single crystals estab-
lished that PbyZrP,0O, (PZP) has hexagonal sym-
metry. In PZP, the unit cell parameters are ag =
10.08A and cyg=23.29A. Assuming 33 formula
weights per unit cell, the theoretical x-ray density

hkl dobs deate® Ions dobs Ions
113 4414 4.419 6 3.624 6
— 3.821 — 7 3.302 6
106 3.684 3.707 3 3.292 6
204 3.630 3.651 4 3.220 100
211 3.419 3.416 100 3.153 16
2.875 60
116 3.229 3.214 15 2.829 10
213 3.157 3.175 15 2.348 16
108 2.891 2.886 56 2.253 6
2.148 25
215 2.834 2.814 10 2.061 7
1.948 22
220 2.618 2.635 3
400 2.308 2.282 10 1.821 9
1,1,10 2.209 2.209 15 1.723 17
227 2.122 2.100 25
319 1.847 1.848 3 1.710 7
1.664 10
2,1,12 1.756 1.748 12 1.650 7
1,0, 14 1.724 1.725 4 1.614 12
418 1.670 1.666 7
3,1,11 1.666 1.666 5
(c) (d)
a1-ST2ZrAs:0e B1-Sr2ZrAsz09
dobs Ious dobs Iobs
3.690 5 5.555 6
3.633 5 3.684 8
3.422 4 3.556 27
3.197 8 3.422 10
3.157 47 3.297 17
3.078 80 3.179 62
2.838 30
2.789 100+ 3.070 52
2.620 7 3.039 33
2.603 6
2.538 4 2.940 100
2.348 14 2.855 12
2.221 7 2.838 6
2.177 8 2.783 23
2.069 35 2.582 25
1.848 19 2.453 14
1.818 7 2.417 10
1.662 38 2.062 7
1.612 13 2.005 6
1.987 11
1.914 9
1.887 6
1.843 10
1.823 9
1.788 15
1.738 7
1.657 6
1.651 8
1.646 8
1.581 8

* Calculated using ag = 10.544, cu = 24.344A.

of PZP is 6.35 g/cm3. The measured density was
6.33 g/cm®. The unit cell parameters of the members
of the series are listed in Table II.

In Fig. 1 is plotted ax vs. cu lattice parameters for
the series. The linear progression in unit cell di-
mensions from compound to compound is consistent
with the ionic radii of the constituent elements. Be-
ginning with the strontium-zirconium-phosphate
member, the parameters increase in size from SZP
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Fig. 1. au vs. ¢ lattice parameters of the isostructural compounds

to PZP to BZP. The substitution of titanium for zir-
conium decreases the cell parameters placing PTP
intermediate in size between SZP and PZP.
Similarly, the arsenates form a parallel series
with larger unit cell sizes. Exclusion of «;- and
B1-SZA and «-BZA from the isostructural series is
probably a result of the inability of the g-lattice to
accommodate the size differential between the di-
valent and pentavalent ions in these compounds.

Optical Properties

Emission spectra.—The emission spectra were ob-
tained by placing the samples at the slit of a Beck-
man D.U. Monochromator equipped with a spec-
trally calibrated photomultiplier tube. A mineralite
lamp rich in 2537A radiation was used to excite the
samples. The low-temperature spectra were ob-
tained in a similar manner using a specially built
fused silica Dewar with flat transparent end win-
dows. A resolution of about 20A was obtained both
at 300° and 77°K. At low temperatures a blue fluo-
rescence was produced by the fused silica in the re-
gion of 4000-4800A which somewhat complicated
the low-temperature spectra. This emission caused
a comparatively small error in the samples which
did not contain lead. Larger errors were involved in
the spectra of the lead compounds because of their
relatively lower brightnesses. The silica emission
was determined separately, and for each sample it
was subtracted from the total observed fluorescence.

The emission spectra of the six zirconates are
shown in Fig. 2 at 300°K and at approximately 77°K.
The low-temperature form of SZA does not fluo-
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Fig. 2. Fluorescence emission spectra (2537 A radiation)
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resce at room temperature and is not shown in Fig. 2.
All of the data are shown on the same relative
scale of intensity. The BayTiPsOy phosphor, which
has a quantum yield near unity, has on this scale a
peak intensity of 8.7 at room temperature. Included
in the figure are the emission spectra of PbyTiPyOq
and ZrO,.

Examination of Fig. 2 shows the essential simi-
larity in the positions, shapes, and temperature de-
pendences of the emission spectra of all of the zir-
conium containing samples including ZrO, and a
distinct difference in the position of the emission
band of the isostructural titanium compound. With
the exception of the lead compounds, there is an ap-
proximate twofold increase in peak intensity and a
noticeable narrowing of band width on cooling to lig-
uid nitrogen temperatures. The lead compounds
show a very feeble luminescence at room tempera-
ture and undergo a far greater increase in intensity
on cooling. This difference in the behavior of the
lead compounds can be accounted for by the pres-
ence of a strong absorption band which is introduced
by the lead ions and which overlaps the excitation
band for the blue emission. A parallel behavior oc-
curs in PbWO, and PbMoO, (4). This particular
absorption is moderately temperature dependent
and shifts to shorter wavelengths as the tempera-
ture is lowered. Even so, the emission intensity of
the lead compounds is still low even at 77°K. For
this reason, their emission bands were not very ac-
curately obtained. Table IV summarizes the values
for the peak wavelengths of emission for the various
compounds. A more detailed description of the lead
compounds is given below.

Absorption and excitation spectra—Absorption
coefficients, «, were obtained on powder samples
from diffuse reflectance measurements, R, by means
of a relationship between R and « (5) using a Beck-
man D. U. spectrophotometer with its diffuse re-
flectance attachment. The resolution was for the
most part at least as good as for the emission spectra.
Low-temperature measurements were again ob-
tained by means of a fused silica Dewar, and ap-
propriate corrections were made for the reflections
from fused silica windows. Excitation spectra were
obtained only at room temperature. The measure-
ments consisted of irradiating the samples mono-
chromatically at intervals within the region from
4000 to 2500A and measuring their total lumines-
cence output. A Perkin-Elmer quartz prism mono-
chrometer served as the dispersing element, and an

Table 1V. Emission peaks, excitation by 2537 A radiation

Approximate Approximate
room temp emission peaks
Compound emission peaks, A at 717°K, A
8 BZP 4850 5100
8 BZA 4850 5170
«a BZA 4920 5200
g SZP 4900 5130
a1 SZA 4870 5190
g PZP (4840) (5000)
BPZA — (4900)
8 PTP (5770)

ZrO2 4850 5100
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Fig. 3. Absorption spectra

internal thermocouple provided the reference for
constant energy of irradiation. Corrections were
later applied in order to present the data in the form
of a constant number of photons at each irradiation
wavelength. No corrections were made for changes
in sample reflectance with wavelength.

The wavelength dependences of the absorption
coefficients are shown in Fig. 3 for ZrO, and for
those zirconates which do not contain lead. All of
the spectra show evidence of three and possibly four
absorption bands superimposed on a broad absorp-
tion which increases rapidly with decreasing wave-
length. These bands are located at about the same
wavelengths for all of the zirconium compounds
(see Table V). They are poorly resolved at room
temperature and are only a little better resolved at
the low temperatures. The absorption spectrum of
PTP is not shown, but it is appreciably different
from the zirconates.

Evidence for the existence of at least three of
the four possible absorption bands is much more
clearly pronounced in the excitation spectra, where
extraneous superimposed absorptions (which do not
contribute to emission) produce less complication.
The room temperature excitation spectra are shown
in Fig. 4. Again, there is a close similarity in the
positions of the bands and in the structural details of
each of the compounds. The peaks of the excitation
bands are tabulated in Table V and correspond
sufficiently closely to the absorption bands to lead
us to conclude that a one-to-one correlation exists
between them.

The absorption bands of a typical lead compound,
PZP, are shown in Fig. 5. The previously mentioned
strong absorption is clearly seen masking, at room
temperature, what appears to be two of the three
or more absorption bands present in the other zir-
conates. At low temperatures, the lead absorption

Table V. Absorption and excitation peaks

Approximate excitation Approximate
peaks at room absorption peaks

Compound temperature, A at 77°K, A

8 BZP 2650, 2900, 3000 2750, 2900, 3000 (3400)

B BZA 2650, 2900, 3025 21750, 2900, 3050

aBZA 2650, 2900, 3025 2950, 3100

B SZP 2650, 2800, 3000 2900, 3000 (3400)

a1 SZA 2650, 2850, 3050 2900, 3025 (3400)

ZrOg 2650, 2825, 3025 2850, 3050, 3250
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Fig. 6. Decay of fluorescence in Sr2ZrP209

shifts to shorter wavelengths exposing these absorp-
tion bands. The partial elimination, by cooling, of the
obstructing effect of the lead absorption permits
more efficient excitation of the blue emission, with
a consequent increase in the intensity of the blue
fluorescence. This results in a much more pro-
nounced temperature dependence of the emission
intensity which is illustrated in the accompanying
portion of Fig. 5.
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Table VI. Comparison of decay time and relative intensities

Compound T1 I/1o
8-BasZrP20y 11.7 0.50
B-SraZrPa20g 5.96 0.71
a-BagZr As:Og 4.06 0.84
a1-Sra2ZrAsOy 3.75 0.83
8-BasZrAs:20y 3.67 1.00

Decay time.—Preliminary measurements of the
decay times of luminescence again showed a group
similarity. The decay process can be divided into
two stages: the first stage is completed in the order
of 1 sec. During this time, the intensity drops to
about 5% of its initial value. The second stage lasts
several minutes and consists of at least three com-
ponents, each of which has an exponential decay.
The results of the second stage of decay in SZP are
shown in Fig. 6, as a typical case. Comparison of the
initial exponential process, 71, in the second stage of
decay with the relative fluorescence intensity is

made in Table VI. The data show a distinct trend,

toward an inverse relationship between decay time
and fluorescent brightness such that the shorter the
decay time, the higher the brightness.

Discussion

The present series of isomorphous compounds
allows for the substitution of various ions in each
of the cation sites. This property makes possible
some general remarks concerning the nature of the
luminescent center.

The most striking feature seen in the ternary zir-
conate compounds is the remarkable similarity in
the over-all characteristics of their absorption, ex-
citation, and emission bands. These are very nearly
independent of all substitutions except, of course,
for the replacement of zirconium by titanium. The
importance of the zirconium ion in determining the
optical properties is further illustrated by the nearly
identical emission, absorption, and excitation spectra
of ZrO, when compared with the luminescent zir-
conium phosphates and by the similarities in the
absorption spectra of the nonluminescent com-
pounds, BaZrO3 and ZrP,;0;. The latter two com-
pounds plus Ba,P,O; may be regarded as related
binary compounds. Their absorption spectra at 77°K
are shown in Fig. 7 and compared with BZP and
Zr0O,. By contrast, the nonzirconium containing
member, Ba,P>0;, shows no absorption in the ultra-
violet, to wavelengths at least as low as 2500A. This
leaves little doubt that the zirconium ion constitutes
the most conspicuous component of the luminescent
center. The absence of d electrons in the Zr** ion
makes it very likely, however, that the luminescent
center consists of a zirconium oxygen ion complex.

The absorption bands which produce excitation
appear to be superimposed on a continuous back-
ground absorption which starts in the visible and
rises rapidly toward shorter wavelengths. The mag-
nitude of this background increases, and its tail ex-
tends further into the visible with increasing prep-
aration temperature. We do not believe the back-
ground absorption is connected with the lumines-
cence process; it was therefore subtracted from the
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Fig. 7. Absorption spectra of BaZrOs, ZrP207, Ba2ZrP209, and
ZrOo.

total absorption. The absorption coefficients of the
remaining bands, which are related to the excitation
bands, are on the order of 10~! cm or less. These
values are surprisingly low for absorption into cen-
ters which are major lattice components. Such low
absorption coefficients for major lattice components
are suggestive of optical transitions which are nor-
mally forbidden. It is possible that the absorption
bands are due to imperfections, but the strong simi-
larities in the optical properties among the ternary
compounds make this unlikely. Further, the long
life times of these centers and their comparatively
low quantum yields under steady-state excitation
are consistent with weakly allowed transitions.

We might, therefore, picture the luminescence
center as consisting of a zirconium ion and its sur-
rounding oxygen ions, with the luminescence tran-
sitions arising from an essentially forbidden transi-
tion which becomes weakly allowed as the result of
a perturbation determined by the details of the crys-
tal structure. No clear evidence exists as to the na-
ture of these perturbations, but two possibilities
seem reasonable,

We note, in connection with the first possibility,
that the crystal structures of the nonluminescent
ZrP,0; and BaZrQ; compounds are both highly
symmetric whereas the structure of ZrO; is of low
symmetry. In ZrP,0,; Zr** is surrounded by 6
equally spaced oxygen ions at the corners of an
octahedron, 2.018A distant from the zirconium ion
(6). In BaZrOg, the ZrOg®~ octahedra have 6 equally
spaced oxygen ions located at 2.09A from the Zr+¢
ion (7). Monoclinic ZrOz, on the other hand, has
what amounts to a highly distorted fluorite structure
in which Zr** is surrounded by 7 oxygen ions at
distances ranging from 2.04 to 2.26A (8). Thus, the
occurrence of fluorescence in ZrO; may be a con-
sequence of a distortion in the symmetry of the sur-
rounding oxygen ions.

A second possibility, which is not incompatible
with the first, is that the luminescence intensity is
influenced by near neighbor interactions between
luminescent centers. In BaZrQOj, the Zr*+-Zr*t+ ion
separation is 4.18A, and in ZrP;0; it is 5.90A. The
Zrtt-Zrt* distance in monoclinic ZrQ, varies from
3.43 to 4.03A. The closer proximity of the Zr-O com-
plexes in monoclinic ZrO; may, therefore, result in
perturbations which favor fluorescence.
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The relative importance of distortion and of near
neighbor interactions in producing fluorescence in
the ternary zirconates cannot be determined prop-
erly without more detailed crystal structure data.
What is known about the ternary zirconates, how-
ever, is consistent with the behavior of the related
tungstates. The expansion of the lattice produced
by the substitution of Ba2* for Sr?* in SZP is at-
tended by a decrease in fluorescent intensity which
parallels the change from CaWQ; to SrwWQ, to
BaWO,. Unfortunately, this is the only clear com-
parison that can be made; the complicating influence
of the lead band in PZP and PZA prevents compari-
son between the series SZP-PZP-BZP and PZA-
BZA. Substitution of As3+ for P5* in BZP increases
the lattice parameters and at the same time increases
the fluorescent intensity, in apparent contradiction
to the direction for SZP-BZP. This apparent con-
tradiction may result from the fact that the sub-
stitution of R = Sr?*, Pb2+ or Ba2* in Ry,ZrP,04 or
in RyZrAs;Og produces isotropic expansions of the
lattice whereas the substitution of either As’t or
Ti4* produces changes in the lattice parameters
which are anisotropic to the coordinates of the line
SZP-PZP-BZP (see Fig. 1). The significance of an
anisotropic expansion, from the viewpoint of near
neighbor interactions, is only that it produces a
change in the fluorescence intensity.

The degree of change in the optical properties
attending ionic substitution in the ternary zirconates
is much less than in the tungstates and molybdates,
even though the optical properties appear to behave
in a similar fashion. This suggests that if the zir-
conium-oxygen luminescent centers interact with
one another, they do not interact as strongly as do
the tungstate or molybdate centers. A much
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weaker interaction helps to explain the presence of
better defined details in the absorption spectra of
the zirconates, and their well-defined excitation
spectra, in contrast to the smeared out and almost
continuous absorption and excitation spectra of the
tungstates and molybdates. It is clear, however,
that a better understanding of the luminescence of
the zirconates, molybdates, and tungstates will re-
quire a more accurate description of the lumines-
cence process in these compounds. This, in turn, re-
quires more detailed structure data.
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The Coactivator Emission of ZnS and (Zn,Cd)S Phosphors

S. Rothschild
Mullard Research Laboratories, Salfords, near Redhill, Surrey, England

ABSTRACT

ZnS (NaCl) phosphors show during excitation with u.v. 253.7 mu at low
temperatures a band between the edge emission and the self-activated emission.
It was at first assumed that this band was connected with the presence of
sodium, but it was then discovered that the band appeared with phosphors
which contained no sodium, but halogen ions or ions of trivalent metals only.
The band was called SAL band to distinguish it from the known self-activated
emission which is usually designated SA band. Preparative conditions which
tended to produce low coactivator concentrations favored the SAL band. The
influence of the presence of oxygen on the relative intensities of the SA band
and the SAL band is discussed. It is assumed that the SAL band is caused by
transitions from nonassociated coactivator centers to the valence band.

Self-activated ZnS phosphors prepared by firing
ZnS with NaCl in a stream of HC] at 900°C showed,
according to Kréger (1), during excitation by u.v.
253.7T mp at room temperature and at —180°C an
emission consisting of a blue band at 460 mgu. If the
phosphor was subsequently reheated in N at 900°C,

the luminescence spectrum changed. The blue band
disappeared and a band peaked at shorter wave-
lengths with a maximum at 392 mp appeared in-
stead. If the phosphor was fired for prolonged peri-
ods in H,, then the band at 392 myu disappeared also.
The peak at 392 mp was found with ZnS phosphors
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which had the sphalerite structure. If such phos-
phors were reheated at 1050°C in Ny, then the peak
of the band moved to 380 mu with the transforma-
tion of sphalerite into wurtzite. Kroger assumed that
the band at 392 or 380 mg was due to the incorpora-
tion of NaCl into the lattice with Na occupying Zn
sites and Cl occupying S sites.

A band between the edge emission and the self-
activated emission corresponding to Kroéger’s band
was observed later on by several authors (2-4) with
ZnS and ZnSCdS phosphors. In all cases NaCl with
or without the addition of MgCl; had been added to
the sulfides before firing.

Gill and Rothschild (5) found that a band in the
same spectral position appeared at low temperatures
with ZnS and ZnSCdS phosphors prepared with
halide compounds other than NaCl and also with
phosphors made without halides but with trivalent
elements such as Al. This indicates that the assign-
ment of the short wave band to a center involving
sodium cannot be correct. In this paper the conditions
under which the short wave band appears are
studied in greater detail, and on the basis of these
results together with a study of the physical prop-
erties of the band a model for the cause of the ap-
pearance of the band is proposed. In the following
the short wave low-temperature emission band of
the self-activated phosphors will be designated SAL
band while the normal band due to self-activation
will be called SA band.

Experimental

Preparation and measurements.—The phosphors
were prepared from high-purity zine sulfide and
cadmium sulfide by firing in silica crucibles. The
firing temperature was in most cases 975°C. For
firing in a stream of N, or other gases, the crucibles
were, if required, fitted with an inlet quartz tube at
the bottom, the hole being covered with quartz wool.
The crucibles were covered with a lid. The speed of
the gas stream was usually 250 cc/min. The cruci-
bles were inserted in vertical tube furnaces and re-
moved from the furnace immediately after the firing
was finished. This time was in most cases 1 hr, some-
times 30 min. Some phosphors were fired twice with
grinding in between the firings to ensure complete
reaction and uniformity. The crucibles were left to
cool in air, with the gas still passing through the
phosphors.

The ZnS:CdS ratio for most of the phosphors used
during these investigations was 75 mole % ZnS/25
mole % CdS. These figures relate to the proportions
in the mixture before firing. The composition
changed slightly during firing. X-ray diffraction
analysis and chemical analysis showed that the sam-
ples with 25 mole 9 CdS before firing contained
after firing 24 mole 9, CdS (*19,). These variations
were too small to have an appreciable effect on the
spectral distributions. The accuracy of the analytical
methods as well as of the optical measurements was
in any case no better than 19. Therefore the figures
given in the present paper for the ZnS:CdS ratios
refer always to the quantities used at the start.

The spectral distributions were measured with a
Perkin Elmer spectrometer, type 4000A. The use of
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Fig. 1. Spectral distribution curves for the emission of
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1-20°, —80°, and —195°C (sample 44/2a).
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Fig. 2. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S (NaCl) during excitation with uy. 365 myg at
—195°C: 44/2a fired in a stationary atmosphere of Ng; 44/2b
fired in a current of N2; 44/2c fired in a current of N2 (90%) 1
Hz (10%).

(Zngy45Cdy25)S phosphors simplified the optical
measurements as the emission bands of such phos-
phors are situated mainly in the visible part of the
spectrum and can be excited by 365 mp u.v.
Phosphors prepared with halides as coactivators.
—The spectral distribution at various temperatures
of a (Zng,;Cdo.05)S phosphor prepared by firing
with the addition of 0.05 NaCl is shown in Fig. 1.
The effects of firing conditions on the spectral dis-
tribution of (Zngy5Cdg.25) S phosphors prepared with
the addition of NaCl are shown in Fig. 2. The figure
clearly shows the appearance at —195°C of a short
wave band with a maximum at approximately 450
mp (the SAL band) next to the normal self-activa-
tion band at approximately 520 mp (the SA band).
If the phosphors were fired in a stationary atmos-
phere of N,, the SA band and the SAL band both
appeared in the low-temperature spectrum. The
efficiency of the SA band was considerably reduced
if the firing was carried out in a current of nitrogen.
Phosphors prepared by firing in a current of 90%
N, with 109 H, showed at room temperature no
luminescence at all and at low temperature the SAL
emission and a band at shorter wavelength (known
as the “edge emission”). Firing in H,S had a similar
effect to firing in Ny + H,. After prolonged firing in
H,S the SAL emission disappeared as shown already
by Kréger (1). Chemical analysis of the various
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Table 1. Effect of firing conditions on Cl content of (Zno.75Cdo.25)S phosphors

Firing

Cl1 content, g-at.

Flux temp, °C Atmosphere during firing Cl/mole (Zne.15Cdo.25) S
— 900 Hos, current below 5 x 10—5
NaCl not fired — 3.7 x 10—2
NaCl 975 Nq, stationary 3.2 x 102
NaCl 975 N3, current 1.75 X 10—2
NaCl 975 N2 (90%) + Hz (10%), 6 x 10—3
current

phosphors after firing and without any further
treatment such as washing showed the variations in
the Cl content (Table I).

A comparison of the results of the optical meas-
urements and the chemical analysis indicates that
the SAL band tends to become more preponderant
with decreasing Cl1 content while the intensity of the
SA band decreases with lower concentrations of Cl
until the band disappears. Kroger and Hellingman
(6) also observed that the intensity of the SA band
depended on the Cl concentration. If ZnS was fired
in an atmosphere which contained HC1 only, then
the C1 content of the phosphor was, after washing
with water, 27 x 10~% gram atoms (g-at) Cl/mole
ZnS, while after firing in a mixture of H, + 109,
HCI the Cl content was 7.5 x 10~% g-at Cl/mole
ZnS. The efficiency of the SA emission in the second
case was 28.5% of the efficiency of the SA emission
in the first case.
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Fig. 3. Spectral distribution curves for the emission of
{Zno.75Cdo.25)S (KCI) during excitation with u.v. 365 my: 34/5a at
+20° and —195°C, phosphor fired in a stationary atmosphere of
Nz; 34/5b at —195°C, phosphor fired in a current of Na.
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Fig. 4. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S (NH4CI) during excitation with u.v, 365 mu: 38/2a
at —195°C, phosphor fired in a current of N2; 38/2b at 420°
and —195°C, phosphor fired in a stationary atmosphere of No.

Phosphors prepared with KCl instead of NaCl, if
fired in a stationary atmosphere of N,, showed like
phosphors made with NaCl only the SA emission at
room temperature, There is, however, as Fig. 3
shows, a difference between phosphors prepared
with NaCl and phosphors prepared with KC1 at low
temperatures. With NaCl both the SA band
and the SAL band appeared with high inten-
sities while in the case of KCl the emission con-
sisted mainly of the SA band with only a weak in-
dication of the SAL band. The SAL band appeared,
however, with strong intensity if the firing was car-
ried out in a stream of N, or other gases, such as
H,S. The SAL emission was also observed with
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Fig. 5A. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S during excitation with u.v. 365 mu: 27/5 at
—195°C, phosphor fired in N2 + SoClo; 44/6b at +20° and
—-195°C, phosphor fired in N2 4 Bra.
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Fig. 5B. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S (NaCl) during excitation with u.y. 365 mu: curve
1, fired in Oz free atmosphere, room temperature; curve 2, same
phosphor, liquid nitrogen temperature; curve 3, same phosphor,
refired in air, room temperature; curve 4, same phosphor, refired in
air, liquid nitrogen temperature.
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NH,C1 (Fig. 4) as well as with CsCl, CaCl,, BaCl,,
and S,Cl,.

(Zny,5Cdg55)S fired without any additions in a
current of N, which contained HC1 or Br, showed
at room temperature and low temperatures the SA
band only. If S,Cl; was used instead of HCI, then the
phosphor had no luminescence at room temperature,
but showed the SAL band and the edge emission
with a weak indication of the SA band at low tem-
peratures (Fig. 5A). Phosphors which were fired
in presence of bromine and which showed the SA
band only gave a different spectral distribution after
refiring in Hy;S. The intensity of the SA band was
much reduced, and the SAL band with the edge
emission appeared in the low-temperature spectrum.
Chemical analysis showed that the bromine con-
centration had dropped from 0.1% by weight of
bromine to 0.019 bromine. It can generally be
stated that any condition which tends to lower the
halogen concentration in the phosphor favors the
development of the SAL band.

The SA band which appeared in the spectrum of
(Zn,Cd)S:Br phosphors and also of some other
phosphors was found to vary in width and also
slightly in the position of its peak with temperature
during excitation. With decreasing temperature the
band became narrower and the peak moved slightly
to longer wavelengths. Similar observations have
also been reported by other authors such as van
Gool (7) who assumes that the SA emission con-
sists at low temperatures of one band, while at
higher temperatures a second band on the short
wavelength side of the first band appears. This sec-
ond band cannot be identical with the SAL band, as
it disappears at low temperature.

Pure luminescent grade ZnS usually contains
traces of Cl sufficient to give the SAL band after
firing without any additions. If such ZnS was heated
first in Hy,S at 600°C for 2 hr and subsequently re-
fired in Ny at 975°C, then the SAL band did not ap-
pear unless chlorine was introduced before or during
firing. Samples of pure ZnS supplied by RCA did
not show the SAL band after firing without the
addition of chlorides even if they were not heated
first in HyS. This material was apparently prepared
from Cl-free starting materials. All ZnS or CdS used
as starting material for the present investigations
was tested first for the appearance of the SAL band
without additions and, if necessary, the sulfides were
prefired in H,S or H,.

Effect of oxygen on phosphors prepared with ha-
lides.—Other workers (8,9) have shown that phos-
phors prepared by firing (Zn,Cd)S with NaCl do not
show the SA emission unless oxygen was present
during firing either in the atmosphere or in the form
of compounds. Usually the ZnS or CdS used as start-
ing materials contain sufficient oxides or sulfides to
produce phosphors which show the SA band even if
the firing was carried out in O,-free N,. During the
present investigations it was found that, if the ox-
ides were removed from the sulfides by prefiring in
H,S and the (Zn,Cd)S was subsequently fired with
NaCl in oxygen-free argon, no luminescence was
observed at room temperature, but the SAL band
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Fig. 6A. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S:Al during excitation with u.v. 365 mu at various
temperatures between 11° and —197°C (Sample 40/3, fired in
HsS only).
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Fig. 6B. Spectral distribution curves for the emission of
(Zno.75Cdo.25)S:Al during excitation with u.v. 365 mu: 40/3 at
+20°, —80°, and —195°C, phosphor fired in HzS; 40/3b at
—195°C, phosphor fired in H2S (50%) + H2(50%).

was present at low temperatures. If the phosphor
was subsequently refired in air or after the addi-
tion of a small amount of ZnO in nitrogen, then the
phosphor showed at room temperature the usual SA
emission and at low temperatures the SA band with
the SAL band (Fig. 5B).

Phosphors prepared with the addition of trivalent
metals (Al,Ga,In).—(Zngy,5Cdy.05)S fired with 1.5 x
10~% g-at Al for 1 hr in H;S at 975°C showed at
room temperature the SA band. If the phosphor was
cooled down during excitation with u.v. 365 mpy, the
center of gravity of the emission band gradually
moved to shorter wavelength and nearly to the posi-
tion of the SAL band found with (Zng ;5Cdg.05)S:Cl1
(Fig. 6A). The band was, however, considerably
wider on the long wavelength side than the SAL
band due to the simultaneous presence of the SA
band. If the (Zng ;5;Cdg.25)S: Al was reheated in 50%
HsS + 509% H, at 975°C for 1 hr then it showed
barely any luminescence at room temperature, while
the over-all structure of the spectrum at low tem-
peratures was very similar to that of Cl coactivated
phosphors fired in a reducing atmosphere (Fig. 2,
curve 44/2c). The emission consisted of the SAL
band with a peak in a similar position as the SAL
band noticeable with Cl as coactivator and a band on
the short wavelength side of the SAL band due to
the edge emission (Fig. 6B, curve 40/3b),
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Table I1. Effect of Ga concentration on the position of the center
of gravity of the low-temperature emission band with
(Zng,75Cdo.25)5:Ga

Ga g-at./mole 1.5 x 10 1 x 108 1 x 10-2 5 x 10-2 1 x 107

Ty 470 495 510 520 530

Phosphors coactivated with Ga or In showed the
SAL band also. The effect of variations in the co-
activator concentration with trivalent metals as co-
activators was to a certain degree similar to the
effects observed with halides. At low coactivator
concentrations the SAL band was preponderant in
the low-temperature spectrum, while at high con-
centrations the SA band and bands at the long
wavelength side of the SA band were present. There
was not such a clear replacement of one band by
another with Ga or In as with Cl, although a shift
in the center of the gravity was observed (5); this
was rather gradual and at least partly due to self-
absorption (Table II).

The concentrations given are those present in the
materials at the start.

Further complications arise with Ga or In at high
concentrations due to the appearance of bands on
the long wavelength side of the SA band. These
bands have previously been reported by Kréger and
Dikhoff (10). Figure 7 shows the change in the
spectral distribution of the low-temperature lumi-
nescence for (Zn,;5Cdg.5)S:In containing various
concentrations of In. These samples were fired at
1100°C.

A shift of the center of gravity of the low-tem-
perature emission band with higher coactivator con-
centrations was also indicated with Al, but owing
to the known difficulty of incorporating high con-
centrations of Al without the presence of a main
activator, these results have been inconclusive. It
has to be pointed out that it is also difficult to ob-
tain reproducible results with Ga or In, since even
using the same coactivator concentrations the spec-
tral distribution was found to vary with firing time,
firing temperature, rate of cooling after firing, and
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Fig. 7. Spectral distribution curves for the emission (Zno.75Cdo.25):
In during excitation with u.v. 365 mu at —195°C. Amounts of In in
g-at per mole (Zn,Cd)S: curve 1, 1.5 x 10—%; curve 2, 1 x 10~3;
curve 3, 1.2 x 10—2; curve 4, 2x 102,
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Table ll1. Peak of the SAL bands with (Zng.75Cdo.25)S phosphors

Cl Al Ga In

mu 443 440 470 486

the type of atmosphere. Some of these variations
are probably due to losses of Ga or In during firing.
It was generally found, especially with higher co-
activator concentrations, that the centers of gravity
of the low-temperature emission bands moved to
longer wavelengths with higher firing temperatures.
This effect is probably due to an incomplete incorpo-
ration of the coactivators at lower firing tempera-
tures. Unless temperature and time of firing are
adequate the concentration of the coactivator in-
corporated in the phosphor remains low and an
emission appears which corresponds to low coacti-
vator concentrations even if high concentrations of
the coactivator have actually been added at the
start.

Table III lists the peak positions of the SAL band
in various phosphors. A rather low concentration
1.5 x 10~ 4 g-at of coactivator per mole of sulfide was
chosen for the trivalent elements in order to obtain
the SAL band alone. The figure applies again for
the concentrations used at the start. Due to all the
various difficulties mentioned before, the figures
for the peaks of the band should not be considered
as entirely reliable, but there is clearly a trend to-
ward longer wavelengths noticeable from Al to Ga
and In.

Effect of the ratio of ZnS:CdS on the appearance
of the SAL band.—For an investigation of the SAL
band in samples with lower CdS content one has to
take into account that with decreased CdS content
and the corresponding increase of the forbidden gap
the excitation spectra shift to shorter wavelengths.
Therefore whereas u.v. 365 mg is suitable to excite
both the SA and SAL bands in (Zng.;5Cdj..5)S: Al at
lower CdS content or with ZnS alone this wave-
length becomes too long to excite the SAL band.
Thus during excitation of ZnS: Al phosphors at low
temperatures with u.v. 365 mu only the SA band
appeared at 450 myg and compared with room tem-
perature it was shifted to slightly longer wave-
lengths (Fig. 8, curve B). If the ZnS: Al phosphor
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Fig. 8. Spectral distribution curves for the emission of ZnS:Al
at —195°C (sample 31/3): A, during excitation with u.v, 253.7 my;
B, during excitation with u.v. 365 mu.
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Fig. 9A. Spectral distribution curves for emission of (Zng g
Cdg.105:C1 and (Zng 75Cdg 25)S:Cl  during excitation with u.v.
365 mu: curve 1, (ZnggoCdo 10)S:Cl, (sample 82/1) room tem.
perature; curve 2, same phosphor, liquid nitrogen temperature (SA
band only); curve 3, (Znp.75Cdp.25)S:Cl, (sample 34/6) room tem-
perature; curve 4, same phosphor, liquid nitrogen temperature (SA
band and SAL band).
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Fig. 9B. Spectral distribution curves for the emission of (Zng g9
Cdg.10)S:Ga during excitation with u.v. 365 mu (sample 94/4):
curve 5, room temperature (SA band); curve 6, liquid nitrogen
temperature (SAL band).

was however excited with 253.7 mu u.v., then the
SAL band appeared beside the SA band (Fig. 8§,
curve A). Cl, Ga, or In coactivated ZnS phosphors
also show the SAL band during excitation with
short wave u.v., but not with 365 mgu u.v. Differences
in the excitation properties between phosphors co-
activated with different coactivators become ap-
parent after the addition of 10% CdS. (ZngCd;o)S:
Cl behaves like ZnS:Cl and shows the SA band
during excitation with 365 mu u.v., but not the SAL
band. With (Zng,S;,)S:Ga the SAL band appears,
however, even during excitation with 365 mu u.v.
(Fig. 9A and 9B). This effect is due to the fact that
the addition of Ga causes an impurity absorption ex-
tending to longer wavelength than the impurity ab-
sorption produced by the addition of Cl as shown by
the reflectivity spectrum (Fig. 9C). The SAL band
moves in all cases like the SA band to longer wave-
lengths with increased CdS content.

The C1 coactivated phosphors used for these meas-
urements were made by firing the sulfides after the
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Fig. 9C. Diffuse reflectance spectra of (Zng 30Cdg.70)S phosphors;
measurements relative to MgOQ; o, activated with Cl; b, activated
with Ga.

addition of 2 wt % NaCl in N, at 975°C for 1 hr. The
ZnS:Al phosphor (31/3) was prepared from ZnS
(RCA, Cl-free) to which 1.5 x 107* g-at Al/mole
ZnS were added. The firing was carried, out in H,S
first for 2 hr in H,S at 800°C and then again for 1 hr
in H,S at 1100°C. The (Zny;5Cdy.25)S phosphors
were prepared by firing the sulfides after the addi-
tion of 1.5 x 1074 g-at of Al or Ga/mole (Zn,Cd)S in
H,S at 975°C. The firing time for the Al coactivated
phosphor was 1 hr, while the Ga coactivated phos-
phor was fired twice for 1% hr.

Drozd and Levzhin (4) described the appearance
of three bands in the low-temperature emission
spectra of (Zn,Cd)S:Cl phosphors prepared with
NaCl as flux during excitation with 365 my. Band 1
appeared with all phosphors including ZnS without
CdS, while band II was found with phosphors con-
taining more than 109, CdS, and band III with phos-
phors containing more than 50% CdS. Drozd and
Levshin concluded that new centers are formed in
the phosphors with higher CdS concentrations. The
figures given by Drozd and Levshin indicate that
band I is identical with the SA band, band II with
the SAL band, and band III with the edge emission.
The cause of the fact that bands II and III did not
appear at the lower CdS concentrations was, accord-
ing to the present investigations, not due to differ-
ences in the type of centers but to the irradiation
with light of a wavelength too long to excite the
particular emissions.

Discussion

After it had been established that the SAL band
was not caused by sodium ions, the question arose as
to which effects were responsible for the appearance
of the SAL band. Zinc vacancies were considered at
first, but the fact that the SAL band appeared after
firing in a reducing atmosphere made this assump-~
tion unlikely. Sulfur vacancies also cannot be the
cause of the appearance of the SAL band as the band
was observed after firing under sulfurizing condi-
tions. The SAL band also is not like the edge emission
found in pure unactivated sulfides, but is observed
in presence of coactivators only and must be con-
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nected therefore with centers produced by the co-
activators. Furthermore the investigations showed
that the spectral distribution of the SAL band de-
pended to some extent on the type of coactivator
used. It was assumed accordingly (5) that the SAL
band was due to the presence of single nonassociated
coactivator centers and caused by transitions from
the coactivator level to the valency band. The SA
band is, according to Prener and Weil (11), due to
the presence of centers consisting of associates of the
coactivator and (Vz,) —2 vacancies. Two types of
variations of the intensity of the SAL/SA band
emissions have to be considered: (i) Variations as
a function of the preparative conditions during ob-
servation at a particular temperature. Such varia-
tions are due to changes in the relative concentra-
tions of the centers leading to the emission of the SA
or SAL bands. (ii) Variations as a function of the
temperature of observation for given conditions of
preparation. These variations are caused by
changes in the kinetics of the luminescence proc-
esses.

Preparative conditions which tend to produce high
concentrations of coactivator and (Vz,) ~2 vacancies
are likely to produce phosphors with a high con-
centration of associated centers, and in such cases
the SA band is either predominant or the only band
present in the spectrum. On the other hand the num-
ber of next-nearest neighbor pairs [Prener-Weil
model (11)] decreases with decreasing coactivator
concentrations, and accordingly the SAL emission
due to single coactivator centers is likely to become
predominant. The changes in the spectral distribu-
tions with high concentrations of coactivators, in
particular of Ga or In, are probably caused to some
extent by self-absorption, which may produce some
reduction in the intensity of the short wavelength
part of the low-~temperature emission, but self-ab-
sorption cannot be responsible for the appearance
of emissions on the long wavelength side of the band
where such emissions were not present with phos-
phors containing lower concentrations of coactivator.

The differences found between phosphors acti-
vated with halides and fired in static atmospheres
and phosphors fired in a current of gas can be ex-
plained by these considerations. In a current of gas
more halogen is lost during firing than in a static
atmosphere, as the analytical results given in Table
I show. Due to the drop in halogen concentration
fewer associated centers are formed with the result
that the SAL band becomes preponderant. Firing a
halogen coactivated phosphor in Ns -+ H, or in H,S
also removed halogen and produced accordingly a
phosphor mainly emitting the SAL emission. Pro-
longed firing in H, or in H,S reduced the halogen
content still further until the SAL emission disap-
peared. If the phosphors were prepared under con-
ditions which tended to produce high halogen con-
centrations, such as firing in HC1 or Br, then the SA
band only was observed in the spectra.

The effects of oxygen on the luminescence of
(Zn,Cd)S phosphors which were described in the
experimental part are understandable taking into
account the previous work (8, 9) on the reaction of
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sulfides with halides and the ideas about the SAL
and the SA centers. It has been stated by various
authors (9, 12) that the products obtained by firing
ZnS with NaCl in absence of oxygen are nonlumi-
nescent. The present investigations show that this is
not the case. It is true that such materials showed
little or no SA emission at room temperature, but the
SAL band appeared at low temperatures (Fig. 5B,
curves 1 and 2). Investigations by Riehl and Ort-
mann (9) and others have shown that little reaction
takes place between ZnS and NaCl in the absence of
oxygen at temperatures below 1000°C. Some Cl
enters the lattice, however, but as the concentration
of Cl centers is low no assaciated centers are formed.
The SAL band alone appeared accordingly during
excitation at low temperatures. The presence of
oxygen prompted the reaction between ZnS and
NaCl. According to Riehl and Ortmann (9) the fol-
lowing reactions occur

97nS + 3 0, = 2Zn0 + 250, [1]
2NaCl + SO, + O, = NaQSO4 + 013 [2]
ZnS + Cly = ZnCl, + S [3]

The concentration of Cl centers becomes high and
the SA band appears accordingly at room tempera-
ture (Fig. 5B, curve 3). It follows from Eq. [3] that
no oxygen is required to incorporate Cl into ZnS
if the material is fired in Cl,, and the same applies
to Bry or HC1 (6).

Similar effects of varying the coactivator concen-
tration on the emission spectra as with halides were
found with trivalent metals as coactivators. With
very high concentrations of Ga or In however there
appeared bands on the long wavelength side of the
SA band. These bands were not found with Cl, Br,
or Al, probably because insufficient quantities of
these coactivators were incorporated into the phos-
phors. It has been suggested (13, 14) that the long
wavelength bands are due to transitions from the
coactivator level to the valence band, as for example
the orange luminescence of ZnS:In, but according to
the glow curve measurements by Hoogenstraaten
(15) the distance of the indium level to the conduc-
tion band is smaller than for instance the distance
of the Cug,’ level to the valence band. The indium
emission should therefore have a shorter wavelength
than the green Cu emission, i.e., it should be blue
and not orange. Van Gool (7) concluded accordingly
that the Klasens-Schén model fails to explain the
facts. The present investigations showed however
that the coactivator emission with In coactivated
phosphors is blue and therefore has a peak value at
higher energies than the Cu emission in agreement
with the Klasens-Schon model.

The bands which appear on the long wavelength
side of the SA band are as proposed by Williams
(16) probably due to transitions between the ground
state of the donor and the acceptor in highly as-
sociated pairs and become predominant therefore in
phosphors with very high coactivator concentra-
tions. The shift of the center of gravity of the low-
temperature emission toward longer wavelengths
with increasing coactivator concentration (Fig. 7)
is partly due to self-absorption but mainly due to
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the increase in the number of associated centers. The
intensity of the bands on the long wavelength side of
the SAL emission becomes therefore higher and
causes the peak of the composite band to move to-
ward longer wavelengths.

The SAL bands of phosphor prepared with halides
and the SAL bands of phosphor prepared with Al
are very similar in their spectral positions. This
similarity may be explained from the results of
Hoogenstraaten’s (15) investigations on the electron
traps in ZnS phosphors. Hoogenstraaten calculated
from glow curve measurements that the trap depth
for Cl as well as for Al was 0.25 ev, while the trap
depth for Ga was 0.42 ev and for In = 0.5 ev. If the
SAL band is due to transitions from coactivator levels
to the valency band, then transitions from bands
with equal trap depth should give bands with peaks
of equal wavelengths, as was indeed the case.
Hoogenstraaten observed that the trap depth became
shallower with increasing CdS content about 1.2 x
102 ev/mole 9% CdS. It could be expected therefore
that the differences in trap depth between the vari-
ous coactivators would be levelled out, provided that
the distance of the trap levels from the valence
band remains constant with phosphors of increased
CdS content. The coactivator levels move, however,
according to Hoogenstraaten (15) downward to a
certain extent with increasing CdS content, and a
difference between the trap depths of various co-
activator levels therefore remains. As the trap depth
of Ga or In is greater than the trap depth of Cl, the
peaks of the coactivator emission are expected to be
at longer wavelength. Measurements showed in ac-
cordance with this assumption that the SAL peak for
(Zng 75Cdg.25) S: Cl was situated at 440 mp (2.82 ev),
while the peak of the SAL band with (Zn; ;5Cdg..5)S:
Ga was found at 469 mp (2.82 ev), and for
(Zny75Cdg.25)S:In at 483 mp (2.57 ev). It should be
borne in mind, however, that the figures given for
the peaks of the SAL band may not represent the
figures for the true peaks as other bands may be
present.

The assumption that the SAL band is to be con-
sidered as a coactivator emission is also supported
by the results of the calculation of the ratio of the
optical trap depth (E.,s) to the thermal trap depth
(Ew), (Franck-Condon ratio), using the figures for
the SAL peaks as obtained during the present in-
vestigations. The Franck-Condon ratio lies between
1 for nonpolar crystals and 3 for very strongly polar
crystals. Hoogenstraaten (15) calculated the Franck-
Condon ratio with the figures for coactivator emis-
sions as given by Kroger (10) and other authors
(13,14) and found that the ratio was higher than
3. Hoogenstraaten doubted therefore whether these
emissions were really caused by transitions from
the coactivator level to the valence band. As men-
tioned elsewhere these bands are indeed due to other
transitions. If the Franck-Condon ratio is calculated
from the values for the SAL peaks, then the ratio is
found to be well below 3. For instance in the case of
ZnS: Al the SAL band was peaked at 3.26 ev. If the
value for the energy gap for ZnS (wurtzite) was
taken as 3.70 ev, then the optical trap depth E.ps =
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0.44 ev. The thermal trap depth Ey, for Al was 0.25
ev. The ratio Eap,s/ Eyy, is therefore 1.76.

The measurements of paramagnetic resonance

~PR) in self-activated ZnS phosphors by Kasai
and Otomo (17) are of interest in connection with the
models for the centers in such phosphors. Kasai and
Otomo found during the excitation of ZnS:Cl or
ZnS: Br phosphors with 365 mu u.v. at liquid nitro-
gen temperature two EPR signals A and B. They
came to the conclusion that the A signals are caused
by associated centers of the type proposed by Prener
and Weil (11) which lose electrons during excitation
to be trapped at the B center. The B resonances were
assumed to be due to un-ionized donors (filled traps).
Resonances of the B type were also observed by
Lambe and Kikuchi (18) with CdS:Cl phosphors,
and they also conclude that the resonances are
caused by donor centers i.e., Cl centers. Smith and
Dieleman (19) extended the investigations to ZnS
phosphors coactivated with trivalent metals and
found A and B resonances with ZnS:Al phosphors.
The EPR investigations did not reveal the presence
of any other types of centers in self-activated ZnS
phosphors, and it is suggested therefore that associ-
ated centers cause the A signal as well as the appear-
ance of the SA band, while single donor centers
cause the B signal and the SAL band.
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Effects of Ultraviolet Radiation on Fluorescent Lamp Phosphors
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ABSTRACT

Irradiation of halophosphate lamp phosphors by a low-pressure mercury arc
causes a loss in luminescent efficiency, changes in the absorption spectra, and
thermoluminescence. The 1849A wavelength is primarily responsible for these
changes, which are partially reversed by longer wavelength radiation or by
heat. X-radiation produces larger changes in the absorption spectra, which are
compared to observations on unactivated halophosphates. The relation between
luminescent efficiency and color center formation is discussed.

The effect of ultraviolet radiation on phosphors is
of considerable interest with respect to their sta-
bility in fluorescent lamps. The decrease in lumines-
cent efficiency previously reported for several phos-
phors (1) was found to occur for the alkaline earth
halophosphate phosphors. Production of color cen-
ters has been described resulting from u.v. and
x-radiation of the luminescent (2,3) and nonlumi-
nescent (4) forms of the halophosphates. The condi-
tions which result in a decrease of luminescent effi-
ciency and the formation of color centers have been
examined further. These studies relate to the phos-
phors alone and are not directly applicable to opera=
tion in practical lamps where additional effects due
to binders, gases, and the supporting glass may be of
great importance.

Experiments and Results
Both commercially manufactured and laboratory-
prepared halophosphate phosphors were studied.
These have the general formula

M5 (PO4)3 X: Sb, Mn

where M is Ca and/or Sr; X is Cl and/or F; Sb is a
sensitizer as well as an activator which produces a
blue luminescence in the region of 4800A; and Mn
is an activator which produces a peak in the 5800A
region. Table I shows the qualitative composition
of the phosphors studied. In addition, a sample of
self-activated barium titanium phosphate was ex-
amined.

Irradiation of the phosphors.—The phosphors
were used as a thick layer on a quartz or Vycor
support and maintained in an atmosphere of argon
or a vacuum. The vacuum system was such as to al-
low the phosphors to be heated to 600°C, at pres-
sures below 10—7 mm, without the introduction of
impurities. Irradiation was carried out in situ
through a window of Corning No. 7940 ultraviolet
transmitting quartz. The window was not subject
to solarization and had a constant transmission, for
1849A radiation, of greater than 75%. The light

1 Present address: Thomas J. Watson Research Center, Inter-

rv}atiﬁnal Business Machines Corporation, Yorktown Heights, New
ork.
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sources were low-pressure mercury vapor lamps
placed in close contact with the quartz window and
maintained in a stream of dry nitrogen in order to
eliminate oxygen absorption of the 1849A radiation.

Measurement of relative efficiency of light pro-
duction.—To determine a relative luminescent effi-
ciency for excitation by 2537A the phosphors were
compared with a standard of the same phosphor
which was initially well baked out and sealed in an
atmosphere of helium. The standard so prepared was
shown to be reproducible to better than 0.5% during
the time of an experiment. Excitation of lumines-
cence was produced by a weak source of 2537A and
a waveband in the emission was selected, using a
monochromator, so as to exclude lines of the ex-
citation source. The relative output so measured was
repeatable to =0.5%

The emitted radiation was observed from the
same surface of the thick phosphor layer on which
the excitation was directed. It was shown experi-
mentally that the same quantitative data resulted
when the emitted light was observed after trans-
mission through a thinner phosphor layer as is
normally the case when observing a fluorescent
lamp.

Vacuum baking of phosphors.—The luminescent
efficiency of the phosphors was only slightly af-
fected by baking at 500°C in vacuo and usually de-
creased by less than 19. Subsequent heating at the
same temperature for many hours did not produce
any further change in efficiency; in the case of halo-
phosphates this baking was extended to beyond 100
hr. The phosphors are therefore stable up to at least
500°C in vacuo.

Table I. Qualitative composition of halophosphate phosphors

Phosphor Ca sr Cl1 F Mn Sb
Westinghouse blue halo X X X
Westinghouse white X X X X X X
Westinghouse cool white X X X X X X
Westinghouse warm white X X X X X X
Osram yellow halo X X X X
M-33 (experimental) X X X X
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Fig. 1. Loss of light output during u.v. irradiation (2537.A~6000
uw/cm2, 1849 A ~1500 uw/cm2).

Change in luminescent efficiency by u.v. irradia-
tion.—Irradiation at 2537A2 produced no detectable
change in the efficiency of phosphors which had
been exposed to 1849A radiation.? Exposure to
1849A radiation produced considerable depreciation
in the halophosphate phosphors. The extent of this
depreciation was not determined by the amount of
previous heat treatment and was, therefore, not a
function of the sorbed gaseous impurities. For
example, a fresh sample of phosphor, evacuated to
10—5 mm pressure at room temperature, had the
same characteristics as following exhaustive bake
out at 500°C and less than 10~7 mm pressure. In all
the subsequent experiments on u.v. irradiation each
new phosphor sample was initially heated to 500°C,
in vacuo, in order to eliminate subsequent changes
in luminescent efficiency due to thermal effects.

Figure 1 shows the changes in luminescent effi-
ciency of a group of phosphors during 1849A irra-
diation. The appreciable scatter in the data was pri-
marily due to the difficulty of maintaining a stable
u.v. intensity for several hundred hours. The barium
titanium phosphate showed very little depreciation.
The blue halo, a calcium fluorophosphate activated
with antimony, had a smaller decrease in lumines-
cent efficiency than the remaining halophosphates in
which calcium is partially substituted by strontium,
and fluorine by chlorine, and manganese is present
as an additional activator. A group of three halo-
phosphate phosphors containing varying amounts of
manganese and antimony, and a barium titanium
phosphate phosphor were exposed under carefully
controlled conditions for a limited time interval. The
results, given in Table II, show no significant differ-
ences from each other in the rate of depreciation of
these three halophosphates, irrespective of relative
content of manganese and antimony. )

The rate and extent of depreciation of halophos-
phate phosphors by 1849A radiation increased with
intensity, as shown in Fig. 2. A quantitative in-
vestigation was not possible because of the difficulty
of obtaining an intense monochromatic source of
1849A light. The effects of the additional wavelength

2 For convenience throughout this discussion irradiation at 2537A
implies the use of a low-pressure mercury arc from which radiation
below 2000A has been removed, while irradiation at 1849A signifies
the unfiltered are source, i.e., including 2537A. Although these are

the principle lines present, there are appreciable intensities at other
wavelengths, extending into the visible region.
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Table 11. Depreciation of lamp phosphors by u.v. irradiation

18494 Intensity ~ 2400 gw/cm?2; 2537A Intensity ~ 2500 pw/cm?
of initial
output after
stated irradi-
ation time, min

Phosphor 1 10 960
Westinghouse cool white halophosphate  91.3 88.7 85.7
Westinghouse white halophosphate 90.8 88.5 84.4

Westinghouse warm white halophosphate 90.2 88.2 84.8

Sylvania barium titanium phosphate 98.3 97.8 96.6
lines present in the irradiating source are discussed
below.

Reversal of ultraviolet-induced depreciation by
heating.—The depreciation of halophosphate phos-
phors was readily reversed by heating. This proc-
ess was measurable at temperatures below 200°C and
proceeded to completion, in most cases, in 1 hr at
450°C. The w.v. depreciation and its reversal by
heating in vacuo was repeated several times on in-
dividual phosphor samples without any evidence of
fatigue.

Influence of 2537A radiation on a depreciated
halophosphate phosphor.—Small losses in the lumi-
nescent efficiency of a halophosphate phosphor,
caused by 1849A, can be reversed quantitatively by
exposure to 2537A. For extensive depreciation only
partial recovery was possible, as seen in the data of
Table III where 2537A irradiation was continued
until no further recovery was observed. The re-
sults do not differentiate between phosphor depre-
ciation occurring by a single mechanism, which can
only be partially reversed by 2537A, or by a series
of processes, one of which is completely reversible,
although the relatively constant recovery, irrespec-
tive of total depreciation, may favor the second
alternative.

If during depreciation by 1849A radiation the
phosphor is also exposed to the same mercury spec-
trum as that which causes the recovery process, it is
evident that some equilibrium must exist between at
least part of the 1849A induced depreciation and the
2537A recovery. This hypothesis receives some sup-
port from the data of Table IV. A warm white halo-
phosphate phosphor was subjected to three intensity
levels of u.v. radiation in which the ratio of the

100 T T T T T
Irradiation Intensity tuwlem?)
1849A 2537 A 1849/2537
o 3% 2600 0.15
= * 5300 16000 0.33

Light Output (% of initial)
2
|

82 | | | Il
5 10 15 2

Time (minutes)

Fig. 2. Phosphar depreciation by u.v. light
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Table IH. Reversal of depreciation by irradiation at 2537A
and longer wavelengths

Output intensity,
% initial
2537A @ —w—
intensity, Before After In-

Phosphor aw/em? irrad. irrad. crease
Westinghouse cool white ~6000 89.9 95.6 5.7
849 91.7 6.8

Westinghouse warm white ~500 80.7 89.0 8.3
88.1 95.6 7.5

913 954 4.1

~6000 803 875 7.2

80.5 913 10.8

83.1 90.7 7.6

833 91.6 8.3

844 92.0 7.6

87.8 95.0 7.2

88.7 94.9 6.2

91.0 97.7 6.7

924 970 46

M-33 ~500 84.3 91.9 7.6
Osram yellow halo ~500 83.7 91.9 8.2
Westinghouse blue halo ~500 905 959 5.4
92.3 977 5.4

93.8 99.3 3.

Table V. Irradiation of a Westinghouse cool white
halophosphate phosphor

Intensity, yw/cm? Ratio
2000-3000A 1800-2000A 1800-2000A
——— Irradiation % Initial
2000-3000A time, hr light output
190 30 0.16 184 90.6
740 120 0.16 60 90.8
3000 460 0.15 17 90.0

wavelength bands 1800-2000A and 2000-3000A was
held constant at a value of 0.16 to 1. The 15-fold
change in total intensity did not change the de-
preciation level significantly. Thus the rates of de-
preciation and recovery were dependent on the in-
tensities of radiation in the 1800-2000A and 2000-
3000A bands, respectively.

Color center formation in the phosphors.—In an
earlier paper by Suchow (4) it was shown that
1849A irradiation of unactivated alkaline earth
halophosphates containing chloride caused forma-
tion of color centers which could be bleached out
either optically or thermally. The reversal by 2537A
radiation or heat of the depreciation of phosphor
light output by 1849A radiation appeared to be an
analogous case. Reversal of depreciation by longer
wavelengths than 2537A was therefore sought. Visi-
ble radiation was found to produce recovery, al-
though not as completely as did 2537A radiation.
It was not possible to observe the relatively sharp
color center bands found in unactivated base ma-
terials (4) either visually or in the diffuse reflect-
ance spectrum measured with a Beckman DU spec-
trophotometer. However, a very slight general de-
pression of the diffuse reflectance spectrum was
noted, apparently with greater depression in the u.v.
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Fig. 3. Diffuse reflectance spectra of typical commercial halo-
phosphate base material: 1, before exposure; 2, after exposure to
tungsten x-rays for 15 hr (corrected to give absolute reflectance).
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Fig. 4. Diffuse reflectance spectra of Westinghouse blue halo
phosphor: 1, before exposure; 2, after exposure to tungsten x-rays
for 15 hr (corrected to give absolute reflectance).
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Fig. 5. Diffuse reflectance spectra of Westinghouse warm white
halophosphate phosphor: 1, before exposure; 2, after exposure to
tungsten x-rays for 15 hr. (corrected to give absolute reflectance).

region than at longer wavelengths. (This may cor-
respond to the more pronounced effect observed
with x-rays which is reported below.) Since phos-
phors in lamps and in the experiments described
here are always bathed in visible light and 2537A
u.v. during exposure to 1849A, it is probable that
color center bleaching in halophosphate phosphors
occurs simultaneously with formation, thus prevent-
ing a large build-up in concentration. The self-ab-
sorption involved in bleaching would of course be
expressed as a decrease in luminescent efficiency.

In the halophosphate base materials it has now
been shown that x-radiation produces the same
color centers as 1849A radiation (4) only in greater
concentration [compare Fig. 3 with Fig. 1 of ref.
(4)]. Because of these results and because x-radi-
ation produces only weak visible fluorescence in
halophosphate phosphors (and could therefore cause
only little bleaching), it was thought that a high
concentration of color centers might be obtained by
exposure of the halophosphate phosphors to x-radi-
ation. Exposure of the blue halo phosphor to tung-
sten x-rays for 15 hr caused the body color to turn
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Fig. 6. Thermoluminescence of Osram yellow halophosphate

light gray-tan, and the fluorescence of the phosphor
on exposure to 2537A radiation was greatly reduced.
However, no sharp absorption bands developed, but
only a broad band from about 3000 to 43004, as
shown in Fig. 4. Similar exposure of warm white
halophosphate phosphor caused development of a
rather deep yellowish-tan color which was due to
broad absorption from about 2900 to 5500A (see
Fig. 5). Again the fluorescence on exposure of 2537A
was greatly reduced.

Comparison of the reflectance spectra in Fig. 5
with those given in ref. (4) and in Fig. 3 indicate the
likelihood that the color centers produced in the
base material are also produced in the phosphor, but
that superimposition of additional overlapping ab-
sorption centers in the phosphor results in smeared-
out absorption. In the case of the blue halo phosphor,
in which no color centers would be expected to form
in the chlorine-free base material [at least with
1849A radiation (4)1 the induced absorption band is
much narrower than in warm white phosphor, and it
must be assumed that the induced absorption is due
only to a band or bands not found in the absence of
antimony, or else that x-rays are capable of affect-
ing an all-fluorophosphate phosphor as u.v. cannot.
A qualitative experiment has shown that x-rays do
produce slight coloration in unactivated Cas(PQy)sF;
1849A u.v. radiation does not do this. [Johnson (2)

——-27+1849A |\

Relative Light Output

0
-125 -100 -15 -50 -25 0 25 50
Temperature °c)

Fig. 7. Thermoluminescence of Westinghouse cool white halo-
phosphate.

has also reported formation of color centers in
Cas(PO,)sF by x-rays.]

Thermoluminescence of halophosphate phosphors.

—Because of apparatus limitations it was found
necessary to study the thermoluminescence of the
phosphors over two temperature regions:
(a) Low-temperature thermoluminescent: —125°
to +100°C.—The phosphors were deposited from a
water suspension onto a copper disk. The lowest
temperature of the phosphor was approximately
—130°C and the rate of heating was 50°C/min. The
phosphors were irradiated at the lowest tempera-
tures, and the total visible light produced during
subsequent heating was plotted as a function of tem-
perature, the light intensities being normalized in
each experiment to the value of the largest peak
produced by 2537A radiation.

The halophosphate phosphors studied fall into
three types: (i) blue halo, containing Ca and F, with
Sb as an activator, produced no detectable emission
under any irradiation conditions; (ii) phosphors
containing Ca and F, with Sb and Mn as activators,
were found to have a single group of trapping sites
after irradiation with either 1849 or 2537A; the glow
curve of irradiated yellow halophosphate, shown in
Fig. 6, is typical; (iii) phosphors containing Ca, Sr,
F, and Cl, with Sb and Mn as activators were found

Table V. High-temperature thermoluminescence measurements

After exposure to quartz low-pressure
mercury-vapor lamp (1849A and higher

Peak temperature, °C
After exposure to Vycor low-pressure
mercury-vapor lamp (2537A and higher

Phosphor wavelengths) wavelengths)
Westinghouse 260° and 370°C (second peak higher than first) None
blue halo
Westinghouse Broad emission from 70° to 260°C, perhaps with 90°C
cool white small peak at 230°C. Further emission starts at
320°C and disappears in incandescence of heater.
Westinghouse Broad emission from room temperature to 360°C, Broad peak from 70° to 110°C,
white then disappearing in incandescence of heater. possibly with maximum at about
80°C.
Westinghouse Broad emission from 50° to 350°C with broad Broad peak from 100° to 200°C.

warm white

Osram

yellow halo peak at 100°C.

Broad emission from 50° to 300°C; superimposed

peak from 180° to 225°C; disappears into incan-
descence of heater above 350°C.

Broad emission from 50° to
300°C.
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to have a group of traps, similar to those in type (ii),
after 2537A irradiation, and an additional group
following 1849A irradiation. Figure 7 shows results
for a cool white halophosphate. The traps resulting
from 1849A radiation were not observed if this
treatment was followed by subsequent exposure to
2537A, for 1 min, before making a thermolumines-
cent measurement. Thus the electrons trapped by
1849A were rapidly released by 2537A radiation.

The low-temperature thermoluminescence curves

show some parallel behavior to the changes in lumi-
nescent efficiency by u.v. irradiation, but the extent
of any correlation is not clear. For example, the ap-
pearance of additional traps after 1849A radiation
occurred only in the presence of chloride and not
with fluoride alone, and the fluorophosphate base
material did not exhibit color center formation dur-
ing 1849A radiation (4). Thus, if a simple correla-
tion exists between depreciation and the formation
of color centers by 1849A radiation the above re-
sults would require low depreciation for phosphors
containing only fluoride. This was not found to be
the case for either the yellow halo or for M-33 (Fig.
1). Further comment on this will be made in the
Discussion Section.
(b) High-temperature thermoluminescence: +35°
to +360°C.—The exposure of phosphors to u.v. and
subsequent measurement of high-temperature ther-
moluminescence curves were carried out as previ-
ously described for the base materials (4). The re-
sults obtained are summarized in Table V. Barium
titanium phosphate did not exhibit any thermolumi-
nescence under similar conditions.

The thermoluminescence in the calcium fluoro-
phosphate phosphors is probably associated with
effects on the antimony and manganese activator
centers, for as shown earlier (4) similar irradiation
of the unactivated base material did not result in
either thermoluminescence or color centers. Such
a superimposed effect on the activators would ex-
plain why the fluorophosphate phosphors discussed
above did not exhibit better maintenance than those
which also contained chloride.

Discussion

There appears to be reason to assert that the
ultraviolet-induced depreciation of the halophos-
phate phosphors is an intrinsic property, typical of
the phosphor crystal, and not produced by the pres-
ence of gaseous or other contaminants such as mer-
cury. Further, the ease with which depreciation is
reversed, by quite low temperatures or by irradia-
tion, and the observed result that the cycle of de-
preciation and recovery may be repeated quantita-
tively many times with no evidence for fatigue, im-
plies that whatever the mechanism it does not in-
volve any migration or transfer of phosphor com-
ponents over appreciable distances in the lattice.
The minor change observed in the reflectance of the
2537A line, following exposure to 1849A, coupled
with the very high absolute absorption at this wave-
length, means that depreciation does not occur by a
reduction of the efficiency of energy absorption.
Also, the spectrum of a depreciated phosphor does
not show any preferential decay of the antimony
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or manganese peaks although the excitation energy
must be transmitted to the manganese centers, as
distinct from the antimony centers, which are simul-
taneously responsible for energy absorption. It is
evident that energy absorbed by the antimony cen-
ters is dissipated before radiation can occur at either
antimony or manganese centers.

It is not clear what effect the electron traps ob-
served in low-temperature thermoluminescence
could have on the luminescent efficiency since the
traps would presumably be empty at the normal
temperature of observation. However, if the time
electrons spend in these traps is comparable with the
time of the electronic transitions in luminescence,
the traps might still have an effect on the kinetics of
the process. The high-temperature traps have been
found in all of the halophosphate phosphors studied
thus far. Once filled these traps would not be ther-
mally emptied, but bleaching by visible or 2537A
wavelength light would be observed as depreciation
in total light efficiency.

The parallels between depreciation and color cen-
ter formation have been partly discussed above. The
change in absorption spectrum of ultraviolet-irradi-
ated halophosphate phosphors on irradiation with
1849A u.v. is at most very slight. However, the ex-
periments with x-rays imply that 1849A radiation
produces the same color centers as x-rays even
though they are nearly invisible in the former case
because most are bleached out by the visible light
and 2537A radiation which are always present. Al-
though some light is expected to be lost in the
bleaching process which occurs as a phosphor is ex-
posed to both 1849 and 2537A radiation simultane-
ously, this does not explain why a phosphor with al-
most unchanged absorption following exposure still
shows depressed brightness when exposed to 2537A
radiation in the absence of 1849A (prior to full re-
covery with 2537A). There must therefore be a sec-
ond type of efficiency loss due to some sort of inter-
ference with the electronic process of fluorescence by
a very small concentration of trapped electrons
(that is, color centers). It is only when all of these
color centers are bleached that full recovery is ob-
served.

The very low depreciation of barium titanium
phosphate in these experiments is probably related
to the absence of thermoluminescence and color
centers following u.v. irradiation, but is at variance
with the large depreciation during operation in a
fluorescent lamp. It has not been possible to detect
any unusual susceptibility of this phosphor to im-
purity gases, but it is distinguished from the halo-
phosphates by a very high-temperature coefficient of
the intensity of the emitted light. Thus, from room
temperature to 100°C a typical halophosphate loses
5% of output while the barium titanium phosphate
loses 359% (5). A phosphor subjected to u.v. radi-
ation converts an appreciable amount to thermal
energy. For example, a thin layer of phosphor irra-
diated in vacuo at intensities of u.v. only a half or
less than those present in a 40w fluorescent lamp,
rapidly reached a temperature of 50°C. This tem-~
perature would increase throughout the life of the



Vol. 110, No. 1

fluorescent lamp if its operation caused slow deposi-
tion of ultraviolet-absorbing materials such as mer-
cury (6) or mercuric oxide on the phosphor sur-
faces. Thus it is conceivable that such a process
would produce an apparent depreciation of the ba-
rium titanium phosphate due only to increased tem-
perature of the phosphor surface, but which would
have a negligible effect on the halophosphate phos-
phors.
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Pulse Excitation of Electroluminescent Films
of ZnS:Cu(Cl,Br,l)

W. J. Harper

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

Thin electroluminescent films of ZnS:Cu, (CLBr,I) between tin-oxide-on-
glass and aluminum electrodes were excited with unidirectional voltage pulses
of either polarity. Results are given for the delay, rise, and decay time and the
emission intensity of the light pulses under varying conditions of voltage, pulse
duration, and repetition rate. The decay of the light pulse can be represented
by a fast exponential superposed on a slower bimolecular form. Voltage pulses
with the metal electrode positive suppress the longer wavelength emission

band.

The objective in this work was to investigate the
individual light pulses resulting from excitation of
electroluminescent (EL) films with voltage pulses
of microsecond duration, with the intent of utilizing
such films in combination with photoconductive re-
ceptors in computer logic elements. Desirable at-
tributes of EL films for this application are low
voltage excitation with single unidirectional pulses,
speed of microsecond order, and minor sensitivity to
low temperatures. This paper presents the results
of a study of such parameters.

Experimental Method

The evaporated EL films were similar in struc-
ture to those described previously (1,2). The sur-
face resistivity of the tin oxide electrode varied from
10 to 50 ohms, and the area of the film excited at
one time was usually 0.1 cm?. When exciting a cell
the pulse generator could be adjusted to have either
a voltage rise or fall time (to 1/e) as low as 0.02
usec. This sharp rise or fall was accompanied by a
rounding or by oscillations at the other end of the
pulse. Generally, tests were made with voltage fall
in the range of 0.05-0.1 usec, particularly at high
voltages. In this report results will be given for ex~
citation by unidirectional, rectangular voltage pulses
only. Where results are given without identification
of the phosphor, it is implied that they are similar
for any of the three halide coactivators, since this
is generally true for most properties.

The light was detected with a multiplier photo-
tube having an S-10 spectral response. The quanti-
tative values given for light intensities should be
considered approximations. In measuring delay and
rise times of less than 1 usec, the anode impedance of
the multiplier was the 200 ohm input of a wide band
amplifier, For detecting decay times of more than 1
usec, the amplifier was not used, but the anode was
connected directly to an oscilloscope with a short
cable, with an anode resistance of 200 or 1000 ohms.

Many properties of EL films depend on the amount
of insulation between the phosphor and the metal
electrode. In this report only two conditions will be
considered, either no insulation or 0.1z of SiO in-
sulation, both with an evaporated aluminum elec-
trode. All the results given refer to room tempera-
ture conditions unless otherwise stated.

Results

Waveform.—Because of the asymmetric structure
of the EL films, only a single dominant light pulse is
obtained for each voltage pulse, and the waveform
of the light pulse depends somewhat on the polarity
of the voltage pulse. If a positive voltage pulse is
applied to the tin oxide electrode (abbreviated
SnO+),! there may be some light emitted while the
voltage is on. As the voltage is returned to zero
there is a delay, then a rise and fall of the dominant

1SnO is used as a symbol to represent the tin oxide electrode. The
tin oxide material itself may be represented by SnOs(Sb).
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tg = delay time
t, = rise time

Time - psec
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V (Sn0+) pd = pulse duration
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Fig. 1. Schematic diagram of the light pulse L due to the
voltage pulse Y showing how the delay, rise, and fall time are
measured. The time scale shows representative values.

Fig. 2. Waveforms of voltage (upper trace) and light (lower
trace) for an EL film of ZnS:Cu,Br 1.7u thick. The symbol SnO -+
(Al+) means that o positive voltage pulse is applied to the tin
oxide (aluminum) electrode.

light pulse. Figure 1 shows how the delay time, rise
time, and fall time? of the light pulse were inter-
preted in the measurements. If a short positive
voltage pulse is applied to the aluminum electrode
(abbreviated Al+), the dominant light pulse occurs
while the voltage is on. As the voltage returns to
zero, there may follow a minor light pulse or the
dominant light pulse may be quenched. Examples
of the form of the light pulse due to voltage pulses of
either polarity are shown in Fig. 2.

With Al+ polarity the in-phase and the dominant
light pulses are superposed, whereas with SnO+
polarity they are separated. For the latter the rise
time of the in-phase light varies from about 20 usec
at low voltages to about 1 usec at high voltages. In
the remainder of this report, only the dominant light
pulses will be discussed.

The decay or fall of the light pulse can be fitted to
a bimolecular recombination formula, as is shown in
Fig. 3(a). Narrow band filters were used to separate
the blue and green components. If the values of the
light L obtained from the extrapolated portion of
Fig. 3(a) are subtracted from the measured light

2The decay time of the phosphor is being called the fall time to
avoid the use ot the two similar words decay and delay.
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Fig. 3. Fitting the decay of the light pulse to (a) bimolecular
and (b) exponential forms. The phosphor is ZnS:Cu,Cl 2.0« thick
with no insulation. In (a) the points represent the megsured values
of light amplitude. In (b) L’ is the difference between the measured
values and those found from the extrapolated portion of the curve
in (a).
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Fig. 4. Effect on a light pulse due to insulation and to an added
series resistance. Cell area is 0.1 cm2; peak amplitude of the light
pulse L is in microwatts.

values and the logarithm of the differences is plotted
against time as in Fig. 3(b), a good fit for the ex-
ponential form of decay is usually obtained. The
time constant is frequently the same for both blue
and green components, being 2.5 usec in the example
shown. In Fig. 3(a) the quantity 1/« gives the time
in which L is reduced to 0.25 L,. The values so ob-
tained are usually greater than the fall time t; meas-
ured on the same curve by the method of Fig. 1(b).
The physical meaning of the constants « and 8 in
Fig. 3 is discussed in ref. (3). The decay of light
with Al4 polarity is similar to that with SnO+, but
the initial exponential portion is relatively smaller
in magnitude or sometimes negligible. The portion
of the decay beyond 20 psec could not be consistently
fitted to any form. Results similar to the above were
obtained for the blue and green bands of ZnS: Cu,Br
and the blue band of ZnS: Cu,l.

The build-up of light during the first few pulses
from a de-excited phosphor film is very pronounced
for the Al4 polarity, the first voltage pulse giving
no light pulse. With SnO+ the build-up is small by
comparison, the first voltage pulse being followed by
a light pulse.

Effect of insulating layer.—As the thickness of the
insulating layer is increased, each of the time quan-
tities, delay, rise, and fall is increased. They are also
increased if a resistance is added in series with the
tin oxide electrode. Figure 4 shows the magnitude of
the effect. An insulating layer of 0.1x SiO roughly
doubles the values of delay and rise time.

It is believed that the nature of the contact be-
tween the aluminum and the phosphor has an effect



Vol. 110, No. 1

Peak Volts
50 33 25 20 17 14

ZnS:Cu, Br 1.7uThick
Insulation 0. 1u Si0
rr 100 pps

2
I

-

|

Emission - photons/pulse/cm
1=
2
I

[

1o I | ! ] | \
0 . .
(Peak Volts) 1 - V71

Fig. 5. Dependence of the integrated light emission on voltage.
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the delay, rise, and fall time, and of the peak amplitude L of the
light pulse. The phosphor film is ZnS:Cu,Br 1.7 thick with 0.1x of
SiO insulation.

on the delay time since on the same phosphor layer
different contacts with no insulation may have de-
lay times ranging from 0.06 to 0.12 psec. The delay
time appears with the first application of low voltage
to a new cell and is not a result of electrical forming.
At the rising light pulse of a given cell, the minimum
delay times obtained were the same for either volt-
age polarity and for the different spectral emission
bands.

Effect of voltage, pulse duration, and repetition
rate.—The dependence of the light pulse L. (maxi-
mum amplitude or integrated light) on the voltage
V, is represented reasonably well by

L=1L,exp (—a/V) [1]

where a and L, are constants. Deviations from [1],
such as are shown in Fig. 5, are common at low and
high voltages. For pulse durations less than about 5
psec with Al4- polarity, voltage quenching reduces
the light output.

Variations of voltage and pulse duration have only
minor effects on the delay, rise, and fall times of the
light pulse, as shown in Fig. 6 for a cell with 0.1x
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SiO insulation. The variation with voltage is even
less for cells with no insulation.

As the pulse duration is increased with SnO+-
polarity the peak amplitude of the light pulse may
reach a maximum at widths of 10-100 psec and
thereafter decline. The integrated light, however,
remains at the maximum. This is due partly to an
increase of the in-phase light but mostly to an in-
crease in the very long decay component. The ex-
planation is not evident from values of the fall time
t; in Fig. 6(b), but rather from plots as in Fig. 3(a).
For example, on a specimen of ZnS:Cu,I at pulse
durations of 1, 10, and 100 psec, the values of ¢,
(to 0.2 of peak L) were 3.0, 3.5, and 5.5 psec while
the slower components (to 0.25 L,) as shown by
Fig. 3(a) were 12, 15, and 21 usec. After deducting
the slower components, the faster components (to
1/e) as shown by Fig. 3(b) were 1.2, 1.5, and 2.1
psec. In addition to the slow component mentioned
above, an even slower decay follows which contrib-
utes to the measure of the integrated light output.

The time constants of the light pulse are affected
by the rate at which the voltage falls. For a cell with
0.1z SiO insulation, as the voltage fall time (to 1/e)
was increased in steps from 0.08 to 1 usec, the rise
and fall time of the light pulse increased in magni-
tude similarly to those shown in Fig. 4(b). This
effect has previously been reported for powder cells
(4). The delay time increase and the light amplitude
reduction were considerably less than in Fig. 4(b).
The voltage fall has an initial fast portion and then a
slower one. The time constant of the latter and any
ripple in it affect the delay time and the shape of
the rise of the light pulse. For a voltage fall time of
0.02 upsec, the minimum delay and rise times ob-
served were 0.06 and 0.09 usec; that is, the rising
portion was 0.03 usec. These minimum values were
also obtained for electrodes of several metals other
than aluminum. On a similar phosphor film with
RaD alpha particle excitation the rise time was also
about 0.03 usec.

If conditions are such that light is quenched at the
end of a pulse with Al+ polarity, there is frequently
also a delay, but shorter than for the rise of the light
pulse. For example, when voltage fell to 1/e in 0.04
psec, the light remained constant for 0.05 psec and
was then quenched to 1/ein 0.5 usec.

As may be seen in Fig. 7, if the voltage is high, the
light output per pulse with Al+4 polarity is con-
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Fig. 7. Dependence of the integrated light emission on the pulse
duration for both voltage polarities.
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siderably less than with SnO+ for pulse durations
from 0.1 to 1000 usec. At low voltages, however, it
is less only for pulse durations less than about 3 usec,
where quenching is important.

At moderate duty factors with SnO+ polarity,
the repetition rate does not have a strong effect on
either the form of the light pulse or its magnitude.
An example of the total light emitted per pulse for
both voltage polarities is shown in Fig. 8. With Al+
voltages the light output is comparable to that with
SnO+ at high repetition rates, but falls off rapidly
at low rates.

If the repetition rate is increased so that a new
voltage pulse appears before the previous light pulse
has decayed to zero, the decaying light is quenched
both for blue and green, Just prior to the quenching
and for both blue and green, as the voltage begins
to change there is a delay of about 0.07 usec, then a
small rise in the light with a duration of about 0.1
usec, and then the quenching which has a time con-
stant of about 0.1 usec. The small rise may be the
minor delayed pulse appearing with voltage polarity
opposite to that of the dominant delayed light pulse,

Spectral emission—For SnO+ pulses the spectral
emission from films is similar to that from the pow-
der counterparts for ZnS: Cu,Cl and ZnS:Cu,Br (5).
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Fig. 9. Spectral emission of an EL film with pulse excitation of
opposite polarities.

In the ZnS:Cu,I films, the broad band of ZnS:Cu
peaking in the red (6) was obtained in addition to
the blue band. For Al+4 pulses the longer wave-
length emission band is suppressed. For sufficiently
narrow pulses with Al+4- polarity, films with any one
of the three halide coactivators, Cl, Br, or I, give a
similar emission band peaking at the wavelength 455
my at room temperature and having the same width
at half maximum. An example is shown in Fig. 9.

Effect of temperature.—In the range 80°-330°K,
temperature has a minor effect on the delay and rise
of the light pulse. With increase of temperature from
80°K, the decay time is reduced and the light am-
plitude passes through a maximum. An example for
the blue band of ZnS:Cu,l is shown in Fig. 10. In
this specimen the hyperbolic and exponential decay
constants differ approximately by a factor of 10. In
the range 80°-300°K, log « varies as T/14,000. Be-
cause of the short pulse duration and the spectral
sensitivity of the phototube, the influence of the red
band in the emission of Fig. 10 is negligible. The
temperature at which quenching of the emission
takes place depends on the pulse duration, the volt-
age, and the amount of insulation.

Efficiency.—The efficiency of conversion of elec-
trical energy absorbed to light energy emitted was
measured for a ZnS: Cu,Br film, 1.7u thick with 0.1z
of SiO insulation. At a pulse duration of 10 usec, as
the voltage was increased the efficiency (ratio of
emitted to absorbed energy) passed through a maxi-
mum at about 30v for both polarities. At 30v as the
pulse duration was increased from 0.1 to 5 usec, the
efficiency for SnO+4 decreased from 3.10—3 to 103
while for Al4- it increased from 10—% to 10—3. As
the pulse duration was further increased from 5 to
1000 usec, for both polarities the efficiency decreased
from 10—3 to 10—5, This dependence of efficiency on
voltage and pulse duration is somewhat different
than that for pulse excitation of powder cells (4).

Discussion

Hoffman and Smith (7) have reported a delay
between the voltage pulse and the light pulse in EL
cells of powders and have discussed some of the
factors which may contribute to it. From the work
on thin films it is concluded that the delay is due
to the effect of circuit constants at the cell and at the
anode of the phototube on the transmission of the
step voltage pulses and is not due to any property
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of the phosphor. The shorter delay at the quenching
of the light pulse may be due to the shape of the
voltage pulse; quenching being the result of the ini-
tial fast change of the voltage while the rise of light
reflects the slower portion of the voltage change.
With the same equipment, delays of 0.05 usec were
also obtained on electroluminescent GaP and SiC.

The minimum observed time of the light rise was
about 0.03 psec. The slower rates usually obtained
are apparently due to the shape of the voltage pulse,
the effects caused by the cell circuit elements at the
phosphor film, and perhaps the effects of trapping
within the phosphor.

The kinetics of the decay of luminescence has been
interpreted by many authors (3), particularly for
photoluminescence. For EL powders Tanaka (8) has
obtained a fairly good fit for the bimolecular form
of decay, obtaining a time constant of about 10 gsec
at room temperature. Other authors (9-12) have de-
scribed the EL decay as hyperbolic or exponential,
reporting decay constants of from 4 to 100 usec. The
results for thin films can be represented quite well
by a fast exponential decay superposed on a slower
bimolecular decay. This superposition indicates that
the dominant light pulse with pulse excitation is due
to two sources. The secondary pulse that is obtained
with sine wave excitation is not one of them since
with pulse excitation the superposition is present
when the secondary pulse is negligible, as, for ex-
ample, with insulation or at 80°K. The fast expo-
nential decay may be determined by the escape rate
of electrons from shallow traps with no retrapping
and can, therefore, be the same for both the blue and
green emission. At low temperatures the rate does
not vary with temperature, indicating field release of
electrons. The bimolecular decay may be evidence
for deeper traps and for retrapping (13, 14) with the
rate being determined by the number of luminescent
centers as well as the number of electrons being re-
leased.

For pulse durations longer than about 100 psec,
the peak light amplitude declines while the fall
time becomes longer. This may be due to transfer of
holes from blue to green type luminescent centers
according to the Schoen-Klasens model since the
emission is more green at the longer pulse durations
and the decay of green is slower. However, since the
effect is observed in ZnS:Cu,I in which the green
band is very weak, some other mechanism is also
present. It would be expected that the long pulses
would have a greater proportion of deep traps which
would reduce the initial amplitude of the light pulse
and increase its decay time. '

In the pulse excitation of single crystals, there was
reported (15) a quenching of blue light and a stimu-
lation of green by the same voltage change. Such an
effect was not observed here in the films. Any in-
crease in light prior to a quenching can be attributed
to the minor delayed light pulse. The blue and green
components behaved qualitatively in the same
manner.

When excitation is with Al+4 polarity, the voltage
change that returns the cell to zero applied poten-
tial excites the phosphor. The energy of excitation
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is stored during the period between the pulses. At
low duty factors this allows time for any transfer of
energy between centers within the phosphor. It also
allows time for the thermal release of trapped elec-
trons, and if no retrapping occurred, there would be
a supply of free electrons for the next voltage change.
This voltage change would, therefore, favor the
transition from the conduction band. The blue emis-
sion from Zn$S has been identified (16,17) as due to
the transition from the conduction band to a zinc
vacancy center. This may be the explanation for the
blue emission with Al+ polarity. Obtaining an effi-
ciency comparable to that with SnO+ implies that
the number of electrons available is small compared
to the number of empty luminescent centers. The
bimolecular decay obtained may not arise from the
same conditions as for SnO+ polarity, but may be
due to the relative number of empty traps and cen-
ters. .

It appears that at low voltages the energy stored
between pulses is retained longer in the absence of
an externally applied voltage. The loss with an ap-
plied voltage may be due to the stronger field,
greater conductivity, or the greater density of elec-
trons initially in traps but released during the in-
terval between pulses. That the space charge of
trapped electrons forms only near the tin oxide
electrode is confirmed by the effect of voltage po-
larity on the build-up of light.

Bowers and Melamed (18) attributed the green
band from ZnS:Cu to substitutional Cu and the red
band. to interstitial Cu. Since the green band is
strong with Cl1 and Br coactivators and the red band
with I coactivation, it may be concluded that Cu
enters ZnS crystals substitutionally when associ-
ated with Cl or Br and interstitially with I.
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A Comparison of the Intensities of Emission
of Eu” and Tb" in Tungstates and Molybdates

L. G. Ven Uitert

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

ABSTRACT

The intensity of emission of Eu* is shown to vary with its electrostatic
binding energy in the tungstates which have the scheelite structure. Increasing
the polarization of the oxygens toward Eu®* or Tbh* appears to decrease the
total binding energies of these ions in the tungstates and molybdates. Brightness
can either increase or decrease with binding energy depending on the effective-
ness with which the host structure can capture excitation energy and communi-

cate it to the rare earth ions involved.

Fluorescent emission from rare earth ions in ox-
ides can be stimulated by ultraviolet excitation in
a number of ways. The most familiar of these is by
exciting the ion directly within a conveniently dis-
posed absorption region. Recently Varsanyi and
Dieke (1) have shown that rare earth ions can
also be excited by excitation in pairs whose energy
corresponds to the sum of the energies of two ab-
sorption transitions of the ions. Energy transfer
from the host structure to the rare earth ion can
also be important. Kroger (2), for example, has
shown this to occur in CaWOQO,:Sm. The intensity of
emission of a rare earth ion is dependent on the
character of the host environment whether it ab-
sorbs the excitation energy directly or not. The fa-
cility with which energy can be coupled to the f-
electrons of the rare earth ion is, at least in part,
dependent on the binding energy of the ion in the
host structure and the symmetry of the site which it
occupies. Intensity of emission measured under a
given set of conditions may be dependent on crystal
perfection and the impurities present. It is not al-
ways possible to avoid difficulties from these
sources. However, in the hope of doing so, the pres-
ent investigation has been carried out employing
materials that had been prepared as well formed
crystallites by flux growth methods under condi-
tions! which insure reproducibility and as near to
optimum a brightness as possible considering the
purity of the starting materials (3, 4). This has
made it possible to obtain reasonably quantitative
comparisons of brightness for a large number of
compositions.

In the present work, intensity of emission is
shown to vary with the parameters of a simple elec-
1 Melts containing about 30 mole % of the desired material and

70 mole % of the relevant alkali metal ditungstate or dimolybdate
flux were cooled at about 5°C/hr from 1150°C.

trostatic model in as far as this is possible. Where
these qualitative relationships appear to hold for
a large body of data, some significance can be at-
tached to them. For the present study, it is assumed
that the symmetry of the sites in which the rare
earth ions are located are not significantly affected
by changing the host structure cations as long as
the scheelite structure is maintained. Where this
assumption is applicable, the intensity of emission
of an isolated rare earth ion can be expected to show
a direct dependence on its interaction distances in
the crystal. The related over-all binding energy of
a given ion can be considered to be a combination
of its electrostatic binding energy (such as can be
calculated on the basis of a hard sphere model) (5)
and the modifying effects due to the nonspherical
distribution of charge about the given ion and its
neighbors (6). Where rare earth ions can interact
more complex effects may be expected.

Measurements

In general, the materials studied were in the
form of crystallites not exceeding 1 mm in their
major dimension. By filling a cavity 1 in. long by
% in. wide by ¥ in. deep with these crystals, a
sample of random orientation was obtained. Emis-
sion was excited by illuminating the samples with,
alternately, a 3660A rich H4 mercury spotlamp, a
broadband longwave u.v. Mineralight or a 2537
Mineralight through a Corning 9863 filter. In gen-
eral, the data presented were obtained under ex-
citation from the H4 Spotlamp since fluorescence is
much brighter with this source. In as far as possible,
all of the relationships discussed have been con-
firmed by measurements employing the broadband
longwave u.v. Mineralight.

Measurements were made with a Gaertner high
dispersion spectrometer adapted with an AMINCO
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photomultiplier microphotometer using a 931A tube.
Ten micron slit widths were used at the entrance
and exit to the spectrometer. The system was cal-
ibrated against a tungsten filament lamp whose out-
put was assumed to behave as a black body. Data
were obtained for both 300° and 77°K. Data for
300°K are employed where the dependences of
brightness on temperature are small. Otherwise the
77°K data are employed.

The intensities reported are for the 3D, to "F;
transitions of Eu?* (as measured for the emission
of Eu?* in the 6150A region) and the %D, to
F, transitions of Tb3*t (as measured for the
emission of Tb3*+ in the 5450A region). These values
are relative to 100 for the 5450A peak of
NaysTbysWO, in keeping with previous measure-
ments (7). The above peaks are the most intense for
the Eu3* and Tb** ions in each structure discussed.
Within the confines of a given structure, the in-
tensities so obtained are proportional to the inte-
grated emission from the same excited state. Photo-
metric response spectra indicate approximately the
same proportionality between the measured emis-
sion and the integrated emission for the different
structures under consideration.

General

The dependence of the intensity of emission of Eu3+
on the size of the host structure cation has been re-
ported previously (4,8) for the series M, 42+ Nag o
Euy.; WO, (where M = Ca, Sr, and Ba) and for the
series My s+ Euy;WO, (where M = Li, Na, K, Rb,
and Cs). Since the M2* compositions all have the
scheelite structure, the interaction distance be-
tween Eud* and its surroundings decreases with the
lattice constants on going from Ba to Sr to Ca.
Equivalently, one can infer that, since the Eu?* ions
occupy M2+ sites, the size of the hole in which Eu3*
finds itself decreases in the above order. Such a
change is expected to produce an increase in bind-
ing energy whether considered from a coulombic
(5), a covalent (9), or an empirical (10) point of
view. Indeed, brightness increases approximately
linearly with the reciprocal of the interaction dis-
tances between the M2+ ions and the neighboring
oxygen ions for the M2* series. In the Mys *Eugs
WO, series, however, it is not possible to show a sim-
ilar simple relationship. Here, structural changes,
changes in polarization, and interactions between
rare earth ions are involved. Nevertheless, it was
found that under longwave u.v. excitation a linear
relationship is obtained for both the M* and the
M2+ series when the logarithm of the intensity of
emission of Eu3* is plotted against the volume (or
cube of the radius-r3) of the alkaline earth or alkali
metal ions. This empirical relationship provides a
useful starting basis for comparing the effects of en-
vironment on brightness. The above dependence
for the M, gs®+*Nag o Eu,, WO, series is shown in
Fig. 1 along with data for a number of alkali metal
rare earth tungstates which have comparable Eu?*
concentrations.

The M2t jons in M, q2*Nagy 4 Eu, WO, can be
replaced by % M™* plus % M3+ without changing
the structure when the ions are comparable in size.
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Fig. 1. Intensity of emission of Eu3+ as a function of r3 for
the variable ions under 3660A excitation at 300°K. Open triangle,
Mo.982+ Nao.01Euo.0tWO4; open square, Mo.5+Lao.49Eu0.01WOs;
open circle, Mo.s%Yo.49Eu0.01WO4; dark circle, Nao.5Gdo.49Euo.01
WOa4.

For this to occur, the M* and M3+ ions must dis-
tribute themselves in a random fashion in the M2+
sites. However, on the average, each M3t ion has
more M* than M3* ions in neighboring M2?* sites
and vice versa. This is required to preserve short-
range electrical neutrality. The distance between
equivalently situated ions in Nag Gdg 4Eu, WO,
is about the same as that found in CajgNaj g Eug
WO, as indicated by x-ray measurements. This may
be - expected as the radii of Nat(0.97A, Gd3+
(0.97A), and Ca%* (0.99A) are approximately equal
(11).

On the basis of a hard sphere model, the con-
tributions to electrostatic binding resulting from
interactions between Eu?* and the surrounding ox-
ygen ions should be about the same in each of the
above cases. But the ion-ion repulsion contribu-
tions between Eu®* and the cations on the neighbor-
ing M2t sites should be less in the sodium gadolin-
ium composition. Consequently, Eu?* should have a
greater electrostatic binding energy in the sodium
gadolinium than in the calcium composition. In
keeping with the trend for brightness to increase
with the electrostatic binding energy of Eu®t, its
intensity of emission in the sodium gadolinium
composition is about twice that in the calcium com-
position.

The Na and K compositions of the M, tLa,
Eu, WO, series (Fig. 1) have the scheelite struc-
ture, whereas the Li compound does not. The indi-
cated value for Li,;Lag 4Eu, o, WO, is an estimate of
the intensity of emission that Eu®* would have if
the indicated composition had the scheelite struc-
ture. This estimate was obtained by taking the ra-
tio of the intensity for Eu®+ in Li,La, Eu,,WO, to
that in Na,La,,Eu, , WO, (both of which have the
scheelite structure) and increasing the value ob-
tained for NagsLlag4EueoyWOs (which has the
scheelite structure) by this factor.

The difference in slopes of the La®* series and the
M2+ series in Fig. 1 is at least in part due to the
fact that only % of the ions in the M2*t sites are
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varied in the La3* series. The decrease in brightness
with increasing r® may be associated with an in-
crease in interionic distance as for the M2+ series.
In the La®* series, the size of all of the M2+ sites
tend to increase with the average size of their oc-
cupants.

The intensities of emission of Eu®* in the series
M5t Y, 49Bu, oy WO, (where M = Li, Na, and K) are
also shown in Fig. 1. The Li and Na compositions
have the scheelite structure. The structure of the
K composition, however, appears to be triclinic
(4). The data for the Li and Na compositions of
the yttrium series indicate a slope that is approx-
imately parallel to that obtained for the lanthanum
series. An extrapolation to the value expected for
K 5Y0.49E0) WO, (presuming a scheelite structure)
is shown by the broken line. The intensity of emis-
sion of Eu?* in the actual composition, however,
is far weaker than the above extrapolation indicates.
The marked decrease in brightness appears to be
related directly to the change in structure. A study
of the intensities of emission of Eu3* in Ca and Cd
tungstates and molybdates given elsewhere (8) has
shown that there is a comparable large decrease in
brightness on going from the scheelite structure to
the monoclinic Ferberite structure. Eu3* has eight
neighboring oxygen ions in the former and only
six in the latter. In keeping with the trend obtained
so far, the reduction in the number of oxygen ions
that are immediate neighbors of Eu3* may effect a
decrease in the binding energy of this ion. It is pos-
sible that a similar reduction in the number of
neighboring oxygen ions occurs in K,;Y,,FEu,
WO,.

Polarization

The hard sphere model considered so far does not
take into account changes in binding energy that
may result from changes in the polarization of the
electron clouds about the oxygen ions which sur-
round Eu®*. It may be expected that, even though
the lattice constants remain essentially the same,
replacing Ca?* ions by Nat and M3®** ions in the
scheelite structure will cause the oxygen ions to
be polarized to a greater extent toward Eu3*. This
is due to a reduction of the average charge on the
cations in the neighboring M2+t sites. Such an in-
crease in polarization can reduce the electrostatic
binding energy between ions as a result of increased
electron-electron repulsion. This is expected to be
the case for interactions between the oxygen ions
and the rare earth ions, since the nuclei of both are
well shielded by their respective electron clouds.
It can be inferred from Fig. 1 that the increased
polarization of the oxygen ions toward Eus* (re-
sulting from replacing M2+t ions with M* + M3+
ions) does not override the effect of reducing the
average charge of the ions in the neighboring M2*
sites in the tungstates.

It is possible to obtain more direct information
concerning the effect of polarization by avoiding
a change in the size or formal charge of the neigh-
boring cations. This can be done by comparing the
intensities of emission of Eu®* or Th3+ in tungstates
and molybdates that have similar structures. Hex-
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avalent tungsten and hexavalent molybdenum are
considered to have equivalent ionic radii (0.62A
for six coordination and 0.59A for four coordination)
(11). The compositions in which the hexavalent
metal ions have the lower electronegativity should
show an increased polarizability of the anionic
complexes. This occurs for the molybdates as in-
dicated by the higher refractive indices (13) of
CaMoO, (1.974 and 1.978) than that of CaWO,
(1.918 and 1.934). Specific comparisons of the effects
of polarization on brightness in the tungstates and
molybdates, however, cannot be clearly drawn with-
out first gaining some insight into the dependences
of the intensity of emission of Eu?* and Tb®*t on
concentrations and the excitation processes involved.

Concentration Dependencies—Tungstates

Figure 2 shows the dependence of the intensity
of emission of Eu3t and Tbh®* on concentration for
a number of alkali metal rare earth tungstates (7,
12, 14). The line for the K ;Y. . Fu WO, series has
a slope of a little less than one. Such a slope can be
expected where the fluorescing ions are excited only
directly or from fixed volumes of their surround-
ings. There is a decrease in the availability of ex-
citation to Eu®* ions other than those in the surface
layer as concentration increases. Dashed lines
parallel to the curve for the K, ;Y ,_ . Eu WO, series
are provided to facilitate comparison of the other
curves to this one. The series Na, ;Y -, Eu, WO, and
Na,;Y,; ,Tb, WO, show negative deviations from
the reference slope at high rare earth concentra-
tions. Here the fluorescing levels of Eu®*t and Tb3+
are increasingly perturbed by increasing the con-
centration (7) of these ions. The resulting decrease
in emission per rare earth ion is termed self-quench-
ing. The greater self-quenching of Eu?* as com-
pared to that for Tb3* is associated with a stronger
coupling between the f-electrons of Eu®* and the
host structure. This in turn may be attributed to
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the smaller gap in energy between the excited state
and the ground manifold of Eu3* than for Tb®*
(15, 16).

Self-quenching, as discussed herein, is not due
to a rise in self-absorption of emission. This is
shown by Tb3*, for example (17), in the series
Ca,_,,Na,Tb,WO,. Here Tb®* emits strongly from
two excited states. As the concentration of Th3+
increases above x = 0.01, the emission from the
level lying higher in energy quenches (equally for
all transitions). At the same time, emission from
the lower level is enhanced. It receives part of the
excitation lost from the upper level. Self-absorp-
tion, in general, only occurs for resonance transi-
tions. The weakest emission transition from the up-
per level of Th®* is the only one in a position to
excite transitions from the ground states of other
Tb3* ions to their lower excited levels. A compara-
ble sequential quenching of the four emitting states
of Eud* with increasing concentration is found in
the series Ca;_,,Na Eu WO, (7). In general, the
levels which lie higher in energy suffer self-quench-~
ing at lower concentrations.

In the series Rb, .Y, Fu WO, (Fig. 2) the in-
tensity of emission of Eu®* increases faster than its
concentration, the slope being approximately two.
Slopes of greater than one arise as the absorption
edge of the host structure is approached. They may
be attributed to a reduction in the energy required
to excite charge transfer processes as the absorp-
tion edge of the host structure moves to lower fre-
quencies with increasing rare earth concentration.
The edge lies in the neighborhood of 3000A in the
above Rb compositions, 2800A in the comparable
Li, Na, and K compositions, and 3400A in the Cs
compositions.

The series Csg5Y, 5 ,Eu,WO, shows a large nega-
tive deviation from linearity at high Eu3+ concentra-
tions. This abrupt decrease in brightness is due to
an increase in the interactions between the Eu3*
ions in a manner similar to that which occurs in
self-quenching. However, in this case, quenching
is not due to the excessive perturbation of the ex-
cited f-electrons of Eu?* but to a decrease in the
energy received by Eu®t from the host structure
(12). The processes by which a host structure cap-
tures energy in insulating erystals have been dis-
cussed in detail by Kroger (2) and by Wannier
(18). Herein they will be referred to as “lattice”
processes. Energy gained through these processes
is subject to degradation by interaction with the
phonon spectrum, which may result in its dissipa-
tion before it can be communicated to the fluores-
cing ions. As can be seen from Fig. 2, “lattice” proc-
esses enhance the intensity of emission per Eud+
ion by a factor of 15 (up {0 x—0.10) in the series
Cso5Y05—:Eu, WO, under 3660A excitation. In com-
parison, when the same materials are excited within
the absorption edge of the host structure by the
2537 Mineralight, an enhancement by a factor of
about 2000 is obtained (12). Under each excitation,
the contribution to the emission of Eu3t due to
lattice processes fall off above x = 0.10. This shows
that the extent to which the energy captured by
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Fig. 3. Intensity of emission of Eu3+ or Tb3* on concentration
under 3660A excitation at 77°K.
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the lattice is degraded by phonon processes in-
creases with Eu®* concentration. In a similar man-
ner there is an enhancement of Eu®* emission by
a factor of 2 for the members of the series Rbgy
Y,;_.Eu,WO, under broadband longwave u.v. (up
to x—0.25) which is not present under 36604 excita-
tion. This is excited by the short-wave components
of the broadband u.v. source. A much greater en-
hancement is obtained under 2537A excitation.

It is helpful to point out again that, in the ab-
sence of lattice processes, the intensity of emission
of Eud+ or Th3+ increases with its binding energy.
However, the contributions to the emission of Eu®*
(or Tbh3+) resulting from lattice processes decrease
with increasing binding energy. Thus, brightness
can vary in either direction with binding energy.

Comparisons

Concentration curves.—Figure 3 shows the de-
pendences of the intensity of emission of Eu®* or
Tb3+ on its concentration for a number of alkali
metal rare earth tungstates and molybdates. It can
be seen that the self-quenching of Eu®* is much
less severe in the LigsYos-.Fu,MoQ, series than
for the comparable tungstates. Further, the inten-
sities of emission of Eu®* in the dilute region of
the molybdates are about an order of magnitude
weaker than in the comparable tungstates. Since
lattice processes are not dominant in these series,
the differences observed may be attributed to a
smaller binding energy for the Eu®* ions in the
molybdates.

A comparison of the series Cs,sY,;5_,Eu, WO, and
CsgsYy5_,Eu,MoO, (in Fig. 3) shows that the in-
tensity of emission of Eu3* in the molybdate series
is greater by a factor of two than that in the tung-
state series under 3660A excitation. Furthermore,
the contributions of the lattice processes are not
as strongly quenched by increasing Eu®* concen-
tration in the molybdates. These relationships are
also in keeping with a smaller binding energy in
the latter.
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Rather marked changes in the intensity of emis-
sion of Th®* occur on going from the tungstates to
the comparable molybdates. A comparison of Fig.
2 and 5 shows that at 77°K Li, ;Tb, ;WO, is twenty
times brighter than LiyzTb,;Mo0O,, and Csy;Tbg
MoO, is sixty times brighter than Cs;;Tb, ;WO,.
These changes are much larger than those observed
for Eu* (1.5 and 10 respectively). The pronounced
changes observed for Tb®* are consistent with the
weaker coupling of its f-electrons to the environ-
ment (15). This is also indicated by the slope of
three obtained for the Csy;Y,;_,Tb,MoO, series.
The ability of Tb3* to derive energy from lattice
processes increases with its concentration. The oppo-
site is true for Eu®* which is more strongly coupled
to the environment. As previously indicated, increas-
ing the concentration of Eu?* in the Csy Y, . Eu,
WO, series (above x = 0.1) results in a reduction in
the contribution of lattice processes to the emis-
sion of Eu3+.

The M,y;*Y,. .Eu, WO, series—Figure 4 pre-
sents a comparison of the intensities of emission of
the members of the series My ;tEu,;WO, and M, ;"
Y, .Eu,; WO, under 3660A excitation and excita-
tion from the 2537A Mineralight. The intensity
data are plotted against 73 for the variable ion
as in Fig. 1. There is an approximately logarith-
mic dependence of brightness on r° for the M, *
Eu, ;WO, series under 3660A excitation, but not for
the M,;*Y, Eu, WO, series. The relatively high
intensity for the Csy5Y,u, WO, composition is,
at least in part, due to enhancement of Eu®** emis-
sion by lattice processes as discussed in connection
with Fig. 2. The large increases in relative bright-
ness for Eu®t in this and the comparable Rb com-
position under excitation from the 2537 Mineralight
are due to an increase in lattice processes. This re-
sults from exciting the host structures within their
continuous absorption regions. Lattice processes do
not appear to enhance emission from Eu3t in the
Li, Na, and K compositions of the Eu,, series.

In the M,,*Eu, WO, series enhancement of
emission due to lattice processes does not appear
to occur under 3660A excitation. However, it does
under excitation from the 2537 Mineralight.2 In both
the Eu,; and Eu,; series the contributions of lattice
processes to the emission of Eu®t are seen to de-
crease with decreasing r3.

The fact that the intensities of emission of the
several compositions of the M, ;*Eu, WO, series
under 3660A excitation come close to falling on the
same line might be considered coincidental. A num-
ber of structure changes occur in this series (4)
and self-quenching effects are quite strong for the
Li and Na compositions. However, the above rela-
tionship follows a definite trend for brightness to
decrease with increasing electron-electron repul-
sion between Eu?* and its neighboring oxygen ions.
In each composition of this series, Eu3* essentially
determines its own site size. Hence, the interaction
distance of Eul* with its surrounding oxygens is

2The relatively constant brightness of Eus+ for this series under
excitation from the 2537 Mineralight was formerly (4) attributed
to excitation within the continuous absorption region of Fu+. How-

ever, such an explanation is not consistent with the variations in
the x = 0.1 series.
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in part determined by the ability of the alkali metal
ions present to polarize the WO,2~ anions towards
themselves. This ability decreases as the radius of
the alkali metal ion increases. The polarization of
the WO,2~ anions toward the Eu®* ijons and the
effects of the interactions that occur between Eu®*
ions on their coupling to the environment seem
to be more important than structural considerations
in determining brightness in the Euy g series. Since
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the interactions between Eu®* ions are not effective
in the dilute materials, structural factors are of in-
creased importance in the x—0.10 and 0.01 series.

Comparisons-vs. 1r3.—Figure 5 provides a com-
parison of the dependences of the intensity of emis-
sion of Th®* and/or Eu?* on 13 for the variable ions
in the series M, *Euy,;MoO,, M, +*Tb, WO, M,;*
Tby sM00O,, and M,;*Tb, Eu,(;MoO, under 3660A
excitation. The data for the Mo, ;*Eu,;MoO, series
show a dependence on r® that may be considered to
be similar in character to that for the comparable
tungstates under excitation from the 2537 Min-
eralight (Fig. 4). This is due to the absorption edges
of the molybdates lying in the 3400-3600A region.
It is readily seen that the intensity of emission of
Tb®* in the tungstates follows the trend of the series
M, 5 +Euy s WO, (and of the members of the My s+ Eu, 4
MoO, series which have the smaller values of 73)
while that for Tb?* in the molybdates follows the
trend of the members of the M, *Eu, ;MoO, series
which have the larger values of 3. These relation-
ships show that the coupling of the rare earth ion
to the host structure (as determined by the binding
energy, polarization, and concentration effects) is
the dominant factor controlling the intensity of
emission of Th3* (as well as that for Eu3*) in the
tungstates. In the molybdates, (the coupling of Th?+
being considerably weaker) the contributions of lat-
tice processes are dominant for the entire series.

The data for the M5t ThyssEug osM0O, series of
Fig. 5 show that energy acquired by Tb®*+ can be
transferred to and emitted by Eu®* in the molyb-
dates as well as in the tungstates (19).

Temperature Dependencies

The data for the M, ,Tb,.MoO, series of Fig. 5
are plotted for 300°K as well as for 77°K. It is ap-
parent that the intensity of emission of Tb3+
under 3660A excitation increases by a factor of ap-
proximately 25 on going from 300° to 77°K. The
comparable factor ranges from 1.0 to 3.0 with in-
creasing 7% in the tungstate series. The difference in
the temperature dependence of the two series is due
to a difference in excitation processes. Lattice proc-
esses are not dominant in the tungstates, but they
are in the molybdates. Hence, the degradation of
excitation energy by interaction of excited states of
the host structure with the phonon spectrum can
greatly diminish the availability of energy to the
Tb3+ ions in the molybdates. Lowering the temper-
ature reduces competition from this source and,
consequently, increases the availability of excitatior
to Th3*. The effect of temperature on the intensity
of emission of Eu* in the comparable molybdates
is much smaller. This may be associated with the
stronger coupling between Eu®* and the host struc-
ture.

Summary
Employing a hard sphere ionic model, the inten-
sity of emission of Eu®* has been shown to vary
with its electrostatic binding energy in the tung-
states which have the scheelite structure when the
Eu®t is present in low concentrations, A relatively
direct comparison of the effects of charge induced

INTENSITIES OF EMISSION OF Eu®* & Tb** 51

polarization of the anionic groups on the binding
energy of Eu?* and Tb®* has been obtained for
tungstates and molybdates which have similar
structures. The ions, Mof*+ and WS®*, have equal
radii and, hence, the substitution of one for the
other can be made without changing structure, ion
size, or charge type. However, the MoO,~ groups
are more polarizable than the WO,2~ groups. An
increase in electron-electron repulsion between the
oxygens and their neighboring rare earth ions in
the molybdates (due to a greater charge induced
polarization) reduces the coupling of Eu®* or Tb®*
to their surroundings. Increasing the concentration
of Eu+ or Tb?* acts to increase the ease with which
these ions interact with each other and with the
surroundings. This can result in self-quenching, an
increase in emission per Eu?* or Tbh3* ion with con-
centration, or the quenching of lattice processes.
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Properties of Twin Boundaries in Silicon

H. J. Queisser

Shockley Transistor, Unit of Clevite Transistor, Palo Alto, California

ABSTRACT

Twin boundaries in a crucible-grown silicon crystal are investigated. A
specimen was found to contain both low-energy boundaries in (111)-planes
and high-energy boundaries in (221)-planes. This structure resulted from
simultaneous twinning on the four lower octahedral planes during pulling
along a [100]-growth axis. P-n junction diodes show “soft” reverse character-
istics at the high-energy boundaries. This is attributed to precipitates. Neither
preferential “softness” nor precipitation is detected on the (111)-boundaries.
Neither boundary gives any enhancement of impurity diffusion.

Structural imperfections are of importance for
performance and reliability of solid-state devices.
One particular two-dimensional imperfection in a
crystal is the twin boundary. Presented in this
paper are some investigations concerning twin
boundaries and their influence on structure and
behavior of silicon devices.

Twinning is a phenomenon frequently observed
in silicon. Several papers have dealt with the crys-
tallographic structure of twin boundaries (1-6).
The most common boundary between two twins
lies in a (111)-plane. Figure 1 shows a model of
this boundary, which is often called “first-order”
or “coherent” boundary. It is seen that the two
grains are mirror images of each other. No disloca-
tions, broken or distorted bonds are required for
this boundary. It is obvious from Fig. 1 that the
atoms at the boundary violate only second-nearest
neighbor relations. Therefore, it is plausible that
the energy to create this twin boundary must be

Fig. 1. Coherent, low-energy twin boundary in the diamond
lattice. Boundary plane is mirror plane, it is (111)-plane for both

grains. Common [101]-direction goes into paper.
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low, hence the frequent occurrence of this twin
boundary.

Besides this low-energy fault, there are several
other possible boundaries with higher energies,
often generally categorized as “incoherent” or
“high-order” twin boundaries. Kohn (1, 2) and
Hornstra (3) have discussed these boundaries in
detail. One particular type of boundary will be of
interest for our investigations. This structure is
called “second order twin join” by Kohn (2). Such
a “join” is the interface between two grains (*in-
dividuals”) which are in nonparallel first-order
(111)-twin relations to a third individual. Kohn
shows that three such second-order joins exist in
the diamond lattice. He does not discuss the struc-
ture of these joins in terms of dislocations. Horn-
stra (3), on the other hand, maintains that all twin
boundaries are only special cases of generalized
grain boundaries, which are formed by regular ar-
rays of dislocations.

This paper reports various measurements made
on an unusual, twinned silicon crystal. The speci-
men showed very regular boundaries; both the
coherent (111)-boundary and a second-order join
were found within otherwise perfect crystalline
material. Thus the crystal was particularly suitable
for investigations of the two different kinds of
boundaries. In the following, we shall first describe
the structure of the sample and speculate about the
causes of its peculiar growth. Measurements con-
cerning electrical properties as well as precipitation
and diffusion will be discussed next. Comparison
with the structural models and some implications
concerning p-n junction behavior at these bound-
aries conclude this paper.

Experimental

Description of the samples—A silicon single
crystal was grown with a [100] pull axis, utilizing
the Czochralski technique (6, 7) with a quartz
crucible. Some uncontrolled interference during
the early stages of the growth process resulted in
simultaneous twinning on the four lower octra-
hedral (111)-planes. This gave four coherent twin-
boundaries propagating toward the axis as the pull-
ing proceeded.
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Fig. 2. (a), Sketch of silicon crystal with grown-in twin bound-
aries; (b), cross sections of crystal at different growth levels.

Fig. 3. Photographs of crystal slices with twin boundaries, cor-
responding to drawings of Fig. 3.

Figure 2 (a) illustrates this situation. As the four
boundaries moved inward, four new boundaries
were created. These are the interfaces between two
adjacent twins, each of which is in a coherent twin-
relation to the original crystal. We thus have
created! four second-order joins, using Kohn’s ter-
minology (1, 2). The coherent boundaries vanish
after meeting at a common point on the crystal
axis. The four high-energy joins are left “locked”
into the crystal. Figure 2(b) further illustrates this
development by showing the cross sections of slices
at different levels of the grown crystal. Figure 3
shows photographs of lapped slices, corresponding
to the drawings of Fig. 2(b).

The growth of this unusual crystal was acciden-
tal. The unique character of the sample was not
discovered until after slicing of the crystal boule.
It may be speculated that a temperature shock or

1 This is an experimental verification of Xohn’s idealized drawing;
see Fig. 4 of ref, (1),
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Fig. 4. Structure of the (221)-type second-order twin join after
Kohn (1,2). A and B refer to the two individuals of the twin. Bonds
are distorted at points d and b. [Reproduced from ref. (2), courtesy
of Mineral. Soc. of America].

an inadvertent sudden contamination of the melt
led to the simultaneous twinning (6). Such simul-
taneous twinning had frequently been found after
deliberate introduction of “alloying mixtures” (8)
into silicon melts. Although this seems a likely ex-
planation, our data as well as those in the literature
(8) are not sufficient to permit a conclusive state-
ment.

The crystallographic evaluation of the slices was
done first, roughly, by observing the slip patterns
introduced by boron-diffusion (9). A complete
evaluation was then done with x-ray techniques.?
It was established that the initial twinning occurred
along (111)-planes. The second-order joins were

found to be of the (251)-(521) type. Both Kohn
(1, 2) and Hornstra (3) give models for this type
of twin boundary. Figure 4 is a reproduction of
Kohn’s proposal. It shows a zig-zag discontinuity
with a resulting direction along (251) of twin in-
dividual A and (221) of individual B. Arrays of
nets with consecutively five and seven atoms are
formed. No “dangling bonds” are necessary, but,
as shown in the sketch, some bonds have to be dis-
torted. Kohn does not speak of dislocations forming
this boundary. Hornstra (3) derives a structure
identical to Fig. 4, but discusses it in terms of a
closely spaced zig-zag array of dislocations. He
presents an alternative model for this second-order
twin, which consists of overlapping double disloca-
tions. This model is shown in Fig. 5.

Electrical Properties

Slices from the crystal were cut perpendicular to
the pull axis. They were then lapped and finally
polished with Linde A. The average electrical re-
sistivity of the specimen was 1.5 ohm-cm, p-type.
The doping element was boron.

Photoscanning measurements (10) were done
with a light spot of 25x diameter. Such measure-
ments can give useful information about magnitude
and type of conductivity of boundaries in semicon-
ductors. For example, germanium grain boundaries
show photovoltages of a polarity which are thought

2 We are very much indebted to Mr. William R. Cook of the Elec-

tronic Research Division, Clevite Corporation, Cleveland, Ohio, who
kindly performed these investigations.
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(221), 1(221)g

Fig. 5. Alternative structure of (221)-type second-order twin
boundary after Hornstra (3), assuming double dislocations. (Re-
production by courtesy of “Physica.”)

Fig. 6. Etched mesa-diodes on slice with different twin boundaries

to reveal the acceptor character of the dangling
bonds in the boundaries. In our experiments, no
photovoltage was measurable on either type of twin
boundary (limit of detection about 10-%v). Con-
clusions from this result should be drawn with
caution, since boundaries in silicon seem to show
photoeffects different from those in germanium
(11). However, the absence of a photoresponse on
the high-energy boundary indicates that this bound-
ary is probably not made up of dislocations with
dangling bonds. The lack of a photoresponse on the
“coherent” twin boundary is to be expected from
its small lattice disturbance.

P-n junction diodes were produced by diffusing
phosphorus from a P,0Os; source into the slices at
950°C for 1 hr. Mesa diodes were etched by means
of wax masking techniques. Care was taken to ob-
tain as many mesas as possible that included the
boundaries. Figure 6 shows photographs of the
mesa diode arrays on two slices. The (221)-~bound-
aries are perpendicular to the plane of the p-n
junction, whereas the (111)-boundaries intersect
the junction at an angle of approximately 55°.

The properties of the p-n junctions were investi-
gated by measuring the reverse characteristics of
the diodes. The mesas are classified as either regu-

Table 1. Evaluation of diodes with and without twin boundaries

1 ma
~100 “‘soft,”
pa, % pa, % pa, % %

<1 pa
Reverse current at 90% “hard,” ~1 ~10
of breakdown voltage %

Diodes on (221) boundary 30 — 21 10 39
Diodes on (111) boundary 100 e —_—
Regular diodes 83 3 11 — 3
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Fig. 7. Reverse characteristic of a soft diode on a (221)-bound-
ary, exhibiting the V7"-dependence of current on voltage which is
typical for metal precipitates (8).

lar or containing the coherent boundary or the
second-order join. A distinction in junction be-
havior is made by calling a junction “soft” or
“hard.” “Softness” (13) means that before ava-
lanche breakdown is reached, a comparatively large
(in our case > 1 ma) reverse current is flowing
through the diodes. This “softness” is an undesir-
able feature and usually constitutes a device failure
mechanism.

Some typical results are shown schematically in
Table I. It is seen that diodes on the coherent
boundary were in all cases hard, as were most of
the devices on the regular material. On the other
hand, the diodes, which incorporated the high-
energy boundary, show a higher percentage of
softness. The reverse currents for these diodes were
definitely higher than the average for the slice.
From this set of measurements and similar ones
on other slices we conclude the following. P-n
junctions which incorporate a high-energy twin
boundary are very susceptible to softness. Coher-
ent boundaries do not have such a deleterious in-
fluence.® It is probable that the softness has been
caused by metallic impurities in precipitated form
(13). Detailed measurements of soft reverse char-
acteristics support this hypothesis. Figure 7 shows,
that the reverse current has a voltage dependence
of approximately V35, This is a dependence typical
for metal precipitates (13). “Gettering” with
glassy oxide layers is known (13) to harden such
soft devices. Some diffusion runs under these get-
tering conditions yielded hard diodes on the (221)-
boundaries as well. This proves that the softness is
not caused by the structure of the boundary itself.
By copper decoration and infrared microscopy

3 E. Billig and M. S. Ridout, ref. 12 [Nature, 173, 496 (1954)] have

also shown that coherent boundaries in germanium have no detri-
mental effects on electrical properties.



Vol. 110, No. 1

techniques (14) it was found that there is a tend-
ency for preferential precipitation along the (221)-
boundaries. No decoration was found on the (111)-
twin boundary, in accordance with previous re-
sults (15). It is thus very likely that the difference
in precipitation behavior explains the different sus-
ceptibility for softness of p-n junctions.

The forward current-voltage characteristics of
diodes on high-energy boundaries show one peculi-
arity. These diodes obey a relation between cur-
rent I and voltage V of the form

I =1, [exp (qV/AKT) — 1] [ 1]

where g is the electronic change, kT the Boltzmann
constant times absolute temperature, and I, a fit-
ting parameter. Theory predicts (16) the param-
eter A to take values between 1 and 2, but these
diodes show A-values of about 3. Similar deviations
in the forward characteristics have been found
with silicon solar cells; one hypothesis offered to
explain these anomalies on solar cells involved the
assumption of precipitates (17). The results on
these twin boundary diodes thus seem to substan-
tiate this hypothesis. Preliminary results, obtained
in this laboratory with small angle grain bound-
aries, also indicate high A-values in connection
with precipitates.

Diffusion along Twin Boundaries

Coherent twin boundaries are reported to show
no anomalies for impurity diffusion (18). Several
control experiments were performed with the sili-
con twin crystal described here. The techniques of
previous grain-boundary investigations (19) were
applied. No enhancement was found. Again, in view
of the smallness of the disturbance which is intro-
duced by the coherent boundary, this negative re-
sult is not surprising.

It is, however, not immediately obvious what
kind of diffusion behavior should be anticipated at
the high-energy second-order twin boundaries. If
one considers these boundaries as being closely re-
lated to the artificially grown symmetrical grain
boundaries, one should expect a diffusion enhance-
ment similar to the one observed on the latter
structures (19). It is, however, important to con-
sider the strain field built up by the boundary, since
the Cottrell-attraction of the dislocations has been

Fig. 8. Diffusion front at (221)-twin boundary. No evidence for
diffusion enhancement.
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shown to be a decisive factor for the diffusion en-
hancement at grain boundaries (19). Twin bound-
aries can be regarded as symmetrical grain bound-
aries with distinet angles of misfit. The grain
boundary energy has minima at these angles (20).
This means that the strain field must fall off more
rapidly with distance from the boundary than for
grain boundaries with a slightly differing angle of
misfit. The “dislocation structure” of the twin
boundary must be such that the strain fields of the
very closely spaced dislocations almost cancel each
other. In this case, one should expect a compara-
tively smaller diffusion enhancement, assuming
that the Cottrell-attraction is the basic mechanism
for the faster diffusion. In view of this unresolved
situation it is of general interest to explore the
structure of high-energy boundaries by making
studies of impurity diffusion.

Several diffusion runs were performed with
slices containing (221)-boundaries. A typical re-
sult is demonstrated in Fig. 8 which, shows a beveled
and stained (19) section of a slice which was dif-
fused for 1% hr at 1050°C with a PyOs5 source. The
p-n junction is indicated by the staining, the n-type
diffused top layer appears light. The (221) twin-
boundary is made visible by preferential etching,
and appears as a dark vertical line. No diffusion
“spike” (19) is observed. Thus there is no detect-
able diffusion enhancement.

Control runs were made with several other slices.
By beveling at various angles possible diffusion en-
hancements in other crystallographic directions
would have been detected. However, no such ani-
sotropy was found; a spike was never observed. We
thus conclude that under these diffusion conditions
there is no detectable enhancement for substitu-
tional impurity diffusion at the (221)-second-order
twin boundary.

Conclusions

It has been shown that coherent (111)-twin
boundaries in silicon have no unusual diffusion
properties nor influence on p-n junction behavior.
They appear indistinguishable from regular crys-
talline material.

High-energy (221)-boundaries show a tendency
for precipitation of impurities. This precipitation
can induce softness in p-n junction diodes. The for-
ward characteristics seem also to be influenced by
precipitates. These twin boundaries do not enhance
the diffusion of substitutional impurities. In this
respect they differ strikingly from artificially grown
grain boundaries which show strong diffusion en-
hancement.

The absence of photoresponse on either bound-
ary type indicates that dangling bonds are unlikely.
This is also substantiated by the fact that ‘“hard”
diodes are possible on uncontaminated boundaries
which means that the grain boundary is not a good
conductor. It can be summarized that the direct
electrical effects on the “high-energy boundaries”
are much weaker than expected (2, 4).

These results indicate that silicon devices should
not be impaired by coherent boundaries. Similarly,
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only small direct effects should result from the
stacking faults on (111)-planes, which have re-
cently been detected in epitaxial silicon (21, 22),
since stacking faults are closely related to twins
(4-6). The incoherent boundaries would be harm-
ful for devices, but mostly indirectly through the
action of impurity precipitates.
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Arsenic Purification by Crystal Growth from the Melt

L. R. Weisberg and P. R. Celmer!

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey

ABSTRACT

Large arsenic crystals can be grown from the melt quite simply in sealed,
heavy wall, transparent fused quartz ampoules by the Bridgman technique.
Emission spectrographic analysis indicates that all detected impurities segregate
to the ends of the crystals. Wet chemical and radiotracer analysis show sulfur
to be deposited on the surface of the crystal and the inner quartz walls, with
little entering the bulk of the crystal. Arsenic with a spectrographically deter-
mined purity exceeding 99.9999% has been prepared by this relatively simple

procedure of crystal growth.

In recent years, considerable attention has been
directed toward the purification of arsenic because
of its use in the synthesis of semiconducting com-
pounds such as GaAs and InAs. In general, the pro-
cedures have involved either the preparation and
purification of arsenic compounds such as AsCl; (1),
AsHj; (2), and As;O; (3) followed by reduction to
the element, or else sublimation of arsenic by differ-
ent methods (4-6). However, the very effective
techniques of directional freezing or zone refining
have not been previously applied to arsenic because
of its high pressure of 36 atm at the melting point
of 814°C (7). In this work, it is found that large
arsenic single crystals (8) can be grown from the

1 Present address: Material Electronic Products, Inc., Trenton,
New Jersey.

melt simply by the Bridgman technique by using
heavy wall quartz tubes as growth ampoules. Evi-
dence is adduced that impurities segregate effec-
tively during this directional freezing, resulting in
the preparation of very high purity arsenic (9). An
abbreviated description is also presented of attempts
at zone refining arsenic.

Experimental Procedure

To prepare the arsenic crystals, a two-sectioned
transparent fused quartz vessel was used, consist-
ing of a 7 mm bore quartz tube with a 3 mm wall
and about 25 em long, connected to a standard wall
quartz tube of 16-18 mm bore, and 20 cm long. The
free end of the heavy wall quartz was drawn out
into a small sealed tip to facilitate seeding of single
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Fig. 1. Two single crystals of arsenic grown from the melt: (a)
showing a cleaved section and facets at the tail end, and (b) an
entire single crystal.

crystals at the bottom portion of the growth am-
poule. The large bore tubing, in which were placed
20-30g of small pieces of metallic arsenic, was con-
nected to a vacuum system, and the vessel was evacu-
ated to a pressure below 10—° torr. After removing
the arsenic surface oxides by heating the entire
quartz vessel during evacuation to 325°C for 1 hr,
the large bore tube was sealed under vacuum, The
arsenic was then sublimed from the large bore tube
into the heavy wall section, which was, in turn,
sealed and separated from the large bore tube, thus
forming the growth ampoule.

The vertical growth furnace was constructed
especially to provide a uniform temperature. The
furnace was 18 in. long and had a center section 12
in. long wound with Nichrome ribbon in four sec-
tions, each separately controlled by a 1 amp auto-
transformer. These were adjusted to produce a tem-
perature of 840°C, constant to within 5°C over a
region 9 in. long. To grow the crystal, the growth
ampoule was raised into this region so that the ar-
senic melted under a pressure of 60 atm, and then
was lowered out of this region at a rate of 1 cm/hr.
A total of 35 crystals was grown by this procedure
without a single explosion. One of the ampoules was
heated safely to 910°C representing a pressure of
over 100 atm, corroborating other observations con-
cerning the bursting strength of quartz (10).

Subsequent to growth, the arsenic crystals were
removed by carefully cracking the ampoule. The
crystals were silvery and lustrous, and their grain
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structure was visible in the as-grown condition.
Facets were always evident at the tail end of a
crystal, as shown in Fig. la, and may have been
present because the final portion of the ingot grows
from the vapor phase since over half a gram of
arsenic occupies the vapor phase. The crystals could
be cleaved fairly easily, usually at an acute angle to
the longitudinal axis of the crystal. A typical
cleaved section is shown in Fig. la. The horizontal
markings on the cleaved section appear to be steps
on the surface. A second single crystal of arsenic is
shown in Fig. 1b.

The segregation of impurities in these crystals
was observed mainly by emission spectrographic
analysis. Samples for analysis were removed with-
out metallic contamination by wrapping the crystal
in filter paper, laying it on a metal plate, cleaving
the crystal with a hammer blow, and collecting
small chips of arsenic that were separated from the
bulk. The emission spectrographic analysis, carried
out each time for 37 elements, was semiguantitative
and accurate to within a factor of three. One of the
main impurities in arsenic is sulfur, which is not
detectable in low concentrations by the emission
spectrograph. The sulfur concentration was deter-
mined by either a chemical analysis sensitive to 0.5
ppm by weight (11), or else radiotracer techniques
in which sulfur (S%) was added to the ampoule in
either an elemental or compound form.

Results

Metallic impurities.—To investigate the general
segregation properties of impurities in the arsenic,
a low-purity source of arsenic was used. The im-
purity segregation in a typical crystal grown from
this arsenic is shown in Table I. The samples from
the “Front” (or bottom) and ‘“Tail” (or top) were
removed from the very tips of the crystal. It can be
seen that almost all the impurities segregate during
growth, with the possible exception of silicon and
magnesium, which might have been introduced from
the quartz. High concentrations of impurities were
always found at the front tip and are attributed to
supercooling followed by sudden freezing of the
melt at the front end, thereby trapping impurities.
The center section of the crystal was always the
purest. The only impurity that segregated com-
pletely to the front ends of several other crystals
was aluminum, and is therefore believed to have a
segregation coefficient >1.

Crystals were also grown from high-purity ar-
senic with care taken to avoid contamination. The
arsenic, purchased from the American Smelting and
Refining Company, had the following spectro-
graphically detected impurities (in ppm by weight):
Mg (0.1), Si (0.3), Cu (0.3), and occasionally Sb
(1). In initial tests, it was found that, when the

Table I. Impurity segregation in a crystal of low-purity arsenic

Sample Impurity concentration, ppm

position Ni Pb Mn Sb Ga Bi Ag Fe Cu Si Mg
Front — —_ —_ —_ — — 10 1 10 0.3 0.1
Center — — — — — — 1 — 1 10 1
Tail 3 10 3 10 30 30 100 100 300 3 1
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Table Il. Impurity segregation in a crystal of high-purity arsenic grown in a quartz ampoule etched with HF or with a carbon film

With carbon film

Impurity concentration, ppm
With HF etch

Sample

position Si Mg Cu Sb Pb Ag Fe Si Mg Cu Sb Pb
Front <0.1 <0.1 3 — — 3 — 10 <0.1 — — —
Center <0.1 0.1 — - — — — — <0.1 —_ —_— —
Tail 3 0.3 10 30 1 30 1 0.1 0.1 30 10 10

ampoule was treated with only aqua regia, the crys-
tals were contaminated with 1-10 ppm of silicon.
This contamination was successfully avoided by
coating the inside of the growth ampoule with an
adherent carbon film produced by cracking acetone.
However, it was found that the contamination could
also be eliminated by merely treating the growth
ampoule with hydrofluoric acid for 20 min before
the usual aqua regia treatment. This latter method is
preferable since it avoids the possibility of carbon
contamination. Impurity concentrations in a typical
arsenic crystal grown by each method are given in
Table II. It can be seen that the purity of the arsenic
at the center exceeds that of the starting material.
Furthermore, the concentration of impurities at the
tail end of the crystals reveals the presence of im-
purities not detectable in the original arsenic. In
almost all arsenic crystals, antimony, lead, and occa-
sionally silver were detected at the tail ends.

As further evidence of the high purity of the
crystals, InAs has been prepared with such arsenic
with a mobility of 62,000 cm? v—! sec—! at 78°K
which is among the highest values yet achieved (1,
2,12). It is believed that with arsenic of this high
purity, the mobility of the InAs is limited by im-
purities either in the indium or else introduced dur-
ing growth.

Sulfur.—Six crystals of arsenic were grown to
determine the segregation behavior of sulfur in
arsenic. Four crystals were grown with high-purity
arsenic, of which three were doped with elemental
sulfur in quantities of 1, 20, and 50 ppm, and one
was doped with 13 ppm of ZnS, all containing known
quantities of radioactive sulfur (S%%). The high-
purity arsenic used was found to initially contain
<1 ppm of sulfur by chemical analysis. In addition,
two crystals were grown from a low-purity source
of arsenic that contained 6 ppm of sulfur. The con-
centration of the sulfur along these two crystals was
determined by wet chemical analysis.

The distribution of the radioactive sulfur was
determined by two procedures. First, a scan was
made of activity wvs. crystal length by translation of
a Geiger tube and slotted aluminum plate along the
crystal. In the second procedure, the sulfur was
separated chemically from the arsenic as a precipi-
tate of BaSO,, and the activity of the precipitate
was determined using a 2» windowless proportional
counter, applying appropriate control tests.

The concentration of the sulfur was determined
both according to its penetration into the surface
and its longitudinal distribution. To determine the
former, the arsenic crystals were progressively
etched in a 1:1:1 solution of HC1, HNO3, and H,O.
After each etch, the sulfur concentration in the etch

solution was counted, and in addition, the crystal
was scanned with the Geiger tube before and after
the etching. Longitudinal distributions were deter-
mined both from scanning and from radiotracer and
chemical analysis of pieces of arsenic removed from
the bulk of the sample after removal of the surface.

The results of all the experiments were essen-
tially identical and are typified by the scanning data
shown in Fig. 2. It can be seen that the initial sulfur
concentration along the ingot is very erratic. How-
ever, most of this sulfur is in the surface, since re-
moval of the first 0.005 in. of the surface reduced the
activity by an order of magnitude, and further etch-
ing had little effect. For these samples, less than 1
part in 10% of the total sulfur entered the bulk of
the crystal. Examination of the quartz ampoule with
a Geiger counter revealed that roughly half of the
sulfur was imbedded in the quartz walls, and the
other half was on the surface of the crystal. Finally,
it can be seen in Fig. 2 that after the surface was re-
moved the sulfur concentration was highest at both
the front and tail ends of the crystal, which is similar
to the segregation of metallic impurities.

Similar results were obtained from the crystals
grown from the impure arsenic having 6 ppm of
sulfur. After the surface was removed by etching,
the crystal weighing 19.6g and therefore containing
118 ug of sulfur previous to growth was broken into
five sections, and the sulfur concentrations were
determined by wet chemical analysis. The data are
shown in Table III. Again, the sulfur concentration
is high at the two ends. However, Table III again
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Fig. 2. Distribution of radioactive sulfur along an arsenic crystal
before and after removal of the surface.
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Table 1. Sulfur distribution in on arsenic crystal

Fractional distance

along crystal Sample weight, g Sulfur weight, ug

0.1 3.7 9
0.3 4.0 <2
0.5 43 2
0.7 4.6 <2
0.9 3.0 32

demonstrates that only a fraction of the sulfur en-
tered the bulk of the crystal. In fact small red dots
were observed inside the front tip of the growth
ampoule, and these dots were found to contain 5 ug
of sulfur, indicating that the red compound As:S;
may have been deposited from the vapor phase.

All of these results are consistent with the follow-
ing viewpoint: When the arsenic is melted, the sul-
fur enters the vapor phase, possibly as an arsenic-
sulfur compound, and is confined above the melt.
However, only after the arsenic is completely solidi-
fied, can the sulfur then travel into the very con-
stricted region between the arsenic crystal and
quartz walls and eventually condense out in roughly
equal portions between the walls and the surface of
the crystal, but in an erratic fashion depending on
surface factors. During the slow cooling of the crys-
tal, the sulfur diffuses slightly into the crystal. Thus,
as expected in a volatile constituent, the liquid-
vapor distribution of the sulfur appears to dominate
the sulfur behavior, rather than the usual solid-
liquid distribution.

In most of the ampoules, a whitish band was ob-
served around the inner wall near the top of the
ampoule after growth. This band was suggestive of
arsenic trioxide and, if so, indicates that melting of
arsenic might help to remove arsenic oxides. To re-
move traces of oxides, in several tests the arsenic
was heated at 700°C in the presence of titanium be-
fore sublimation into growth ampoule, since it was
shown separately that titanium, similar to zirconium
(13), will reduce arsenic oxides. For these tests, the
whitish band was nearly entirely eliminated.

Zone refining of arsenic—The rapid escape of ar-
senic from the melt would be expected to make
horizontal zone refining difficult. Therefore, several
attempts were carried out to zone refine arsenic ver-
tically, since the solid arsenic filling the tube on both
sides of the melt will slow down the rate of escape
of arsenic from the melt. A nine-section vertical
furnace was constructed to be at a uniform tempera-
ture of 800°C along its length, and 820°C at the
center section. The growth ampoule was prepared in
the same way as described previously, and usually
lowered through the furnace at a rate of 1 em/hr.

Five attempts at zone refining were carried out.
In each case, the first pass went satisfactorily; how-
ever, the second pass was never completed success-
fully. In two cases, the ampoule exploded during
the second pass, and in the other three cases the
ampoule cracked and the arsenic rapidly burned.
However, in two of these cases, the cracks in the
ampoule were located as much as 3 and 5 ecm away
from the molten zone. The cause of the ampoule
cracking was concluded to be as follows: After the
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first pass, the arsenic is formed into a solid crystal
almost completely filling the cross section of the
tube. When the second zone is melted, a small
amount of arsenic escapes from the molten zone and
fills the remaining space between the arsenic and the
walls. Then as these regions are heated subse-
quently, the arsenic expands and cracks the tube.
Slowing down the rate of travel by a factor of two
did not solve this difficulty. Because of the efficacy of
arsenic purification by crystal growth, attempts at
zone refining were abandoned. This vertical pro-
cedure of zone refining has been reported to have
been applied successfully to lower vapor pressure
materials (6, 14).

Conclusions

Crystals of arsenic can be grown from the melt by
the Bridgman technique by using sealed heavy wall
(3 mm), transparent fused quartz tubing for the
growth ampoule. Metallic impurities are observed to
segregate effectively toward the ends of the crystals.
The main volatile impurity, sulfur, remains in the
vapor phase until the crystal is solidified and then
deposits on the surface of the crystal and the inner
walls of the ampoule. After removal of the surface
containing sulfur, the center portions of the crystals
are considerably purer than the starting material.
Spectrographic purities exceeding 99.9999% have
been achieved, indicating that crystal growth from
the melt is a relatively simple, yet highly effective
purification procedure for arsenic. Attempts at zone
refining arsenic were not successful.
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Zone Refining of Gallium Trichloride

Radiochemical Method For Determining thé Distribution of Components in a Column and

Its Application in Analyzing the Zone Refining Effectiveness in Purifying Gallium Trichloride

Werner Kern

ABSTRACT

This paper describes a nondestructive radiotracer method for determining
the distribution of components in a column of material. It is used to determine
the effectiveness of zone refining purification of gallium trichloride in a sealed
system. In this new analytical technique, gamma emitting radioisotopes are
added to controlled amounts of specific impurities which are then equally dis-
tributed throughout the gallium trichloride ingot. A scintillation counter in a
specially designed shield measures the tracer radioactivity as a function of
ingot distance before and after zone refining treatments. Some of the radiotracer
analyses are complemented by emission spectrographic experiments. Effective
segregation coefficients are determined for zinc, iron, manganese, sodium, cop-
per, nickel, aluminum, and magnesium at concentrations of 0.01-40 ppm and are
shown to range between 0.02 and 0.5. Recommendations for purification on a

Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey

production scale are made,

Zone refining of gallium trichloride is now an im-
portant intermediate purification process in the
preparation of high-purity gallium (1). During the
developmental and production phases of this process,
quantitative impurity-segregation data were re-
quired to evaluate various types of zone refining.
This paper describes a radiotracer method which
was developed to supply this information.

Because gallium trichloride is a highly reactive,
corrosive, and hygroscopic chemical which must be
processed in all-quartz apparatus, a nondestructive,
sealed-system analysis is particularly desirable.
The method developed meets these requirements
fully. Controlled quantities of radioactive impurity
tracers were added to a gallium trichloride charge.
The radiation emitted from the ingot was then meas-
ured as a function of ingot distance before and after
zone refining. Massive lead shields minimized back-
ground radiation from the ingot which was sealed
in a quartz tube. A gamma-scintillation counter was
used as the radiation detector, in conjunction with
a count-rate meter and a scaler. The resulting radio-
activity data were then evaluated in terms of effec-
tive segregation coefficients and purification effi-
ciency factors.

This nondestructive method of analysis can be
applied readily to other similar problems. For ex-
ample, we have used it to determine the distribution
of radioactive adsorbates in chromatographic and
ion-exchange columns in purification studies.

Experimental

Preparation of columns for zone refining.—As
shown in Fig. 1, flat-bottomed tubes of fused silica

having 1.2 cm inside diameter and 30 cm length were
sealed to a quartz distillation apparatus. A small
volume of aqueous solution which contained the
trace element was introduced in the cleaned tube and
vacuum-evaporated to dryness. The solutions con-
tained 0.05-0.5 millicuries of radioactivity in the
form of either Fe’Cl;, Zn%Cl,, Mn%Cl,, or Na?2Cl

The iron deposit was specially prepared to prevent
hydrolysis during evaporation. A Fe%C]; solution was
adjusted to a concentration of 6N HCI and extracted
with diethyl ether. These ether extracts were then
chilled in liquid nitrogen, freed from the ice by
filtration, and introduced in the zone refining tube
before evaporation of the solvent.

Columns for combined spectrographic and radio-
chemical analyses were prepared with solutions con-
taining 10 ppm of each element in the form of AICl;,
CuCl,, NiCly, MgCl,, PbCly, and MnCl,. Controlled
quantities of Mn%Cl, and Fe%*Cl; were added to
these solutions as tracers. The apparatus which con-
tained the zone refining tube and the impurity de-
posit was then evacuated and filled with purified
chlorine gas to a pressure of 1 atm. The break seals
were opened, and a predetermined quantity of gal-
lium trichloride was distilled from the storage con-
tainer into the zone refining tube which was then
sealed. The contents were dissolved and mixed by
repeated melting and rapid freezing so that the im-
purity solute was uniformly distributed throughout
the gallium trichloride charge.

Zone refining.—The Fisher zone refiner used was
designed for automatic upward, downward, and
horizontal pass-cycling. Nichrome ribbon looped
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Fig. 1. Quartz apparatus for preparing the radiotracer zone re-
fining columns.

around the tube and connected to a pair of terminals
on a movable carriage served as the resistance-heat-
ing element. No means of stirring the melted zone
was applied other than natural convection in the
liquid. The melted zone section was quickly resolidi-
fied by a blast of room temperature air from a ring
mounted behind the heater. The length of the melted
zone was kept constant at one-tenth the total ingot
length by close control of the heater power supply
and the distance between the heater and the air
blast. Zone travel velocities of 0.50, 1.0, and 2.0 in./
hr were used. These travel rates were regulated by
adjusting the movement of the heater with a timer-
controlled variable-speed motor. Radiation meas-
urements were usually conducted after each pass.
Up to five consecutive passes were applied for a
given set of experimental conditions.

Transport of the gallium trichloride by the molten
zone was minimized to maintain the uniform charge
thickness essential for the subsequent analytical
evaluation. Material transport of this type is caused
by density changes during melting and can be
eliminated during horizontal zone refining by tilt-
ing the ingot container slightly (2).

Radiation measurement.—A thallium-activated
sodium iodide erystal served as the gamma-radiation
detector. The photomultiplier pulses were passed to
the amplifier of a scaler assembly and to a count-
rate meter with four-linear ranges. As shown in Fig.
2, the radiation detector was shielded from the zone
refining tube by a 6 or 8-in. layer of lead bricks
which were positioned to form a 6 or 10 mm slit
above and across the center of the detector. The lead
thickness required to minimize background radia-
tion from the zone refining column and still maintain
a sufficiently high tracer counting rate was deter-
mined experimentally from graphs which showed
the radioactivity of standard sources as a function
of distances from the slit under various shielding
conditions.
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Fig. 2. Apparatus for radioactivity measurements of zone re-
fining columns.

Two types of radiocounting techniques were em-
ployed; the first was a dynamic technique based on
automatic scanning, and the second a static tech-
nique based on section counting.

In the radioscanning analysis, the columns were
pulled slowly by a variable-speed motor across and
perpendicular to the slit. A thin-walled glass tube
was used as a guide canal for the column. Ingot pro-
files of radioactivity as a function of column dis~
tance were obtained by automatic plotting of the
counting rates on a calibrated and synchronized
strip-chart recorder. Suitable radioactivity stand-
ards and background scans were included on these
charts before and after scanning of the column.
Typical profiles for an ingot after 0, 1, and 3 passes
are shown in Fig. 3.

The static counting technique was used for ac~
curate analyses and low-level radioactivity meas-~
urements. In this technique, the column was posi-~
tioned so that a single section could be counted until
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Fig. 3. Automatic radioactivity scanning profiles of activity vs.
ingot distance for an ingot after 0, 1, and 3 zone-passes (n);
radioactivity calibration standards [1,2,3,4] are also shown.



62 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

a desired number of counts were collected on the
radioscaler; these counting periods depended on the
activity level of the section and ranged from 3 to 60
min.

Emission-spectrographic analysis—Some radio-
tracer experiments were complemented by emission
spectrographic analyses. After radioscanning of the
finished zone refining columns, single sections of the
column measuring one tenth the ingot length were
melted out with the zone refiner. The melted gallium
trichloride was collected in weighed quartz beakers
containing purified 6N HCI. The exact quantity of
gallium trichloride was determined by weighing.
The gallium trichloride and the ferric chloride com-
plexes were separated from the other substances by
two extractions with isopropyl ether so that emis-
sion spectrographic analysis of the added net im-
purities in the acid phases could be made (3). Ra-
dioactivity measurements of the solutions provided
the concentration data, the acid phases yielding the
Mn54Cl, and the ether phases yielding the Fe%Cl,
concentrations.

Radiographic examination of ingots.—Columns
from the vertical zone refining experiments some-
times contained gas-filled spaces which, if not de-
tected, would lead to errors. X-ray radiography was
initially used for examining the columns. Later, a
rapid testing technique was designed for checking
the column prior to analysis. A few millicuries of a
nuclide which emitted low-energy gamma radiation
was positioned 2 cm above the slit of the radiation-
detector shield. The column was then pulled over
the slit as described for the automatic scanning. Any
increase in relative radiation transmission was in-
dicated on the chart recorder which immediately
verified the extent and location of voids. Columns
with severe irregularities were excluded from
analysis.

Determination of purification efficiency.—The ef-
fectiveness of zone refining for separation of specific
trace impurities under various experimental con-
ditions was evaluated by use of the effective segre-
gation coefficients and the over-all purification fac-
tors.

First, the net concentration figures for each ingot
section of the zone refined column were ascertained.
The radioactivity measurements of each section
were corrected for normal background activity and
for the radiation from the adjacent sections. The
corrected net tracer activity (C) was then propor-
tional to the concentration of the element being
traced. The original average tracer activity (C,) of
each ingot section before zone refining was calcu-
lated by dividing the sum of all section activities
(C) by the number of sections. (As pointed out pre-
viously, the actual uniformity of the solute distri-
bution was ascertained experimentally by radio-
scanning profiles.) The ratio values (C/C,) repre-
sented the relative solute concentrations and were
plotted for each ingot section as a function of ingot
distance. This distance was expressed in terms of the
number of zone lengths. Figures 4 and 5 show typi-
cal semilogarithmic graphs based on experimental
and theoretical values.
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The effective segregation coefficient (k) is an
exact mathematical expression of the zone refining
efficiency and is defined as C;/C;, the ratio of the
impurity concentration of the solid at the interface
to the concentration of the liquid beyond the diffu-
sion layer. The value of k, was normally determined
from the interception of the extrapolated C/C, curve
with the ordinate at zero front-end distance of the
ingot. Mathematical solution of the zone refining
equation (2) yielded closely similar results for ingots
that followed the theoretical impurity distribution.

In addition to k., the purification efficiency was
expressed directly by calculation of the mean purifi-
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cation C,/C which was achieved in the first 809, and
the first 909 of the ingot. These values were la-
belled as Py and Py, respectively.

Accuracy and precision.—The accuracy of the
static radioactivity measurements was good. Test
results showed that the sum of the corrected radio-
activity values from all ingot sections usually ranged
within +5% of the actual tracer quantity added to
the gallium trichloride. The precision of the radio-
counting data was statistically dependent on the
background activity and the total counts collected.
This figure was maintained within =59% of the true
value by choosing suitable lengths of counting
periods.

The over-all reliability of the results of these ex~
periments was primerily dependent on the repro-
ducibility of various zone refining parameters, such
as zone length, ccavection, temperature of melt, in-
got uniformity. and single-crystal formation. Vari-
ations in these factors so reduced accuracy that the
resultant eifects were far more significant than
those caused by any analytical errors. Because the
data were obtained from various duplicate experi-
ments, however, the reliability of the results is quite
satisfactory.

Discussion of Results
Segregation of Iron
Because of practical implications, the zone refin-
ing segregation behavior of iron in gallium tri-
chloride was investigated in greater detail than the
other impurities. Table I presents the essential data
and results.
At a zone travel velocity of 0.50 in./hr, zone re-
fining in vertical downward direction proceeded at

Table 1. Zone refining results for FeCls in GaCls

Experimental data are based on gallium trichloride column con-
taining 0.14 ppm iron in form of FeCl;, with Fet°Cly ag tracer. The
charge was remixed and the solute uniformly distributed before
each zone refining experiment.

Zone refining conditions Resulting purification

Purification factor

Velocity, C/C, at

Direction in./hr Passes Pos Po.s front end ke

v 050 1 — — 010"
2 — — 0.014 j 0.10

v 1.0 1 1.8 1.7 0.14
2 4.7 3.8 0.050
3 7.2 5.3 0.015 } 0.14
4 20 10 0.002

v 2.0 1 1.8 1.7 0.17
2 2.5 2.0 0.045 l 0.17
3 6.3 35 0.014

h 0.50 1 1.5 13 0.38
2 2.3 1.9 0.11 } 0.3-0.4
3 2.6 2.0 0.05

h 1.0 1 1.2 1.1 0.38 1
2 1.4 1.3 011 ¢ 0.3-04
3 1.8 1.6 0.02

h 1.0 1 1.2 1.2 0.3 } 0.3-0.4
3 3.0 2.0 0.04

h 2.0 1 1.2 1.1 0.19
2 1.6 14 0.045} 0.3-0.4
3 2.6 1.7 0.012

v, Vertical downward; h, horizontal (slightly inclined); Po.s,
mean purification in first 80% of ingot; Po.o, mean purification in first
90% of ingot- C,, solute concentration before zone refining; C, solute
concentration after zone refining; k¢, effective segregation coefficient.
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an effective segregation coefficient (k.) of 0.10. At
1.0 in./hr, the k. attained a value of 0.14, which in-
dicated a slightly lower purification efficiency at
double the zone rate. After four zone passes, the
first 809 of this ingot showed a 20-fold decrease in
the mean concentration of iron; the front end of the
ingot showed a 500-fold decrease.

At a 2.0 in./hr vertical zone travel speed, a k. of
0.17 was attained. Zone refining curves from this
experiment are shown in Fig. 4 for 0, 1, and 3 zone
passes. Except for some fluctuations in the C/C,
data because of ingot irregularities, the experi-
mental curves follow nearly ideal zone refining be-
havior. For purposes of comparison, Fig. 4 also con-
tains theoretical curves which were based on the
zone refining equation (2) for a k. of 0.2 for 1 and
3 passes. The corresponding steady-state distribu-
tion is indicated by the steep curve which represents
the ultimate solute distribution achieved at a k. of
0.2; this maximum segregation is limited by the
back-reflection of the solute that accumulates in the
last zone lengths.

Calculations for optimum zone refining conditions
require a knowledge of the equilibrium distribution
coefficient, k,. By use of the above data and the
Burton-Prim-Slichter equation (2, 4), k, is calcu-
lated to be 0.08; this figure represents the segrega-
tion coefficient obtainable under the most favor-
able zone refining conditions. As shown in the ex-
perimental data (Table I), the segregation coefficient
at a velocity of 0.5 in./hr is 0.10, a value quite close
to the theoretical maximum. Calculations also in-
dicate that eight passes under these conditions
should result in a 105-fold purification in the first
zone length.

Zone refining in horizontally positioned columns,
which were slightly inclined to prevent transport
of gallium trichloride, resulted in considerably lower
segregation effectiveness than vertical zoning. The
lower values are caused by the differences in stirring
conditions of the molten zone; convectional stirring
for a liquid in a horizontal tube is known to be
poorer than in a vertical tube (2). As shown in
Table I, the k. values for horizontally positioned
columns ranged between 0.3 and 0.4, depending on
zoning conditions. Changes in zone-travel velocities
did not have much effect on the k., (probably be-
cause of the overriding influence of the poor stir-
ring conditions). However, because a gas phase is
maintained above the ingot in the horizontal zone
refining approach, the horizontal technique prevents
the formation of gas bubbles in the gallium tri-
chloride charge. As a result, this approach produces
considerably more uniform ingots than the vertical
technique and reduces the danger of tube breakage.
In addition, because multiple-pass horizontal zoning
yvields ingots of sufficiently high purity, this tech-
nique is well suited for production applications.
Figure 5 shows a typical set of zone refining curves
for these experiments.

Segregation of Zine, Manganese, and Sodium
When zinc-65 chloride was added to gallium tri-

chloride at a concentration of 0.020 ppm (as Zn)
followed by vertical zone refining, a 16-fold mean
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Table Il. Zone refining results for ZnCl2, MnCl, and NaCl in GaCl3
Impurity added Zone refining conditions Resulting Purification
Concentration, Zone Velocity, Purification factor

Compound ppm Tracer direction in./hr Passes Pog Po.o Ke
ZnClz 0.020 ZnbsCls v 1.0 1 16 16 <0.06

h 1.0 1 4.8 3.7 0.04-0.10
ZnClz* 0.17 ZnésCly v 1.0 1 1.2 1.2 e

~0.4

h 1.0 4 3.3 16 | .
MnCls 0.021 Mn54Cls v 1.0 1 11 8.7 0.02

h 1.0 1 6.9 6.1 0.03

h 0.50 1 5.6 4.9 0.04
MnCls 0.010 Mn54Cls h 1.0 1 6.4 6.4 0.07
NaCl 37 Naz22Cl v 1.0 1 2.6 2.1 ~0,1%*

h 1.0 1 1.3 1.3 ~0.4%*
NaCl* 40 Naz22Cl h 1.0 1 1.1 1.1 ~0.5%*

* Contains water and some organic impurities.

** Abnormal zone refining behavior; k. values were estimated from mean purification.

purification (P,,) with a k. of less than 0.06 re-
sulted. Horizontal zoning is considerably less effi-
cient. The segregation inhibiting effect caused by
water traces was demonstrated experimentally by
contaminating a column of gallium trichloride with
moisture. The results shown in Table II indicate a
reduction in segregation effectiveness by a factor
greater than 10; four vertical passes achieved a P, 4
of only 3.3. Changes of this sort are to be expected
because water hydrolizes gallium trichloride with
ease.

Manganese-54 dichloride at concentrations of
0.010 and 0.021 ppm (as Mn) showed excellent
segregation with a k. of 0.02 and 0.03-0.04 for
vertical and horizontal-zoning directions, respec-
tively. Purification yielded clear, transparent single-
crystal gallium trichloride after one zone pass. How-
ever, this analytical evaluation was complicated be-
cause of a small quantity of material that consist-
ently segregated in the front portion of the ingots
where manganese depletion was greatest. Gamma-
ray spectrometric analysis showed that this radio-
activity was definitely caused by manganese-54 and
not by some other nuclide present as an impurity.
Apparently, this phenomenon was caused by a small
fraction of the manganese in an oxidation state dif-
ferent from that of the major portion of the man-
ganese,

As shown in Table II, segregation for gallium tri-
chloride which contained 37 ppm sodium in the form
of sodium-22 chloride proceeded with a P,g of 2.6
in the vertical direction, and 1.3 in the horizontal.
This purification did not follow normal zone refining
laws. The first half of the vertically processed ingot
showed a 13-fold purification after one pass and an
apparent k. of well below 0.1; the concentration in
the second half rose abruptly beyond the initial mean
concentration. This abnormal behavior was attrib-
uted to the high concentration of sodium chloride
that was added because of low specific radioactivity.
The concentration level in the solvent was appar-
ently beyond the solubility limit of sodium chloride
in gallium trichloride. Evidence of incomplete solu-
bility was indicated by the white-colored polycrys-
talline appearance of the ingots. Segregation curves
of moist gallium trichloride ingots containing so-

dium chloride were similar to those of the impure
zinc column in that the center portion of the ingot
showed a concentration leveling effect. A mean k.
of approximately 0.5 was estimated for these ingots.

Segregation Effectiveness
under Severe Impurity Concentrations

One ingot was prepared with a multiple mixture
of elements which were added as chlorides to in-
vestigate effective segregation under extreme con-
ditions of impurity concentrations. With the excep-
tion of iron, which was added at a concentration of
0.01 ppm, the other six impurities were present at
concentrations of 10 ppm each. Manganese-54 was
added as a tracer for the manganese. One vertical
downward pass was applied at a zone-travel veloc-
ity of 1.0 in./hr. Under these conditions, an emis-
sion spectrographic analysis led to the following
effective segregation coefficients: 0.11 for aluminum;
less than 0.12 for copper; 0.30 for nickel. Lead and
manganese results were not conclusive, and iron
was not detected.

The radiochemical analysis, however, showed that
the segregation of iron was not affected by the high
concentrations of added impurities; the k., of 0.12
checks closely with the values for iron listed in
Table I. In the case of manganese, the purification
effectiveness at the 10 ppm concentration was about
one-half as compared to the values reported in
Table II for 0.02 ppm manganese alone.

On the basis of the data presented in Tables I
and II, the segregation effectiveness of horizontal
zoning at the same impurity concentrations should
be lower by a factor of about two.

Conclusions

Experimental results indicate that this radio-
tracer method is an effective nondestructive quan-
titative technique for determining the distribution
of radioactive components in a column of material.
In addition to evaluating zone refining processes,
this technique can be readily used in other appli-
cations where the distribution of components needs
to be measured, such as in chromatographic and ion-
exchange columns, or in rods, ingots, and crystals of
uniform thickness.
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When used in the determination of zone refining
parameters for gallium trichloride, the data ob-
tained showed that chlorides of manganese, zinc,
and iron, which were added at concentrations of
0.01-10 ppm, had effective segregation coefficients
of 0.02-0.4. Similar results were obtained with alu-
minum, magnesium, copper, and nickel which were
analyzed by emission spectrography. Because of
its low solubility in gallium trichloride, sodium
chloride did not adhere to normal zone refining
laws; however, segregation did occur and sodium
ions collected toward the rear of the ingot.

These results show that multiple-pass zone re-
fining is a highly effective process for the prepara-
tion of high-purity gallium trichloride. For produc-
tion-scale purifications, horizontal zone refining is
considered more efficient than the vertical tech-
nique. Although the purification effectiveness in the
horizontal direction is lower than that in the ver-
tical, horizontal parameters are more easily con-

ZONE REFINING OF GALLIUM TRICHLORIDE 65

trolled, and the danger of column breakage is re-
duced.
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Electrochemical Oxidation of Titanium Surfaces
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ABSTRACT

Films produced on titanium depend on the nature and concentration of elec-
trolyte, forming voltage, current density, and temperature. In most cases, dense
films of limited thickness are produced, but in some cases, thick, porous films
result. Physical, chemical, and electrical nature of the coatings are discussed
together with their relation to the substrate surface character. Evidence in-
dicates that films prepared in agueous electrolytes are not a pure rutile struc-
ture. These coatings are highly uniform, insulating, and adherent.

Anodic oxidation is a well-established procedure
in the case of many metals, but in the case of ti-
tanium, relatively little conclusive information is
available, and procedures are not well developed.

It was the purpose of this investigation to study
anodic processes as applied to titanium surfaces
and to learn something of the effects of various
formation parameters on the character of anodic
films produced.

The work to be described is largely a study con-
cerning the effects of process parameters on the
anodic oxidation of titanium metal. Such parame-
ters include type and concentration of electrolyte,
anodic current density, temperature, voltage, total
current, and effects of superimposed a.c. In the
study of anodic films on metals, factors of signifi-
cance in evaluation of films include thickness,
density, porosity, and electrical properties. A con-
venient means for evaluation of such factors is ob-
tained by a measurement of capacitance and loss
factors. In most cases, films prepared in this study
were evaluated through capacity and loss measure-
ments.

Much process data have been accumulated in the
case of anodic processes as applied to certain met-

als. These include common metals such as alu-
minum and less common metals such as tantalum.
Although a great deal of effort has been expended
in anodizing investigations of titanium, little in the
way of concrete results has been obtained. In most
cases, films prepared have been semiconducting in
nature and nonstoichiometric in composition. For
the most part, anodized titanium films have been
nonuniform, highly porous, very thin and conduct-
ing, or completely nonadherent.

It is beyond the scope of this paper to provide a
complete literature background regarding anodic-
conversion processes as applied to titanium metal.
However, a few pertinent examples of work in this
area are cited to illustrate the general trend of ap-
proaches previously made to this problem.

Ence (1) employed alcoholic-organic acid baths
containing small amounts of phosphoric acid for
imparting thin anodic films to titanium metal.
Jacquet (2) employed acetic-perchloric acid baths
for this purpose. These have been found to produce
pure white oxidic films, but they are extremely
poor in adherence. Ma (3) employed dilute sulfuric
acid baths for titanium anodizing. Voltage attaina-
ble in this type of bath is limited to relatively low
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values so that only thin noninsulating films are pro-
duced. McLean (4) utilized hydrochloric-nitric-
sulfuric acid baths for polishing the surface fol-
lowed by anodizing in a buffered borate solution.
Films formed in excess of 150v were reported.
However, these films were also said to be unstable
in solution and during processing.

The Philco Corporation (5) reported favorable
characteristics of anodic films formed in saturated
oxalic acid-1-2-propanediol solutions. Such films
were reported to have capacity values considerably
in excess of comparable films formed on tantalum
indicating a high-dielectric-constant film material.
Wainer (6) recommended a two-step anodizing
procedure employing first a phosphoric acid-glycol
bath and, second, a boric acid bath for final film
formation. High formation voltages and capacitance
values in excess of those for comparable tantalum
films were reported.

A variety of salt solutions have also been em-
ployed for imparting anodic films to titanium. Ence
(1) employed a sodium cyanide bath. No details are
given for results of this formation. Dummer (7)
suggested aqueous solutions of common salt, potas-
sium dichromate, and potassium orthophosphate.
Again, formation voltages are extremely limited in
solutions of this type. Examples are cited showing
formation voltages in the vicinity of 10v. Beck (8)
has patented anodizing procedures for titanium
employing various phosphate salts in aqueous solu-
tions. These include sodium and potassium ortho-
phosphates, sodium, potassium and ammonium acid
phosphates, and microcosmic salt. These materials
are reported to produce stable films on titanium
metal. Hass (9), in converting very thin films of
titanium to oxides, utilized ammoniacal tartaric
acid baths. Complete conversion of titanium films
of the order of 500A in thickness to titanium oxides
was claimed.

A large number of other references to the ano-
dizing of titanium metal exist in the literature.
Films produced have been variously identified as
rutile, anatase, and brookite. Existing evidence on
the anodizing of titanium metal is, to a large de-
gree, conflicting both from the standpoint of the
effects involving process parameters and in film
identification and properties.

Experimental

Materials
In order to provide titanium surfaces of varying
purity for anodizing studies, a series of five differ-
ent materials were utilized. These are listed in
Table I along with available impurity data. The
deposited film materials were of higher order of
purity than the commercially available materials.
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The commercially available sheet materials were
employed as 3-, 5-, and 10-mil thickness sheets.
These were generally utilized as 1- by 5-cm strips.
The iodide material was used in the form of thin
(approximately 50-mil) slices. The chemically de-
posited titanium films were applied to either glass
or alumina substrates by a fused-salt deposition
procedure. This procedure gives a uniform film fol-
lowing the contours of the original alumina sub-
strate. Vapor-deposited films were on glass sub-
strates and deposited by standard vapor-deposition
techniques.

All electrolyte materials were formulated from
standard CP chemicals in distilled water. Anodic
films were formed utilizing a constant-current
source capable of 300-ma current and 500-v. Bath
temperature was controlled either by use of internal
cooling coils or external, constant-temperature
baths. Titanium cathodes were utilized throughout
the work. The general preparation procedure in-
volved presetting of the power supply to the de-
sired voltage and current, inserting the electrode
under voltage, allowing the film to build up to this
specified voltage followed by current decay to a
minimum value, usually of the order of less than
1 ma.

Since in most cases there were tendencies for ex-
cessive arcing to take place at the electrolyte-air
interface, this interface was protected by use of a
small jig clamping the anode between two pieces
of silicone rubber.

When the anode had reached prespecified voltage-
current conditions, it was removed under an applied
voltage, washed in distilled water, boiling distilled
water, and finally allowed to dry either in air or in a
low-temperature oven.

In most cases, the capacity-loss measurements de-
scribed later were obtained by application of a high-
purity, low-firing silver electrode (DuPont No.
6730 silver paint) to the anodized film. As will be
seen later, this electrode type does not strictly con~
form to anodized surfaces and results in capacity-
measurement error. This is evident from the differ-
ence observed in measurements using these silver
electrodes as compared with measurements in aque-
ous solutions.

Results
Electrolyte Types
Initially, a large variety of acid, basic, and salt-
type electrolytes were surveyed to determine which
general type of materials produced the most prom-
ising anodic films in the case of titanium. A num-
ber of electrolytes studied are tabulated in Tables
II, 111, and IV according to the three cited types. In

Table I. Purity of titanium metal substrates

Substrate Source Total Ti, % Oz, % C, % Nz, % Fe, %
T5A TMCA 99.0 0.5 0.05 0.03 0.35
55A TMCA 99.2 0.3 0.03 0.02 0.25
Iodide Foote Mineral 99.9 0.05 0.01 0.01 0.01
Chem. Dep. Film LMSD >99.9 0.5 Nil —_— Nil
Vapor Dep. Film LMSD >99.9 <0.05 <0.05 Nil <0.05
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Table 1. Acid electrolytes
Iniéial Filéal
Electrolyte, room temp Conce, % Max, E mgyc-;nz mgyé;nﬂ Time, min Gassing Adherence RS, ohms C1, yf/em2 D1, %
HF 5 20 50 1 30 Mod. None —
HCIO4 5 35 10 1.2 2 Heavy None —
HaSO4 95 80 10 0.25 15 Mod. Good 5-10 0.001 >25
15 35 10 0.5 15 Heavy Good 5-10 0.001 >50
HNOs3 70 20 120 2.5 15 Heavy None? 20 — —
HsPOy4 85 150 20 0.04 40 Slight Good 105 0.010 >5
CH3COOH 95 — 10 0.4 30 Heavy Poor3 — — —_
H3BO3 Sat’d 200 10 0.15 30 Heavy Good4 103 0.0005 >10
Tartaric acid 5 200 30 0.5 30 Heavy Good? 102 0.0002 >25
Oxalic-citric lactic 5.5-10 300 10 0.25 45 Heavy Good# 20-40 0.0005 >20
acids
Et acid phosphate 5-25 400 14 0.04 45 Slight Good 105 0.004 <1
1Dry contact, at maximum obtained voltage.
2 Etching.
3 Electropolishing.
4+ Very thin.
5 Measured through film between metal substrate and surface silver electrode.
Table 111, Basic electrolytes
Initial Figal
Electrolyte Conc, % Max, E mg./c.r’n‘—’ mg./c.l,nz Time, min Gassing Adherence R,ohms C1,uf/cm? D1, 9%
K-Ti-oxalate, Sat’d. 10 10 1.25 15 — —2 — — —
NH;OH
NaOH 10 75 30 2.50 30 Heavy Fair3 107 0.0003 5.7
1 Dry contact at maximum obtained voltage.
2 TiOg ppt.
3 Spalling.
Table 1V. Salt electrolytes
Ini;:lial Figal
Electroiyte Conce, % Max, E mzl/c.r’ni’ mgyéﬁx2 Time, min Gassing Adherence R, ohms C1, uf/cm? D1, %
NasBOs Sat'd. 100 10 0.025 30 Little Good 5-20 0.0005 20
TiCly 5 50 10 0.5 30 Heavy Good 40 0.0005 5-10
NaCN 10 10 10 0.25 20 Heavy Good?2 — — —
NasAlOs Sat’d. 100 10 0.5 20 Mod. Poor3 — — —
NasPOq4 2 120 20 0.05 20 Slight Good 106 0.005 5
NaH:PO4 5 145 20 0.07 30 Mod. Poor 103 — —
Na:HPO4 5 350 20 0.04 20 Mod. Good — 0.009 4
1 Dry contact at maximum voltage obtained.
2 Very thin.
% Reduced.

general, acid electrolytes gave by far the best re-
sults. However, a very strong acid such as HF or
HCI10, had strong tendencies toward dissolving the
films produced. Thus, the anodic films in these cases
were essentially nonadherent. The very weak acids,
such as the usual organic acids, produced very ad-
herent but limited thickness translucent films. Such
films grow to some finite low voltage (usually
<50v) and consequent thicknesses, at which point
growth ceases. Acids, such as sulfuric, tended to
yield heavy, opaque, amorphous, films which could
be formed to high voltages, but here again, there
was also a tendency toward dissolution of the films.
Films so formed had a tendency to retain a very
porous structure, and thus the electrical properties
were somewhat undesirable. Of the acidic electro-
lytes tried, the phosphate-based materials gave by
far the best results. These electrolytes allowed
buildup of films to high voltages with a minimum
of porosity. In particular, an aqueous methyl-ethyl

acid phosphate electrolyte produced excellent ano-
dizing characteristics.

Strongly basic electrolytes either resulted in pre-
cipitates of titanium oxide or reacted so rapidly
with the titanium surface that the entire substrate
was quickly converted to oxide. Thus, it was difficult
to control the anodic process utilizing these electro-
lytes.

Most neutral or near neutral salt-type electro-
lytes yielded only very thin translucent films. These
had poor electrical character and little protective
value to the titanium substrate. Salts of an acidic
nature produced improved-type films, particularly
in the case of the phosphate salts. The effectiveness
of a salt-type electrolyte seems to be largely con-
trolled by its pH properties and ability to dissolve
small amounts of the anodic product.

The titanium based anodic films produced have a
finite solubility in the organic phosphate electro-
lyte. This is evidenced by the slow pH increase of
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Table V. Effect of titanium purity on the anodizing process

100 Volts 200 Volts
Min c.d., Min cd.,

Titanium type Purity, % ma/em?2 Time, min  C*, uf/cm? D*, % ma/em? Time, min C*, uf/cm?2 D*, %
Ti75A 99.0 0.16 30 0.0122 4.6 0.14 35 0.0075 2.6
Ti55A 99.2 0.11 20 0.0088 2.2 0.21 27 0.0058 1.2
Iodide 99.9 0.10 18 0.0075 — 0.04 30 0.0060 1.1
ChDepFilm >99.9 0.30 15 0.0135 1.1 0.05 25 0.0056 1.3
VacEvapFilm >99.9 0.28 2 0.0082 2.7 0.14 2.5 0.0065 1.5

* Ag counter electrodes.
Table V!. Surface-roughness effects
Ti on as-rec’d Al:Os Ti on grit-blasted Al:Os Electropolished Ti on Al:Oa
\ioﬁgé?,gv Min c¢.d., ma/cm? C, uf/cm? D, % Min c.d., ma/em? C, uf/cm? D, % Min c.d., ma/em2 C, uf/cm? D, %
250 0.3 0.0087 3.1 0.25 0.0069 2.8 0.08 0.0061 1.8
300 0.2 0.0063 8.5 0.25 0.0044 34 0.12 0.0028 2.7
350 0.2 0.0029 6.9 0.17 0.0030 5.7 —_ — —_—

the bath accompanied by an increasing titanium
concentration. When the electrolyte reaches a pH
much above 1, it is no longer effective in generation
of an effective dielectric film on titanium.

In general the effectiveness of an electrolyte for
anodic oxidation of titanium metal appears to be
largely a function of the electrolyte’s ability to
dissolve the anodic product. This is comparable to
behavior observed in the case of aluminum and tan-
talum. Films formed anodically in electrolytes
which do not dissolve the oxide to any extent build
up to a finite thickness (< 1000A) and block the
flow of current except for a relatively small leak-
age current. In electrolytes which attack the oxides,
relatively coarse coatings can be produced of up
to 6000-8000A estimated thickness (based on weight
change data).

As a result of these investigations on electrolyte
composition, the balance of the program was carried
out in the methyl-ethyl acid phosphate-based elec-
trolytes. It was found that films could be formed in
these electrolytes up to at least 400v, and that final
current densities of the order of 0.007-0.035 ma/cm?2
could be obtained.

The so-called ethyl acid phosphate is actually
about a 50-50 mixture of the methyl, CH;H,PO,, and
ethyl, C;H;H,PO,, derivatives. The material per-
forms best as an anodizing medium for titanium at
low pH levels (<1) representing concentrations of
> 5 v/o. For the study described, 20 v/o (pH ~ 0.4)
solutions have been employed unless otherwise
stated.

Substrate Surface Effects

Titanium substrate purity and surface character
were found to have an effect on properties of the
anodic films produced. Five types of titanium sub-
strate were anodized to 100 and 200v and to minimum
obtainable currents. It was found that the time re-
quired to reach these conditions varied by a factor
of 10 or greater with purity of the substrate. Re-
sults of this study are shown in Table V. Capacity
and loss values for films formed on these several
materials also differ appreciably in comparing the
minimum with maximum purity substrates. Data

are generally reproducible within 10% for C & D
values and within 15% for time values.

Although it is difficult to separate purity and sur-
face effects, an effort was made to determine sur-
face effects by anodizing the same type of chem-
ically deposited film with varying surface prepara-
tions. Data are given in Table VI for anodized
chemically deposited films on as-received alumina,
on fresh grit-blasted alumina, and on electropol-
ished titanium surfaces over alumina. Anodic film
formation on different surfaces under identical con-
ditions produced different results in terms of leak-
age current and loss factor.

Film Growth

Electrolyte effects.—As previously mentioned, the
gross effects resulting from electrolyte constitution
appear to reside primarily in ability of the electro-
lyte to dissolve the resultant anodic films. It is ap-
parent that those electrolytes having some solvent
action capabilities produce the most desirable re-
sults in terms of film thickness and electrical prop-
erties. Electrolytes possessing no solvent action pro-
duce relatively thin films with poor electrical char-
acteristics. Electrolytes possessing extreme solvent
action characteristics yield poorly adherent or non-
adherent films.

There are also small effects resulting from con-
centration of the active electrolyte material. Elec-
trolyte concentrations varying from 10 to 40 wt %
produced small changes in capacity displayed by
the resultant films. These changes are minimal com-
pared to the gross changes resulting from voltage
effects and are comparable to similar effects ob-
served for other metals.

Anode current density.—Current density like so-
lution concentration produces some small effects
in resultant characteristics of the films as indicated
by capacity measurements. There is probably also
a relationship with oxide film density. Variation of
the anode current density by a factor of 100 pro-
duces a capacity change of not more than a factor
of 2.

Temperature.—Electrolyte temperature effects
have only a small net effect on the anodic films. The
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Fig. 2. Effect of forming voltage on film capacitance

three capacity curves in Fig. 1 show only minimal
changes in film character employing formation tem-
peratures from 6° to 17°C. The effect is somewhat
greater at forming voltages below 100 than at higher
formation voltages. The increase in capacitance
probably indicates increased solvent action on the
films. At much higher temperatures of the order of
80°-100°C, highly porous noninsulating films are
formed, indicative of excessive solvent action.

Voltage—As would be anticipated, voltage to
which an anodic film on titanium is formed has by
far the most profound effect on the net film char-
acter and, to a great extent, determines properties
of the film produced. The effect of voltage on the
film capacity is illustrated by the data in Fig. 2.
Curves are shown for both dry measurements
utilizing silver electrodes and wet measurements
taken in 5% lithium chloride. It is evident that
these values differ by about a factor of 5. This
would indicate that surface areas between the two
measurements differ by about a factor of 5. Micro-
scopic examination of the films tends to confirm
their highly roughened character and hence their
grossly increased actual area as compared with geo-
metric area. Surface character is revealed by the
microscope which appears quite similar to that
observed for anodized tantalum and aluminum.
Typical electron micrographs are shown in Fig. 3
and 4. These areas illustrate typical blistering and

nification 3500X.

Fig. 4. Grain boundary area, anodized Ti surface. Magnification
3500X.
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Fig. 5. Film capacitance as a function of total current

microcracks which are commonly detected on de-
tailed examination of anodic films.

Total current.—Capacitance of films as a function
of total current appears to follow Faraday’s law as
shown by the data in Fig. 5 comparing experimental
results with the theoretical curve obtained by cal-
culating the amount of TiOp; deposited through a
tetravalent change (average dielectric constant of
100 assumed). The curve obtained using an elec-
trolyte is the only one providing for a true surface
area contact; it indicates that the formation of TiO,
takes place at a rate slightly less than the theoret-
ically calculated rate. Oxygen evolution taking place
during formation of the films indicates that effi-
ciency of the reaction is less than 1009%. This is
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particularly true of films formed to greater than
100v. At less than 100v there is negligible gas evo-
lution observed at the anode.

The total current passed in forming a given film
is largely proportional to the formation voltage. The
total current required to reach a minimum current
value is also directly proportional to the magnitude
of the formation voltage.

Superimposed a.c.—The beneficial effects of su-
perimposed a.c. on d.c. in the case of both electro-
lytic deposition and electrolytic conversion proc-
esses are well known. These effects were briefly
studied during this work. It was found that the
presence of a.c. in the circuit tended to increase
capacity value slightly. This value also increased
for any given formation voltage as a percentage
of a.c. was increased. An even more profound effect
was observed in the case of changes in loss factors
of the films. These observations are illustrated by
the curves in Fig. 6 and 7.

Referring to Fig. 7, it is seen that for a 150-v
film the loss factor decreased from 6 to 29, by
raising the percentage of a.c. voltage from 0 to 60%.
This behavior is probably explained by increased
compaction and higher resultant densities for the
films produced. The presence of a.c. would tend to
produce cyclic solution-deposition actions which
would, in turn, tend to result in increased film
density.

Film Characteristics

Films produced by the procedures described are
essentially insulating in character. Resistances of
the order of megohms are generally measured. As
would be expected, the electrical resistance is a
direct function of the forming voltage. It is also a
function of the final current obtained in the anodiz-
ing procedure. Minimum current values produce
maximum film-resistance values. The two curves
shown in Fig. 8 illustrate these tendencies for repre-
sentative samples.

Electrical loss values appear to be largely a func-
tion of film porosity and, in turn, film density. They
are largely dependent on final currents obtained in
the forming process. Films at any given voltage may
be formed to any loss value down to 0.5-19, de-
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pendent on formation voltage. As the loss value is
lowered, capacity values are likewise lowered. The
final part of the formation process during which
the current drops from its maximum to its minimum
value probably results in the filling in of pores and
general compaction of the film. The data in Fig. 9
illustrate the capacitance-loss relationship for films
formed at 5 different voltages.

Accurate values for film thickness have not yet
been obtained in this work. However, approximate
values have been obtained by calculations based on
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current-voltage relations, interference colors, and
rough optical measurements. Currently available
information indicates a voltage-thickness curve of
the form shown in Fig. 10.

An indirect approach may be made toward calcu-
lation of effective dielectric constants for anodic
films based on current density-voltage character-
istics during the film formation. Current density for
a typical process may be expressed as

i

— = const exp ——

A P x
where i is the current, 4 is the surface area (cm?),
E is the voltage, x is the film thickness, and B8 is a
constant. Then, since x = k/C, where C is capaci-
tance

BEC

i
2.3 log = = 2.3 log const +

and

23k
EC =

i
log——1o const)
(1og-— 1og

Thus, the voltage-capacitance product should be a
linear function of the log of current density with a
slope equal to 2.3k/8 where k is 8.84¢/108 and ¢ is
the dielectric constant.

On the basis of slope of the curve for the loga-
rithm of current density as a function of the voltage-
capacity product, it is possible to calculate values
for the effective dielectric constant of anodic films.
A value of 5 x 10~% is assumed for g.

For 200-v films giving a capacitance value of 0.035
pf/cm? in 19 lithium chloride and showing leakage
currents of 46.3 pa/em?, a value for the effective di-
electric constant of 13.2 is calculated. Using this ap-
proach, one obtains values of 12-16 for the effective
dielectric constant.

These calculations entail the use of certain ap-
proximations and are thus subject to errors. Such
values would indicate that the oxide film produced is
not entirely of the rutile form, although other evi-
dence has shown rutile to be present (12).
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Using approximate dielectric constant values as
obtained in the above calculations, one may obtain
some estimates of film thickness from the basic ca-
pacitance relationships: C = Ke/x where x is the
thickness. Values obtained fall roughly on the curve
shown in Fig. 10.

Conclusions

A study of anodic oxidation of titanium surfaces
reveals that two types of films may be produced.
Electrolytes with low solubility for the product film
produce thin, translucent films with poor electrical
and insulating characteristics. Electrolytes possess-
ing solvent action with product film material pro-
duce thick, highly insulating films with a porous
structure. These films have high resistivity values,
but their indicated dielectric constants are not of
sufficient magnitude to indicate the presence of a
stoichiometric rutile structure. The film may con~
sist of an amorphous structure over a rutile film
layer.

The anodic oxidation procedure in the phosphate
electrolyte is largely voltage controlled, the forma-
tion voltage governing the major film properties.
There are smaller effects due to anodic current den-
sity, solution concentration, and temperature.

Films are indicated to form at the rate of about
20A/v up to 200v. This value apparently decreases
slightly as formation voltage increases. In the range
up to 300v, the films appear to form at the rate of
about 17A/v. This is apparently due to decreased
availability of titanium ions for film formation and
to increased local solubility in the electrolyte due to
thermal effects.

It has been demonstrated that formation of thick,
adherent, high-voltage films is possible on titanium
substrates. Further work is necessary to understand
fully the mechanics of formation and to characterize
and identify the resultant film structure fully.
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A-C Methods in Interfacial Electrical Phenomena

Akira Watanabe

Institute for Chemical Research, Kyoto University, Takatsuki, Osaka-fu, Japan

ABSTRACT

The mechanical vibration of the electrical double layer gives rise to the
generation of an alternating voltage. In the case of glass-liquid interfaces this
effect can be used to measure the streaming potential by an a-c technique. For
mercury-solution interfaces, an alternating current is generated, which pro-
vides new methods for double layer capacity measurements. These phenomena
may also be used in various practical applications, such as mechano-electric

transducers.

Very few a-c methods have been employed in
interfacial electrical measurements; most of them,
for instance, the streaming potential, electropho-
retic mobility measurements, etc., have been car-
ried out by using steady-state methods (1). During
the course of experiments on the interfacial elec-
trical phenomena from 1942 to 1943, it was found
in our laboratory that the mechanical vibration of
interfaces gave rise to the generation of an a-c
voltage. This we called “U-effect” (2), since this
phenomenon was discoverd by using a U-tube. In
this paper stress is placed on the detailed descrip-
tion of the methods of these measurements rather
than on the presentation and discussion of the re-
sults obtained from them.

A-C Streaming Potential
The generation of the d-c potential difference by
the tangential displacement at solid-liquid inter-
faces is widely known as one of the electrokinetic
phenomena, the streaming potential (1). The po-
tential difference E between the two electrodes, a
and b of Fig. 1, is given by

E=Pel/dan) [1]

where P is the pressure applied to the liquid phase,
{ the so-called electrokinetic zeta potential, and e,
m, and X are, respectively, the dielectric constant,
the viscosity, and the specific conductivity of the
liquid.

It was found in this connection that an a-c¢ po-
tential difference was obtained between these two

Fig. 1. Glass capillary for the streaming potential generation

electrodes when a periodically changing pressure
was employed (3). This phenomenon is called
“U-effect I” and is the generation of an a-c¢ stream-
ing potential. The potential had the same wave
character as the original vibration in all experi-
ments up to a frequency as high as 25,000 cps.

Theoretical—A simple derivation of the equa-
tion of the a-c potential, e = \/2E exp (jot), is
made by using Helmholtz’s model of an electro-
static condenser for the electric double layer at the
solid-liquid interface, viz.

=¢el/478 [2]

where o is the interfacial charge density and § the
gap distance of the equivalent condenser (1). Here,
j = \/—1, t is the time, E the complex effective
value, and o the circular frequency (i.e., « = 27 f{,
f being the frequency in cps) of the a-c voltage e.
If we take the x-axis in the direction tangent to
the interface, the relative displacement at the inter-
face, Ax, is given by

Ax = /2 X exp (jot) [3]

where X is the complex amplitude of vibration.
The instantaneous transfer of the electric charge,
i.e., the current i, produced by this mechanical
motion is given by

i = 2are (dax/dt) = (jwelrX/\/28) exp (jut) [4]

where r is the radius of the capillary. On the other
hand the current i is also given by Ohm’s law, viz.

i = exar2/] [5]

where 1 is the distance of the two electrodes.
Equating Eq. [4] and [5], we obtain the following
expression of the a-c streaming potential

E = jwellX/2x\r [6]

This means that the a-c voltage is proportional to
the zeta potential and the dielectric constant and
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Fig. 2. Block diagram of zeta potenhal measurements by
U-effect I.

inversely proportional to the specific conductivity
of the liquid, if a constant mechanical vibration of
a given vibrating element is employed.

Experimental.—As an example of streaming po-
tential measurements by U-effect I, results of ex-
periments on a glass capillary in contact with cat-
ionic surface active agent solutions will be given.

The experimental device is shown schematically
in Fig. 2. The glass capillary element A, filled with
the surface active agent solution, is forced to vi-
brate by an electrodynamic vibrator B, which is
driven by an audiofrequency oscillator C. The fre-
quency used was 200 cps in these experiments. The
output voltage e is amplified by an amplifier D and
read by means of a valve voltmeter E. The valve
voltmeter G gives the relative magnitude of the
vibrating amplitude X. The measurements of the
absolute amplitude of vibration will be shown later.
A fine glass rod H serves as the piston of the capil-
lary to prevent the liquid from moving with the
glass wall. The cathode ray oscilloscope F is for the
purpose of observing the wave form of e.

The solutions used were 10~*N KCl aqueous
solutions, containing dodecyl- or cetylpyridinium
chloride in various concentrations. The potassium
chloride was added as an indifferent electrolyte in
order to compress the thickness of the diffuse double
layer, since otherwise the zeta potential data would
be difficult to interpret (6).

It can be seen from Eq. [6] that the zeta potential
is proportional to Ex when a constant vibration is
employed, since e can be assumed constant in the
case of dilute aqueous solutions as in the present
experiments. The relative (-value, i.e., [/l*, is
therefore obtained by the ratio EA/E*)A*, where the
asterisk denotes the absence of surface active agents.

The Z/{*-values thus obtained are plotted against
the logarithms of the surface active agent concen-
tration in Fig. 3. On the same figure are plotted,
for comparison, the (/f{*-values obtained by d-c
measurements. These latter measurements were
carried out by the ordinary constant pressure
method using a plug of Pyrex glass powder (4). A
marked parallelism can be found between the two
sets of curves obtained by the a-¢ and d-c methods,
except for the higher absolute values of [/(* at
higher concentrations in the case of the a-c data:
this would probably be due to the difference in the
qualities of glass used. The curves show the typical
behavior of the effect of cationic surface active
agents on zeta potentials, causing a change in sign
at certain surface active agent concentrations (4,
5).

According to the author’s theoretical treatment
of the zeta potential, using the Stern and the Gouy-
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Fig. 3. Relative zeta potentials as functions of the logarithms of
the surface active agent concentrations; indifferent electrolyte,
10—4N KCI. ®, Dodecylpyridinium chloride, d-¢ method; o, the
same, a-c method; A, cetylpyridinium chloride, d-¢ method; A, the
same, a-¢ method.

Chapman theories of the electrical double layer,
the following equation holds (4)

{=Tci/(c+ ) 1V2[L* 4+ kakac/ (1 + kac)] [7]

where
k1= (27 * 1000 kT/ec; N)V2 Ny (2/]|z]) [8]
and
ko = exp (AG/KkT)/55.6 [9]

Here ¢ and ¢; are the concentrations, and z and z;
are the valencies (including signs), of the surface
active agent and the indifferent electrolyte, respec~
tively. AG and N; are the electrochemical free
energy and the number of available sites of ad-
sorption, and k, T, and N are the Boltzmann con-
stant, the absolute temperature, and the Avogadro
number. Here, the first order Debye-Hiickel ap-
proximation was taken.

It is easy to derive simple equations to be used
for estimations of AG and N; in the case of ¢ << ¢,
viz.

(dt/dlog c)o = — 2.303 {* [1 + (L*/ky)] [10]
and
1/co = — ks [1 + (k1/0*)] [11]

Here the subscript zero denotes the isoelectric
point, i.e., { = 0. The values of AG and N, obtained
from the experimental curves in Fig. 3 by using
Eq. [10] and [11] are summarized in Table L It
will be seen that N;-values are almost the same for
the two cationic surface active agents of different
chain lengths. The AG-values, on the other hand,

Table 1. Adsorption characteristics of cationic surface active
agents on a glass surface at the room temperature

Surface active agent Nj, em-2 AG, cal/mole
DPC d-c method 1.06 x 1012 7810
a-c method 1.60 x 1012 6880
CPC d-c method 0.69 x 1012 9570
PC  a_cmethod 0.68 X 1012 9720

DPC, dodecylpyridinium_ chloride; CPC, cetylpyridinium chloride;
indifferent electrolyte, 104N KCIl.
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Fig. 4. Unit cell of the hydrophone of U-effect |

show a difference of approximately 2 ~3 kcal/mole
for an increase in chain length from 12 to 16. These
values of AG and the increase with chain length
are sufficiently reasonable if we consider the rela-
tively poor accuracy of interfacial electrical meas-
urements in general (4, 5). The values of N; (=
102 ¢m™2) are considerably smaller than those
obtained on negatively charged silver iodide sols
(5), indicating that only a very small portion of
the glass surface provides adsorption sites for these
cationic surface active agents.

It has been difficult to do electrokinetic measure-
ments by d-c methods, especially in the case of
solid-organic liquid interfaces, due to the high re-
sistance of the plug, and hence of the circuit. How-
ever, this kind of difficulty can be reduced to a con-
siderable amount by using the a-c¢ method as given
above. Figure 4 shows another type of such meas-
urements. This is the unit cell of a hydrophone of
a glass filter vibrating element A filled with various
liguids, i.e., distilled water, methanol, ethanol, ace-
tone, pyridine, acetic acid anhydride, carbon tetra-
chloride, or benzene. The element has a pair of
electrodes, a and b, immersed on both sides of the
capillary system C, and attached vertically to the
diaphragm D of the unit cell.

A supersonic wave of a constant power and fre-
quency, here 13,500 cps, forces the diaphragm and
hence the element to vibrate, giving rise to the
generation of an a-c voltage by U-effect I at the
two electrodes. This voltage is amplified and read
by a valve voltmeter.

(A)
o —mmW__t-b a—{ T £—0b
}:—‘9 ILNKC\aq/
(B)

a—mb a— ) ) { »b
Hg |NKC|atL -

Fig. 5. Capillary elements of U-effect Il

January 1963

It was found that no a-c voltage generation was
observed when benzene or carbon tetrachloride
was used as the liquid phase. Moreover the relative
value of zeta potential, Ex/e¢ (see Eq. [6]) was an
increasing function of the dipole moment of the
molecule of the liquid phase (6). This suggests that
the zeta potential is intimately related to the, di-
pole orientation of the organic molecules at the
interface. This orientation takes place in order to
minimize the free energy of the system, which
gives rise to the “dipole double layer,” including
the diffuse part due to thermal agitation (6).

A-C Capacity Current

U-effects are not restricted to the case of solid-
liquid interfaces, as shown above. If a glass capil-
lary containing a mercury-salt solution interface,
as shown in Fig. 5A, is forced to vibrate mechani-
cally, an a-c voltage is generated between the two
electrodes, a and b. The voltage has the same wave
character as the mechanical vibration. This we
called “U-effect II” (7). The principle is more or
less the same as in the case of the condenser micro-
phone, since the electrical double layer at the mer-
cury-solution interface behaves as a perfect con-
denser (8). However, the total double layer capacity
changes periodically by virtue of the interfacial
area change in the present case, while it is due to
the change in the condenser gap distance in the
case of the condenser microphone.

The inner resistance of the element can be re-
duced by using a solution of high salt content, e.g.,
1N KCI1 or H,SO,. In addition it was found that the
output voltage increased linearly with the number
of interfaces, and hence a very efficient transducer
could be made by using an element as is shown in
Fig. 5B.

Theoretical—The mercury-solution interface is
equivalent to a perfect condenser, having a poten-
tial difference E, vs. the electrocapillary maximum.
Its instantaneous integral capacity ¢ is given by

c=Ca=CA (1 +)p) [12]

where C is the integral double layer capacity per
unit area, a and A are the instantaneous and the
average interfacial areas, and p is the time depend-
ent term of vibration. The instantaneous current of
the circuit ¢ is given by
1= (d/dt) [c(E + e—1iR,)]
= (d/dt) [CAE (1 4+ p) {1 + (e — i R,)/E}]
= CA [E(dp/dt) + d(e — 1 R,)/dt] [13]

where R, is the solution resistance and e the in-
stantaneous potential drop at the load Z (see Fig.
6). Here the terms of higher orders in p have been
neglected. In the case of the stationary state, com-

Fig. 6. Equivalent circuit of U-effect Il
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plex representations of the instantaneous quantities
can be employed, as

i=121exp (jot)

e =2 E exp (jot)
and

p=2P exp (jut) [14]

where the phase differences are included in the
corresponding complex amplitude terms, I, E, and
P. Substituting Eq. [14] into Eq. [13], followed by
rearrangements, we obtain

I=joCA (V+E—IR)) [15]
where
V=EP [16]

V is the “electromotive force of U-effect II.” On
the other hand, Ohm’s law states that

E=—12Z [17]

Equating [15] with [17], we obtain the final equa-
tion, as
I=V/[(R+R,) +i{X—1/(eCA)}] [18]
where
Z=R+3iX [19]

R and X being the resistive and reactive parts of
the load. The a-c current I is, therefore, propor-
tional to the electromotive force V, if a constant
load is used. Since both V and C are functions of
the polarization E, I is a complicated function of E.

Experimental.—Figure 7 is the block diagram of
the circuit for the measurement of the I-E relation.
The mercury-solution interface in a glass-capillary
vibrating element A is polarized by a potentiometer
B. The a-c current i generated by the mechanical
vibration of this interface is measured by the a-c
potential drop across a small load resistance R,
amplified by the amplifier C, and read by the valve
voltmeter D. The vibrating mechanism of the ele-
ment is the same as in the case of Fig. 2, i.e., E and

A {OuF

Fig. 7. Block diagram of the measurement of the current-
polarization relationship of U-effect II.

0
+04 0 -04 -0.8
E

Fig. 8. A-c currents of U-effect 1l as functions of polarizations of
the mercury surface. | is in an arbitrary scale. A, 1IN KCI ag, 300
cps; A’, IN KCI aq, 500 cps; B, IN KI aq, 300 cps; B’, 1IN Kl aq,
500 cps.
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F are, respectively, the vibrator and the oscillator.
A constant amplitude of vibration was always used
for each frequency.

Figure 8 shows the experimental relative I-values
as functions of E. The curves A and A’ are for 1N
KCI aqueous and B and B’ are for 1N KI aqueous.
As expected from the theory, Eq. [16] and [18],
the current I is zero at the electrocapillary maxi-
mum, where E = 0, and increases with increasing
|E|. The difference in the curves for KI and for KCl
is explained by the higher integral capacity of the
mercury-KI solution interface, as compared with
that for the mercury-KCl solution interface (8, 10).

Double Layer Capacity Measurements by U-effect 1

Impedance matching method.—If a purely resis-
tive load is used, i.e., X = 0 and hence Z = R in
Eq. [18], the power W supplied to the load is given
by

W=12R=V2R/[(R + R,) 2 + 1/(«CA)2] [20]

where the quantities shown by italic types are the
moduli of the corresponding vectors. The condition
of the maximum power supply, i.e., dIW/OR = 0, is
then given by

R,2 + 1/(«CA)? = R? [21]

This is generally known as impedance matching
since, when the modulus of the inner impedance
and the load resistance are the same, the maximum
power is supplied to the load.

This principle can be applied to double layer
capacity measurements at mercury-solution inter-
faces (11). If we find the matched load resistance
at two frequencies, it is an easy matter to solve for
C and R, by using Eq. [21].

Resonance method.—For an inductive load, i.e.,
Z = R + joL, the current is given by

I=V/[(R+ R, +j{oL—1/(aCA)}T [22]

The condition of the maximum current is widely
known as the resonance phenomenon and is given
by

oL = 1/ («CA) [23]

This principle is also applicable to double layer
capacity measurements (12).

Experimental.— Figure 9 is the block diagram of
the apparatus for double layer capacity measure-
ments using U-effect II. The capillary element A
containing a mercury-solution interface is inserted
through a small hole into a glass vessel B. This

Fig. 9. Block diagram of the impedance matching and the
resonance methods for the double layer capacity measurements at
mercury-solution interfaces.
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vessel contains the salt solution to be investigated,
e.g., 1IN KCI aqueous. The interface in the capillary
is polarized by a potentiometer D, the large pool of
mercury C being the reference electrode.

The a-c¢ current produced by the mechanical
vibration of the element is supplied to the load,
which consists of a variable resistance R; (40 k ohm
var.) and a small resistance R, (100 ohm). The a-c
potential drop e at the load (R; + R;) is amplified
(by E) and read by means of a valve voltmeter F,
while the current i is read by another amplifier
(G)-valve voltmeter (H) system from the potential
drop at the resistance R,. By varying R; continu-
ously, the condition of the maximum power supply
is determined, i.e., the value of (R; + R;) which
gives the maximum power. The vibration of the
element is produced by means of a vibrator I driven
by an oscillator J.

If we use instead of R; a variable inductance L,
and measure the current by the potential drop at
Ry, we can easily determine the resonance condi-
tion by varying L, and hence the C-value by using
Eq. [23]. It is also possible to work out the solu-
tion resistance R, from the analysis of the shape of
the resonance curve (9, 13).

Practical Applications of U-effects

Several characteristics of U-effect II.—In addi-
tion to the contributions to interfacial electrical
measurements in supplying various new methods
as given above, U-effects I and II can also be ap-
plied to various mechano-electric transducers (7).
It is then important to know several characteristics
of the capillary vibrating element for these pur-
poses. From the view point of the practical applica-
tion, however, U-effect II is far superior to the
other due to the lower internal impedance of the
element, the higher a-c¢ voltage gain, etc. We shall,
therefore, examine the characteristics of the ele-
ments of U-effect II in this section, although it has
been proved by experiments that U-effect I is also
applicable to various kinds of transducer devices
(14).

Figure 10 shows the block diagram of the meas-
urement circuit. The a-c voltage obtained by the
mechanical vibration of the capillary element A is
measured by an amplifier (B)-attenuator(C)-am-
plifier (D) -valve voltmeter(E) system. The current
is measured by the potential drop across a small

Fig. 10. Block diagram of characteristic measurements of U-effect
11
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Fig. 11. Vibrating condenser for vibrational amplitude measure-
ments.

constant resistance R,, which is read by another
amplifier (F)-attenuator (G) -amplifier (H)-valve
voltmeter (I) system.

The amplitude of vibration was measured by a
frequency modulation circuit J. The principle is as
follows. The frequency of a self-oscillator is a func-
tion of the capacity of its tank circuit. Hence, the
mechanical vibration of a condenser can be con-
verted into a frequency change, which is further
converted into a voltage change by a detector. This
voltage change is supplied, after amplification, to
the vertical axis of the cathode ray oscilloscope K,
and read by the height of the trace on the screen.
L and M are, respectively, the oscillator and vibra-,
tor for the mechanical vibration. Figure 11 shows
the vibrating condenser C, attached to the end of
the vibrating rod. This condenser constitutes a part
of the tank circuit of the self-oscillator set in the
FM circuit. The symbols A, L, M, and J have the
same meanings as in Fig. 10.

The inner impedance of the element was meas-
ured by the impedance matching method. The vol-
tage at the load (R; + Rg) in Fig. 10 is measured
as before, and the current by the potential drop at
R,. Since the decibel readings, Db, and Db,, of the
attenuators C and G are the measures of logarithms
of the voltage and current, the sum (Db; + Dby) is
the measure of the power supplied to the load
(R; + R;). By changing the load resistance by vary-
ing R;, and maintaining the readings of the voli-
meters E and I at constant values, a condition can be
found which gives the maximum (Db; + Dbg) value.
The value of (R; + Ry) under this condition is equal
to the inner impedance of the element at the fre-
quency used.

Table II shows the values of the inner impedance
of capillary elements of large, medium, and small
cross sections, i.e., (I) 0.76, (II) 0.49, and (IIT) 0.37
mm in diameter, respectively. Each element con-
tains forty mercury-1N HCl aqueous interfaces. It
is seen from this table that the internal impedance
is of the order of several thousand to several tens
of thousand of chms at 1000 cps and is inversely
proportional to the cross-sectional area of the ele-

Table H. Inner impedance of the capillary elements of
U-effect Il at 1000 cps

Element No. Diameter, mm Impedance, k ohm

I 0.76 5
II 0.49 20
111 0.37 30

Number of interfaces, 40; solution phase, 1N HCl aqueous.
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Fig. 12. Qutput voltages of U-effect Il as functions of amplitudes
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Fig. 13. Output voltage of U-effect Il as a function of the
number of interfaces at 500 cps. Element No. il.

ment. It was also found that the internal impedance
was proportional to the number of interfaces.

Figure 12 shows the output voltages as functions
of the amplitude of vibration for the three ele-
ments. This is not a linear relation, since the ampli-
tude of the periodic interfacial area change is of an
order higher than that of the one-dimensional
amplitude measured by the FM circuit.

Figure 13 shows the linear relation between the
output voltage and the number of interfaces con-
tained in the capillary element, n. Here the element
II was used, and the amplitude and frequency of
vibration were kept constant at 2.6 x 10~ mm and
500 cps, respectively. The load was always matched
to the internal impedance of the element, since
otherwise this impedance would become larger
than the load for higher n-value, and a saturation
effect would be observed.

The curves in Fig. 14 are logarithmic plots of the
voltage-frequency relation at a constant amplitude
of vibration, i.e.,, 1.2 x 1073 mm. In each case, the
load resistance was matched to the internal imped-
ance of the element at 1000 cps. It is clear from
these curves that the response at lower frequencies
is higher for larger elements, while that at higher
frequencies is higher for smaller elements. This
kind of frequency character is always shown by
the free type of vibration employed here, which is
mainly due to the natural frequencies of the ele-
ments. It will be shown later that flat frequency
character curves are obtained by employing a pis-
ton type of vibration.

L 1

|6O 500 1000 2000
Frequency, cps.

Fig. 14. Frequency character curves of U-effect Il for the free
type of vibration of the elements I, 11, and 111 Amplitude of vibra-
tion: 1.2 x 103 mm.
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Fig. 16. Output voltage of U-effect Il as a function of tempera-
ture,

Effect of cooling (15).—Figure 15 shows the ex-
perimental device. An element of U-effect II, A,
made of a glass filter No. 2, was dipped in an
alcoholic bath B, cooled by the dry ice C, and the
receiving sensitivity measured as a function of the
bath temperature. A constant mechanical pulse is
delivered to the element by knocking the upper end
of the glass pole D, and the pulse voltage generated
at the two electrodes, a and b, was measured by the
height of the trace at the screen of a cathode ray
oscilloscope. E is the thermometer.

Figure 16 shows the results obtained. The output
voltage is practically constant from 20 to ca. —40°C.
The melting points of the mercury and the 2N
H,SO, aqueous, which was used as the solution
phase of the element, were —38.89° and —19°C,
respectively. The results indicate, therefore, that
even if the solution is in the solid state, the output
voltage of U-effect I does not diminsh.

Hydrophones—An example of the practical ap-
plication of U-effect I to a hydrophone device has
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Fig. 17. Unit cell of the hydrophone of U-effect i}

already been given in Fig. 4. A hydrophone using
U-effect II is shown in Fig. 17. The unit cell has
twenty capillary elements, A;, A,, . . . and Ay,
which are fixed to a resonating plate B and con-
nected in series. Each element contains twenty
mercury-solution phases. The output voltage is
amplified and read by a valve voltmeter.

The comparison of the receiving sensitivities of
the unit cells of U-effects I and II and also of the
Rochelle salt was made by 10-meter water tank
tests. The unit cell and the supersonic source, using
the magnetostriction of a nickel pole with the
anode loss of about 1w and the frequency of 13,500
cps, confronted each other in the tank, and the
readings of the output voltage were observed. Out-
door tests were also made at the Yodo river, in
which the maximum receivable distance was tested
by using the same supersonic source, with the
anode loss of about 10w.

Table III shows the average results thus ob-
tained. It is clear that the unit cell of U-effect 1I
has a receiving sensitivity of twice to 1.5 times as
high as that of the unit cell of the Rochelle salt.

Pickups of the electrophonograph.—In applying
the U-effects to pickups of the electrophonograph,
a uniform frequency response is demanded, avoid-
ing the resonance of the vibrating system. A pickup
of the free vibration type of the capillary element
of U-effect II is shown in Fig. 18A. The curve I of
Fig. 19 is its frequency character curve, indicating
a marked peak at about 400 cps. It was alsc proved
experimentally that this peak shifted toward the
high-frequency region for a fine capillary (curve
II) and toward the low frequency region for a
large one (curve III). The internal diameters of
these capillaries are 0.135, 0.148, and 0.182 mm,
respectively.

The influence of the electrolyte of the solution
phase of the element is also examined. A solution of
high electrolytic conductivity and low viscosity is
desirable. For instance the response at lower fre-
quencies is lower in the case of sulfuric acid for low
temperatures than in the case of hydrochloric acid.

Table 111. Receiving sensitivities of the hydrophones of U-effects
1 and 1l and the Rochelle salt

10-meter water tank

test. (Readings of Maximum receivable

Element the valve-voltmeter) distance, km
U-effect I 42 1.9
U-effect II 143 3.8
Rochelle salt 68 2.5

January 1963

(B)

Fig. 18. Pickups of the electrophonograph using U-effect II:
A, free type; B, piston type.
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Fig. 19. Frequency character curves of the pickups of U-effect Il.
The output voltage is in an arbitrary scale.

This is due to the larger viscosity increase at low
temperatures for the former solution.

A pickup of very high quality is made by em-
ploying the piston type of vibration to one of the
electrodes as shown in Fig. 18B. The frequency
character curve of this type of pickup is given by
the curve IV in Fig. 19, showing a satisfactory
linearity over the frequency range examined.

Summary

The mechanical vibration of the electrical double
layer in a glass capillary gives rise to the genera-
tion of an a-c voltage between the two ends. This
phenomenon is called in general “U-effect.” In the
case of glass-liquid interfaces, we call it “U-effect
I,” while in the case of mercury-salt solution in-
terfaces ‘“U-effect II.” The former is an effect of an
a-c streaming potential generation, and the latter
is an a-c capacity current of the double layer at
mercury-solution interfaces.

U-effect I can be used to measure streaming po-
tentials by an a-c technique, providing an alterna-
tive method to compare with the ordinary d-c
method. U-effect II has its application in providing
new methods for the double layer capacity meas-
urements at mercury-solution interfaces.

U-effects, both I and II, are applicable to all sorts
of mechano-electric transducers, and it was shown
that the hydrophone and pickup using U-effect II
were equal to or even superior to those using
Rochelle salt.
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Some Effects of Zinc Atmospheres on Zinc Sulfide

Hideo Baba®

Thomas J. Watson Research Center, International Business Machines Corporation, Yorktown Heights, New York

Generally, nonstoichiometry of a compound
semiconductor can be affected by the gas atmos-
phere in which the sample is heated. When ZnS is
heated in a zinc atmosphere, surplus zinc may be
introduced into the crystal, creating anion vacan-
cies V, and free electrons.

T2+ §2-
Znit §2- 4+ Zne {VI: Zn§+ ] +2— [1]

As the V, center formed is a missing S2~ ion, the
Va center has a change of +2e relative to the nor-
mal lattice, and it can trap the two electrons.

This process also occurs in the case of lead sul-
fide. If surplus sulfur is added to the lattice by
heating it in a sulfur atmosphere, free holes and
cation vacancies will be created.

It has been reported that the conductivity type of
PbS changes from n- to p-type very sharply when
heated in a sulfur atmosphere of sufficient pres-
sure (1). In the case of zinc oxide, it is known that
its resistivity goes down remarkably by introduc-

1 Present address: Sony Research Laboratories, Hodogaya-ku,
Yokohama, Japan.

ing interstitial zinc into the crystal by heating it
in zinc vapor and quenching (2). Since the inter-
stitial zinc atoms in zinec oxide crystals act as donors
with a low ionization energy, they effect the in-
creased conductivity (3). Similar phenomena have
been reported with many other compound semi-
conductors (4, 5).

In the case of both lead sulfide and zinc oxide,
their conductivity is high enough for the Hall co-
efficient to be measurable, and one can obtain
quantitative information about the surplus carrier
concentration. However, the conductivity of zinc
sulfide is too low for such measurements except at
elevated temperatures, making it difficult to clarify
the influence of the environmental gas on the elec-
trical character of this material. The pulsed Dember
measurement is one possible tool for the study of
the nonstoichiometry of this material. This effect
was first observed by Dember in CuyO single crys-
tals in 1931 (6, 7). The effect was used for the de-
termination of the carrier sign of various materials
by Burke (8) and Goodman (9). Morehead (10)
showed that the Dember voltage of ZnS changed
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linearly with the square root of the sulfur pressure
in which it was fired. The sample became more and
more p-type as the sulfur pressure was increased.

If a p-type ZnS sample is fired in a zinc atmos-
phere of a certain pressure, the conductivity type
should be changed to n-type by the introduction
of excess zinc as described above. The purpose of
this paper is to show how the nonstoichiometry of
zinc sulfide is affected by heating it in a zinc at-
mosphere, as detected by pulsed Dember measure-
ments.

Experimental

The experiment consisted of two parts: one was
the in-diffusion process in which surplus zinc was
incorporated in ZnS powder by heating in a zinc
atmosphere, and the other was the out-diffusion
process in which ZnS saturated with excess Zn was
heated in vacuum to extract the zinc and to con-
firm the influence of zinc on conductivity type.

The In-Diffusion Process

Three kinds of zinc sulfide were used for the in-
diffusion experiments. Each of them was made
from the same lot of luminescent grade zinc sul-
fide (RCA 298): (i) as-received ZnS; this con-
tained small amounts of free sulfur and sulfate. (S:
0.038%, S0O,=:0.29%); (ii) prefired samples; the
original ZnS (i) was fired in flowing H,S at 1250°C
for 2 hr to eliminate the sulfate; this sample
showed strong p-type conductivity; (iii) compen-
sated sample; zinc sulfide powder is usually pre-
pared by precipitation from solutions of zinc salts
with hydrogen sulfide. As a result it usually con-
tains much free sulfur, which can act as a source
for an acceptor. The excess sulfur is removed from
the material by heating it in vacuum at moderately
high temperatures. The compensated sample was
prepared by heating the original ZnS in running
vacuum at 500°C for 96 hr. (It was confirmed by
Dember measurements that the sample was just
compensated.)

Control of zinc pressure—ZnS powder was in-
troduced in one side of a quartz tube and a suffi-
cient amount of pure zinc was placed in the other
side, The tube was then evacuated, sealed off, and
placed in an electric furnace of desired tempera-
ture. In the case of low zinc pressures (390 mm
Hg), a two-section furnace was used which pro-
vided two independently controllable heating re-
gions. The portions of the tube with ZnS and Zn,
respectively, were then brought into the constant
temperature region of each furnace. For high pres-
sures, the tube was at a uniform temperature. The
zinc pressure was determined by the lowest tem-
perature of the tube. The experimental conditions
involved the equilibrium zine vapor pressures of
2500, 1950, and 390 mm Hg, which correspond to
zinc temperatures of 1075°, 1035°, and 850°C, re-
spectively.? After the samples were fired under
these conditions for the desired time, they were
quenched to room temperature, and the Dember
current was measured.

2 These vapor pressures are calculated averages of values deter-

mined by C. Barnes, J. W. Richards, and R. E. Honig, respectively.
Pressures calculated from Kubaschewski’s formula are higher.
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The Out-Diffusion Process

If the zine sulfide is first fired in a Zn atmosphere
and then heated in vacuum, the excess zinc will
diffuse out from the material and will condense at
the cool portion maintained at room temperature.
Since the zinc pressure at room temperature is of
the order of 10~!2 mm Hg the process can be con-
sidered to be equivalent to one in a running vac-
uum. This out-diffusion process was carried out at
670°C using samples of zinc sulfide which had been
fired in zinc atmospheres of either 390 mm Hg or
2500 mm Hg.

After the desired time at 670°C, the tube was
taken out of the furnace and quenched to room
temperature, and the Dember current measured
using a part of the sample. Further heating at
670°C was continued using the remainder of the
sample to get data for longer times. For a descrip-
tion of the Dember measurements see Appendix.

Results
In-Diffusion Process

Figure la shows the results of the in-diffusion
process with the as-received zinc sulfide. The start-
ing material is strongly p-type and as the time of
firing in zinc vapor increases, the conductivity type
becomes less p-type. After 40 hr, the concentrations
of sulfur and zinc vacancies reach a compensated
state. If the firing time and temperature are kept
constant (44 hr and 1050°C, respectively) the p-
typeness of the sample depends on the zinc pres-
sure below about 1300 mm Hg, as shown in Fig. 1b.

When the ZnS which had been prefired in H,S
atmosphere was fired under various zinc pressures,
the type changed to less p-type as the firing time
increased and it approached different steady states
depending on the zinc pressure in which the sam-
ple was fired. That is, the higher the zinc pressure,
the more n-type or less p-type will the final state
be, as shown in Fig. 2,
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Fig. 1. Change of conductivity type with Zn pressure of “as
received” ZnS. (a) (top) The ordinate represents the type of carrier
and the abscissa is the length of firing time, firing temperature
1050°C, Zn pressure 220 mm Hg; (b) (bottom) The ordinate is the
type of conductivity and the abscissa is the Zn pressure, firing
temperature 1050°C, firing time 44 hr.
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Fig. 2. Change of conductivity type as a function of firing time at
various Zn pressures. The starting material was prefired ZnS. The
firing temperatures associated with different Zn pressures were  as
follows: 2500 mm, 1075°C; 1950 mm, 1035°C; and 390 mm, 850°C.

If one starts with the compensated sample, the
situation is rather complicated and, unfortunately,
not very reproducible quantitatively. At high zinc
pressures there is essentially no change in the con-
ductivity type. There is apparently no way in
which the possible introduction of excess donors
can be detected from Dember effect measurements
(see Appendix). At lower zinc pressures a ten-
dency toward becoming more p-type was noted for
short firing times; this trend was reversed for
longer periods of firing, but the exact behavior was
erratic. Uncontrolled impurities in the starting
material and perhaps a natural tendency for excess
zinc vacancies to form at high temperatures under
conditions approximating a running vacuum (11)
can explain these latter results.

The Out-Diffusion Process

In order to confirm the incorporation of Zn by
the in-diffusion process, the ZnS which had been
treated in a zinc atmosphere was heated in a high
vacuum for a long time, to extract the excess zinc
at 670°C. No significant changes in electrical activ-
ity (Dember effect) were noted as a result of the
out-diffusion process. In every case, even for start-
ing samples which showed p-type conductivity
after treatment in a zinc atmosphere, an apprecia-
ble amount of zinc was observed at the cool portion
of the tube which was kept at room temperature.
This fact shows that only a small part of the zinc
which diffused into the crystal is electrically active,
and the rest of it is probably present as a precipi-
tation at the boundary of the crystals, in disloca-
tions, or at cracks in the crystal.

Discussion and Conclusions
If the excess zinc incorporated in the ZnS crys-
tallites acts as a donor just as in the case of zinc
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oxide, the conductivity type should be changed to
less p-type or more n-type by the in-diffusion
process. That is true in the case of prefired sam-
ples as shown in Fig. 2.

It is difficult to make a quantitative argument
about the results because the Dember measure-
ments give only semiquantitative information, and
the effect may depend strongly on the surface
conditions of the particle.

In order to confirm the results, some other infor-
mation such as photoconductivity is required.
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APPENDIX

Pulsed Dember Measurement Technique

These measurements were made by F. Morehead of
this laboratory, using a technique described by More-~
head and Fowler (10). Intense 320 mu radiation is
flashed onto the sample cell to obtain a Dember cur-
rent pulse peak. The sign and size of the Dember pulse
are noted both after a 1-min dark interval between
pulses and after a 1-min exposure to broad band infra-
red radiation (~0.8x). The LR. ionizes and facilitates
the return of deeply trapped holes (~1 e.v.) so that a
much larger p-type signal (or smaller n-type pulse) is
obtained after the L.R. exposure. If the two signals are
of the same size and n-type, then there are no excess
acceptors. If the peak obtained after L.R. is n-{ype and
smaller or actually p-type, the algebraic difference be-
tween the two signals is taken as a measure of the
excess acceptors. If both signals are p-type, the peak
obtained after IL.R. is always larger and its value is used
to measure the p-type content. If both signals are
n-type and the one obtained after L.R. is the larger, the
sample may actually have a donor excess, but not
necessarily. It is not possible to demonstrate an excess
donor concentration in ZnS by means of Dember meas-
urements alone. For more details on the method, the
reader is referred to ref. (11).



Some Comments on Thermal Etching of Silicon Surfaces
Treated in Sealed Quartz Tubes

A.N. Knopp

Semiconductor Division, Westinghouse Electric Corporation, Youngwood, Pennsylvania

Thermal etching or evaporation of metal and
semiconductor single crystals results in the deteri-
oration of certain crystal faces in favor of more
stable ones (1). Dillon and Oman (1) were able to
show that heat treatment in different ambient
pressures resulted in different etch-pit patterns of
silicon surfaces. To prevent interaction between
silicon and quartz a molybdenum slice holder was
used which separated the silicon from the quartz.
The etch pit density of silicon treated in a poor
vacuum (107°—10"% mm Hg) was much greater
than the pit density of silicon treated in high vac-
uum (<< 107¢ mm Hg). Silicon temperatures were
reported as 850°C in the first case and greater than
1000°C in the second case.

It is inferred that enhancement of thermal etch-
ing at higher ambient pressure is due to the forma-
tion and subsequent evaporation of volatile SiO,
and that this effect becomes negligible when the
vacuum is better than 1 x 10~® mm Hg. In addi-
tion, any oxygen formed by outgassing of certain
metals or oxygen which is present due to interac-
tion between silicon itself and the ambient and be-
tween silicon and quartz must be excluded. On the
other hand, thermal etching is reduced by increas-
ing the oxygen content such that a protective SiO,
layer is formed which protects the silicon from
thermal etching. Consequently, in procedures which
employ a very poor vacuum, the effect vanishes
again. [Silicon which has been treated in pure O,
(1) shows less triangular pits than silicon heated
in atmospheres of N,, He, or H,.J!

Since the revealing of special surface patterns is
due to the removal of varying amounts of silicon,
the same patterns should be obtained by applying
either thermal or chemical etching.

In silicon, the [111] plane is the most densely
populated of the low-index planes, therefore it is
the most stable under high-temperature heating or
a preferential chemical etching. The etching pat-
tern shows the familiar triangular forms for the
[111] face.

The present experiment is to demonstrate that
thermal etching has been observed and compared
to chemical etching. The significance of thermal
etching in sealed tubes is discussed.

Experimental Procedure
It is assumed that thermal etching is determined
by the silicon temperature and the amount of oxy-
gen which is present. In order to get factual infor-

1 A treatment in pure N, which has been carried out by the author
yielded a white flaky coating on the entire surface consisting of
SigNi which could be removed easily. However, neither thermal
etching nor any stronger triangular pits could be detected.
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mation, experiments have to be carried out in
which temperature and oxygen content are varied
in a controlled manner. The desired value of oxy-
gen concentration is controlled by the vacuum
quality and special surface treatments of the sili-
con.

The thermal treatment procedures were carried
out in the following way: all quartz parts were
soaked in boiling nitric acid, rinsed several times
in hydrofluoric acid and deionized water, and finally
dried in an inert atmosphere at elevated tempera-
tures. The silicon was sliced, lapped, thoroughly
cleaned, and slightly etched in a HNO;~-HF-CHj-
COOH mixture. The silicon was then inserted into
the quartz tube; the tube was evacuated and back-
filled with hyperpure dry argon the pressure of
which was never varied. Two different arrange-
ments of the sealed tubes are shown in the follow-
ing sketch (a) and (b).

s
Al |
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%
Z
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(8] \
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The slices were packed together vertically to
contact each other across the whole area of the
silicon face. The surface treatment prior to the
heat treatment was different, resulting in various
amounts of removal of the damaged layer resulting
from lapping, and the heat treatment temperature
of 1200°C was held for several hours. After heat
treatment, the tubes were broken, and the silicon
slices were evaluated without having applied any
further surface treatment. The results obtained are
best described by the photomicrographs, Fig. 1-5.

Discussion

It is obvious that thermal etching takes place
when (a) silicon surfaces touch quartz (reaction
with quartz); and/or (b) silicon is packed together
resulting in special thermal etched areas either on
the edges and/or center parts between silicon slices
(poor contact areas). Due to the fact that the con-
tact areas were not 100% uniform, we did not ob-
tain uniform thermal etched surfaces. The oxygen
affecting the localized equilibrium condition could
result from the backfilled gas, the quartz parts, and
the more or less oxidized silicon surfaces.

Generally, silicon with shiny (mirror finish)
etched surfaces prior to a heat treatment shows
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Fig. 1. Silicon having touched another silicon slice during heating.
Special areas where triangles become larger indicate poor contact
with the adjacent slice. Magnification 200X.

Fig. 2. Silicon slice in poor contact with another silicon slice
during heat treatment: the strong etch pit pattern is due to
stronger thermal etching. The triangles become larger, now touch-
ing each other. Magnification 200X.

Fig. 3. More “deformed” triangular structure, After heat treat-
ment, these areas are shiny, like a satin, chemically etched surface
(compare with Fig. 5). Magnification 200X.

very little or no thermal etching, whereas, silicon
with dull and/or rough surfaces exhibits severe
thermal etching. Figures 2 and 3 were taken from
slices which started with a very rough and dull
surface. We may conclude that shiny etched sur-
faces are more stable than the rough ones, resulting
in different thermal etching rates. However, this
only holds true as long as the total amount of oxy-
gen in the sealed tube is within a critical range as
pointed out above, Thermal etching may be influ-
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Fig. 4. Silicon having been exposed to a quartz plug: note the
large triangles between the original “small” ones. Magnification

100X.

Fig. 5. Silicon slice having been chemically etched in a (1:1:1)
HF:HNO3:CH3COOH mixture for 6 sec; the etch pit pattern is
similar to the thermal etched surface (compare with Fig. 3).
Magnification 200X.

enced by the volume of the quartz capsule, too. A
sealed system at a certain equilibrium temperature
determines the equilibrium vapor pressure of sili-
con that saturates the capsule to limit thermal etch-
ing. The effect is minimized when a small tube is
used in a single temperature zone (see sketch
above). In a two-zone system, thermal etching will
continue as in Dillon’s experiment, since silicon is
“distilled” from the hot zone to the colder zone.
This latter case is often used to advantage in diffu-
sion when the low-temperature zone is used to
control the vapor pressure.

As a comparison, Fig. 5 shows a chemical etched
silicon surface which has been treated in a (2:1:1)
HF:HNO;: CH;COOH mixture for 6 sec after lap-
ping. This pattern is very similar to that of Fig. 3.
By modifying the etching solutions, patterns com-
parable to thermally etched patterns shown in Fig.
1 and 2 were also obtained. Thus, it clearly demon-
strates the similar nature of the thermal treatment
to that of a chemical etching.

Application
In application to diffusion, if the evaporation
rate is very high, the impurity distribution in such
diffusion process follows neither the well-known
erfe-distribution nor the “Gaussian” distribution,
but rather a solution of the diffusion equation
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which considers simultaneously evaporating silicon
(2). This results in a time-independent, constant
impurity penetration due to equal rates of evapo-
rating silicon and impurity penetration. This effect
could be observed after our diffusion processes in
some cases, since strong thermal etching has in-
creased the rate of evaporating silicon such as to
fulfill the above mentioned condition.

Although thermally etched surfaces yield excel-
lent device properties because the etching process
has yielded relatively clean silicon surfaces? its
effect should be acknowledged if control of uni-
formity is intended.

2 A cleaning process occurs as soon as a certain amount of impuri-
ties distilis off the surface and condenses on the quartz.
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The Growth of Silicon Carbide from Molten Silicon

G. E. J. Beckmann

Central Research Laboratories, The General Electric Company Limited,
Hirst Research Centre, Wembley, England

Carbon is slightly soluble in molten silicon; its
solubility at a number of temperatures has been de-
termined by Scace and Slack (1). These authors
heated silicon isothermally in small graphite cru-
cibles and so formed saturated solutions of carbon
in silicon from which silicon carbide crystallized
upon rapid cooling. From the weight of silicon car-
bide the solubility at the temperature of the experi-
ment was evaluated. When their results were com-
bined with that of Dash (2) at the melting point of
silicon, a linear relation was found from 1408°C
up to about 2430°C between the logarithm of the
solubility and the reciprocal temperature; this is
the kind of variation which might be expected on
thermodynamic grounds. However at yet higher
temperatures the solubility increased more rapidly
until the peritectic point of silicon carbide was
reached at 2830° =+ 40°C with a solubility of
19 (atomic) % (in argon at 35 atm). Above 2830°
* 40°C Scace and Slack observed that silicon car-
bide decomposed without congruent melting to form
a silicon-rich liquid in equilibrium with graphite.

The problem of crystallization from a solution in
contact with excess solute may be approached in
two ways. Either a saturated isothermal solution
may be cooled whereupon solute crystallizes out,
or a temperature gradient may be established in
the container while the temperature at any point is
kept constant.

In the latter case the solution circulates, becomes
supersaturated and deposits crystals in cooler re-
gions, and is replenished with solute on returning to
the hot zone.

In view of the very small solubility of carbon in
silicon (only 1 part in 20,000 at the melting point
of silicon and even at 2150°C it is only 1%) the
first approach would clearly be futile for crystal-
lizing substantial amounts of silicon carbide, unless
an operating temperature approaching 2830°C were
contemplated. The second approach however seemed

more promising and was therefore adopted in the
present investigation.

Experimental Details

Materials.—High-purity silicon was melted in
graphite crucibles by an eddy current heating set
supplying 18 kw at 0.5 Mc/s. The crucibles were
mounted concentrically with a heating coil chosen
so as to give the appropriate distribution of tem-
perature, and were covered by a glass bell-jar rest-
ing on a copper base-plate. The ambient gas was
dried argon at atmospheric pressure; this repressed
the evaporation of silicon which would have been
troublesome in vacuum. The temperatures were
measured by an optical pyrometer focused suc-
cessively at points on the crucible wall. The actual
temperatures were somewhat higher than those
mentioned here since no corrections were made for
the emissivity of graphite or for absorption by the
glass wall of the bell-jar. Films of silicon formed on
the walls during the run, causing a gradual fall of
between 20° and 60°C in the measured temperature,
which was corrected accordingly.

At first there were difficulties in retaining the
molten silicon as the crucibles cracked for two rea-
sons. First, molten silicon seeps through the pores of
most graphite in a matter of seconds; this problem
was overcome by using less permeable graphite
which held silicon at temperatures in excess of
2600°C. Second, silicon expands when it solidifies,
and the resulting stresses tend to break the cru-
cibles; this was avoided by making the walls
thicker.

The graphite contained a few hundred parts of
impurity per million, but the purity was much en-
hanced by preheating it to 2000°C; the smoke thus
evolved indicated that volatile impurities were be-
ing expelled.

Results of initial experiments—A series of ex-
periments was carried out in which 30g lots of sil-
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which considers simultaneously evaporating silicon
(2). This results in a time-independent, constant
impurity penetration due to equal rates of evapo-
rating silicon and impurity penetration. This effect
could be observed after our diffusion processes in
some cases, since strong thermal etching has in-
creased the rate of evaporating silicon such as to
fulfill the above mentioned condition.

Although thermally etched surfaces yield excel-
lent device properties because the etching process
has yielded relatively clean silicon surfaces? its
effect should be acknowledged if control of uni-
formity is intended.

2 A cleaning process occurs as soon as a certain amount of impuri-
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in silicon from which silicon carbide crystallized
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of silicon and even at 2150°C it is only 1%) the
first approach would clearly be futile for crystal-
lizing substantial amounts of silicon carbide, unless
an operating temperature approaching 2830°C were
contemplated. The second approach however seemed

more promising and was therefore adopted in the
present investigation.

Experimental Details

Materials.—High-purity silicon was melted in
graphite crucibles by an eddy current heating set
supplying 18 kw at 0.5 Mc/s. The crucibles were
mounted concentrically with a heating coil chosen
so as to give the appropriate distribution of tem-
perature, and were covered by a glass bell-jar rest-
ing on a copper base-plate. The ambient gas was
dried argon at atmospheric pressure; this repressed
the evaporation of silicon which would have been
troublesome in vacuum. The temperatures were
measured by an optical pyrometer focused suc-
cessively at points on the crucible wall. The actual
temperatures were somewhat higher than those
mentioned here since no corrections were made for
the emissivity of graphite or for absorption by the
glass wall of the bell-jar. Films of silicon formed on
the walls during the run, causing a gradual fall of
between 20° and 60°C in the measured temperature,
which was corrected accordingly.

At first there were difficulties in retaining the
molten silicon as the crucibles cracked for two rea-
sons. First, molten silicon seeps through the pores of
most graphite in a matter of seconds; this problem
was overcome by using less permeable graphite
which held silicon at temperatures in excess of
2600°C. Second, silicon expands when it solidifies,
and the resulting stresses tend to break the cru-
cibles; this was avoided by making the walls
thicker.

The graphite contained a few hundred parts of
impurity per million, but the purity was much en-
hanced by preheating it to 2000°C; the smoke thus
evolved indicated that volatile impurities were be-
ing expelled.

Results of initial experiments—A series of ex-
periments was carried out in which 30g lots of sil-
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Fig. 1. Crystals of silicon carbide; Fig. 1a, top; Fig. 1b, center;
Fig. 1¢, bottom. Magnification 10X.

icon were heated in graphite crucibles to various
maximum temperatures between 1450° and 2600°C
for several minutes. When the silicon was etched
away with a mixture of equal amounts of HF and
HNOs;, silicon carbide appeared as a thin raft of
tiny crystals at the surface and as dendritic clusters
at the base and walls of the crucible. Sometimes
there were platelets up to 1 mm across in the lower
part of the ingot itself. Some examples may be seen
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Fig. 2. Slices of a crucible. Magnification 34X

in Fig. 1(a) and (b). Figure 1(c) shows larger crys-
tals grown at the base of a nearly isothermal melt
at 2300°C from yet purer materials. Their well-
defined growth patterns are brought out in the pho-
tograph. The crystals of this batch are bright yellow
apart from small bright red inclusions here and
there.

Nucleation and growth of crystals of silicon car-
bide were observed at the tip of a graphite rod dip-
ping just beneath the silicon surface (protected
above by radiation shields). At 1860°C the growth
was so rapid that within 1 hr it had extended to the
base of the crucible, whereupon the rod seized.
These crystals were easily separated into dark green
torpedo-shaped grains and were later shown to be
cubic.

Production of pure polycrystalline SiC.— Of par-
ticular interest is the combination of high maximum
temperatures (2100°-2600°C) and great tempera-
ture gradients because these conditions give rise to
profuse precipitation of silicon carbide.

For example in one such run a region about 1.2
cm long in the central part of the length of the
crucible was maintained for 20 min at 2300°C, the
temperature falling off above and below this re-
gion initially at a rate of about 300°C/cm, while
the regions at the top and bottom of the melt were
at a temperature of about 1800°C. In this experi-
ment 15g of silicon carbide was made; i.e., 1/3 of
the silicon had been transformed into silicon carbide.

This experiment was then repeated to find out
how the crystals were arranged. This time the cru-
cible was cut vertically into slices 1 mm thick, and
the silicon was etched from these. It was then ap-
parent that the ingot had consisted of a mass of
solid silicon in which were embedded two separate
networks of silicon carbide crystals, one at the top
and the other at the bottom of the melt, whereas the
central region was almost free of silicon carbide and
the graphite wall thereabouts was deeply eroded.
Figure 2 shows two nearly axial slices after etching.
The networks consisted mainly of bright yellow
crystals, but a few green ones also had grown ran-
domly among them; the proportion of green crys-
tals increased both with the duration of the run and
with the temperature.

The results of a preliminary spectroscopic anal-
ysis are shown in Table I. These results support
the view (3) that there is substantial rejection of
impurities from silicon carbide; thus the iron con-
tent was less than 10 ppm, whereas that of the
graphite was about 200 ppm.
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Table 1. Preliminary spectroscopic analysis

Probable concentration
Elements detected i

in ppm
Aluminum 10-50
Iron <10
Calcium 10-50
Magnesium <10
Copper <10

Elements sought but
not detected

Low limit of detection
for the method employed

Phosphorus 500
Arsenice 500
Antimony 100
Boron 100

The crystals were mostly cubic although there
were a few hexagonal ones. One yellow crystal ex-
amined separately was found to be entirely cubic.
These observations agree with those of Scace and
Slack who grew crystals which were predominantly
cubic even at 2830°C. They considered that this was
the stable form of melt-grown crystals and that the
transformation from cubic to hexagonal was via
the vapor phase. Such opinions may be contrasted
with the frequent assumption (4, 5) that cubic is
stable below but unstable above 2000°C.

On the other hand, in the present investigation a
few experiments carried out in impure conditions
(in particular when the argon was delivered by
rubber tubing instead of a copper pipe) had a dif-
ferent outcome. Only green crystals then resulted
which were both smaller and nearly all hexagonal
(6H, 15R and 4H, with 4H predominating) in spite
of identical thermal conditions. This group of ex-
periments offered support to the view expressed by
Ellis (6) that the hexagonal form is impurity sta-
bilized.

January 1963

Conclusions

The high yields encountered can be understood
by supposing the existence of very rapid transport
processes within the melt; the most effective of
these was probably convection which was delib-
erately encouraged. No doubt some transfer of ma-
terial arose also on account of diffusion and the
r.f. fields.

Tt is especially interesting to recall that Scace and
Slack found that above about 2430°C the solubility
increases more rapidly than at lower temperatures.
They attributed this observation to nonideality of
the solution. It is tentatively suggested here that
this behavior may readily be explained in terms
of the transport phenomena proposed in this paper.
Now although Scace and Slack endeavored to main-
tain isothermal conditions, some temperature vari-
ation was of course unavoidable; they appear to
imply that the temperature gradient on the walls
of their (much smaller) crucibles might have been
as much as 20°C/cm, and this is not negligible in
the present context. It seems likely therefore that
the true values of the solubility at the highest tem-
peratures may lie somewhat lower than those re-
ported by Scace and Slack.

Manuscript received July 23, 1962.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
JOURNAL.
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Room Temperature Evolution of Hydrogen
from High-Purity Nickel

K. M. Olsen and C. F. Larkin

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey

Low-temperature electrical resistance measure-
ments made at 20°K have provided a sensitive
means for detecting the presence of small quantities
of hydrogen in pure nickel. The use of such meas-
urements for evaluating “over-all” purity of met-
als has been previously described (1, 2). The low-
temperature resistivity of a comparatively pure
metal is very sensitive to minute amounts of im-
purities in solid solution and is generally insensitive
to impurities present as a second phase, whether
dispersed throughout the matrix or segregated in
grain boundaries. It is also sensitive to lattice de-
fects such as produced by cold deformation. How-
ever, this latter effect can be minimized and made
substantially constant by properly annealing the

test specimens prior to measurement.

The usual parameter employed in evaluating the
purity of a metal is the resistance ratio. In this
study this is the ratio of the electrical resistance of
a given mass at liquid hydrogen temperature
(20°K) to the resistance of the same mass of the
same sample at ice water temperature (273°K).
The lower this resistance ratio the higher the over-
all purity of the metal.

Experimental Procedure
The 0.050 in. diameter wire and 0.020 in. thick
x Y in. wide strip used in this study were prepared
from a high-purity nickel ingot obtained by melt-
ing and casting under controlled atmospheres (3).
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Fig. 1. Solder connections at extremities of separated slit strips

Chemical analysis of the wire and strip showed
that no single impurity was present in amounts ex-
ceeding 0.0059% by weight.

The wire to be tested was wound around a quartz
fixture and cleaned by etching in a warm solution
consisting of 3 parts glacial acetic acid, 1 part nitric
acid, and 0.015 parts of hydrochloric acid. After
cleaning, the entire assembly was heat treated 1 hr
at 1000°C in dry hydrogen or dry helium (— 80°F
dew point).

Resistance measurements at ice water tempera-
ture (273°K) and liquid hydrogen temperature
(20°K) were made on the heat-treated wire with-
out removing it from the quartz fixture. Current
leads were soldered to the ends of the wire, and
potential leads were similarly soldered at various
points. The resistance at 273° and 20°K was meas-
ured using sensitive potentiometer-amplifier equip-
ment capable of measuring voltages as low as 10 %,

Strip rather than wire was used for determining
the resistance ratio changes associated with multi-
ple heat treatments of the same specimen. In this
procedure the 0.020 in. thick strip was slit part way
down on both ends and mounted on a quartz fix-
ture, After cleaning and heat treatment, solder
connections are made at the extremities of the
separated slit strips as shown in Fig. 1. After re-
sistance measurements have been made the solder
connections are cut off, the sample reheat-treated
and a new set of solder contacts applied for another
set of measurements.

Discussions of Results
Repeat measurements on the same wire which
had been heat treated at 1000°C in dry hydrogen
and rapidly cooled showed that the resistance ratio
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Fig. 2. Aging characteristics of acid-cleaned high-purity nickel
wire from ingot CA550 after heat treatment at 1000°C in indicated
atmosphere.
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decreased steadily with length of time aged at room
temperature. This aging effect was found to be due
to gradual diffusion of hydrogen from the nickel.
The hydrogen had been retained in the nickel by
the rapid cooling after heat treatment. Evidence of
this behavior is shown in the aging curves given in
Fig. 2. A considerable difference in resistance ratio
and aging characteristics was obtained by very
slow furnace cooling in hydrogen after the 1000°C
heat treatment. Of special significance is the lower
resistance ratio obtained by either rapid or slow
cooling after a similar heat treatment in helium.
The helium treated samples showed no aging effect
as contrasted with the continual drop in resistance
ratio over a 70~day aging period for the hydrogen
treated wire. The difference in level of resistance
ratio between rapid and slow cooled helium treated
samples is probably associated with lattice defects
produced by the rapid cooling. It is of interest to
note that these defects are not removed by room
temperature aging.

An experiment using nickel strip was conducted
to determine the reversibility of the hydrogen ef-
fect on resistance ratio. The first treatment in
helium yielded the anticipated low resistance ratio.
A reheating in hydrogen (after cutting off the
solder leads) resulted in a marked increase in re-
sistance ratio. Additional alternate heat treatments
in helium and hydrogen yielded the same changes
in resistance ratio and confirmed that hydrogen
could be reversibly introduced or eliminated from
the nickel. Three-days aging after a final hydrogen
treatment resulted in a moderate decline of the
resistance ratio. At this point the sample on the
fixture was subjected to a 1-hr treatment in vac-
uum (107% mm Hg). This treatment produced no
further decrease in the resistance ratio. This is a
strong indication that the hydrogen atoms are
tightly held in the nickel lattice and are evolved
slowly by a diffusion process. Supporting evidence
that the hydrogen is held in solid solution is the
fact that the observed increase in resistance ratio
associated with hydrogen absorption is too large to
be caused by formation of a second phase or by
retention in voids or grain boundaries. It appears
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therefore that the absorbed hydrogen is retained in
a supersaturated solid solution as a result of rapid
cooling from elevated temperatures. Subsequent
aging at lower temperatures induces gradual evolu-
tion of hydrogen by diffusion, the process continu-
ing until equilibrium conditions are reached. Faster
diffusion occurring during slow cooling results is
less retention of hydrogen in the nickel.

Previous studies by Euringer (4) using gas anal-
ysis techniques, showed that hydrogen is slowly
expelled from nickel at room temperature. Qur mass
spectrographic analysis on strip which had been
rapidly cooled after the 1000°C treatment showed
that hydrogen is continuously evolved from high-
purity nickel during aging at room temperature.
The analytical data indicate that approximately
0.0001% by weight of hydrogen in nickel is re-
sponsible for the observed change in resistance
ratio. This indicates that the low-temperature re-
sistance measurements are sensitive enough to de-
tect the presence of 1 atom of hydrogen in 600,000
atoms of nickel.

The evolution of hydrogen from nickel during
aging at 25°, 50°, and 75°C as indicated by resist-
ance ratio measurements is shown in Fig. 3. Diffu-
sion constants calculated from these data using the
method employed by Allison and Samuelson (5)
show the activation energy to be approximately
9500 calories per mole. The diffusion relationship
for hydrogen in nickel can be expressed as

— 9500
D =38 x 103 >

At 25°C the diffusion coefficient D is 3.9 x 10-1°
em?/sec. These values are in good agreement with
those obtained from gas analysis studies by
Euringer (4), Grimes (6), and Hill and Johnson
(7). The comparison is shown in the following
table.

Temperature
Source H Do range, °C
Euringer 8,700 2.04 x 10 85-165
Grimes 10,300 9.5 x 10~* 430-850
Hill and Johnson 8,600 447 x 107 380-1000
This work 9,500 3.8 x 10 25-75

January 1963

Conclusions

Low-temperature resistance measurements have
shown that the hydrogen absorbed by high-purity
nickel during a 1000°C heat treatment is liberated
slowly at room temperature. The data indicate that
the hydrogen is retained in solution interstitially
and that evolution at room temperature occurs by’
a diffusion mechanism. Evolution of hydrogen as
evidenced by change in resistance ratio occurred
over a period as long as 70 days. Diffusion constants
calculated from the observed changes in resistance
ratio occurring during aging at 25°, 50°, and 75°C
were in good agreement with those obtained by
other investigators. Evolution of hydrogen at room
temperature was confirmed by mass spectrographic
analysis. The total amount of hydrogen liberated
was found to be equivalent to approximately
0.00019% by weight in nickel.

This study has shown that low-temperature re-
sistance measurements are sensitive enough to de-
tect absorption and evolution of small quantities of
gasses in metals.
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The Dissociation Pressure of Zinc Antimonide

Chikara Hirayama
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

The thermoelectric properties of ZnSb have been
reviewed recently by Miller (1). This compound
is known to be a useful p-type material, whose crys-
tal structure (2) is one of a distorted diamond struc-
ture with 16 atoms per unit cell. The compound
ZnSb forms peritectically (2, 3), and it is known
(4) that there is only a limited range of solid solu-
tion in the region of this compound.

Zinc antimonide dissociates according to the re-
action ZnSb(s) = Zn(g) + Sb(s). Oelsen and Mid-
del (5) have determined calorimetrically the stand-
ard heat of formation as —3.6 kcal/mole. DeWitt
and Seltz (6) have determined the standard ther-

modynamic properties from emf measurements and
report values of —3.07 kcal/mole, —3.36 kcal/mole,
and 0.98 e.u./mole, respectively, for the heat, the
free energy, and the entropy of formation. We have
undertaken to measure the dissociation pressure of
this compound and to calculate the heat of forma-
tion from the heat of dissociation of ZnSb(s) and
the heat of sublimation of Zn(s).

Experimental
The ZnSb was kindly supplied by Dr. R. Mazel-
sky.! The material was prepared by melting stoi-

1 Westinghouse Research Laboratories.
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chiometric quantities of zinc and antimony at about
750°C in an evacuated Vycor tube which was sub-
sequently air quenched. The material was ground,
then cold-pressed and sintered at 500°C in an evac-
uated Vycor tube. The x-ray powder diffraction
pattern showed only the ZnSb lines with crystal
parameters a = 6.161A, b = 7.741A, ¢ = 7.986A.

The apparatus consisted of a 30 in. long vertical
tube. This tube consisted of a 22 in. long, flanged
Pyrex brand pipe of 1.5 in. ID (Corning Glass
Works), to which was sealed a flat-bottomed mul-
lite tube of 114 in. ID, and 8 in. long. A stainless
steel flange, containing the iron-constantan thermo-
couple and a hook for suspending the sample, was
sealed to the flanged top of the Pyrex tube. A gasket
of Viton-A (E. I. du Pont) was used to facilitate a
vacuum seal. The tube was connected to a vacuum
system just below the flanged top. Allowance was
made also for introduction of argon to the system to
break the vacuum.

The mullite section was heated by raising a tube
furnace over it. The temperature of the furnace was
controlled by = 2° or better, and the bottom 4-in.
section of the tube was at the same temperature.

The four Knudsen cells were machined from
graphite rods supplied by the National Carbon Com-
pany. The dimensions were 1% in. high, 34 in. di-
ameter with wall thickness of approximately 3/16
in. Two cells had 0.0625 in. orifice diameters and
lengths of 0.250 and 0.219 in. .The other two
cells had orifice diameters of 0.125 in. and lengths
of 0.250 and 0.185 in. The Clausing correction (7)
was used to calculate the effective orifice area. The
cells were heated above 850° in a vacuum of ap-
proximately 1 x 10~ mm Hg for several hours
until constant weight was obtained.

To obtain the effusion rate, the Knudsen cell was
contained in a silica cup which was placed on a
platinum pan. The pan was then lowered into the
mullite tube. The thermocouple was placed adjacent
to the cell. The system was flushed several times
with oxygen-free argon and finally filled with the
latter. The sample was then heated by raising the
furnace over the tube and allowed to come to con-
stant temperature. The time required was 20-30
min. The system was subsequently evacuated to
about 3 x 1073 mm Hg in about 3 min. The pressure
during any run was maintained between 5 x 1076
and 3 x 107® mm Hg. Check runs indicated no de-
tectable loss of material during the heat-up time in
the argon atmosphere. Each run was terminated by
breaking the vacuum with argon and lowering the
furnace to cool the tube with a forced draft. The
effusion rate was determined from the weight loss
over the heating period under vacuum. Results of
the effusion measurements are summarized in Table
1.

A sample of approximately 1g of ground material
was used for each run. The effusion rates determined
in the Knudsen cells of 0.0625 in. orifice diameter
were independent of time over the temperature
range measured. However, it was found that the
effusion rates from the 0.125 in. orifice diameter at
temperatures above 682°K decreased with time,
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Table I. Effusion rate and dissociation pressure of ZnSb(s)

Eff. orifice

Run Temp, Time, Weight area, D,
No. K sec loss, mg cm2 x 103 atm x 108
1 688 2700 1.9 5.01 10.25
2 692 10,500 9.2 5.01 12.8
3 686 7200 4.5 5.01 9.11
4 687 7185 4.6 5.01 9.23
5 687 7200 5.2 5.01 10.5
6 687 7230 45 5.01 9.06
7 724 4500 10.9 5.01 36.3
8 724 4560 10.7 5.01 35.2
9 722 3330 8.7 4.44 44.0
10 739 3620 14.0 4.44 66.0
11 703 9860. 11.6 4.44 19.6
12 692 6090 4.5 4.44 12.2
13 673 4360 14 4.44 5.24
14 745 1500 7.0 4.44 80.1
15 665 6420 8.3 27.84 3.34
16 682 3140 10.0 27.84 8.31
17 658 7950 6.5 27.84 2,10
18 695 1425 5.2 27.84 9.64
19 697 1480 7.4 33.7 10.9
20 665 5135 8.2 33.7 3.47
21 725 3660 9.6 5.01 393
22 697 7200 6.0 5.01 12.2
23 697 2910 13.0 33.7 8.75
24 676 3630 7.8 33.7 4.63

while at 665°K it was apparently independent of
time. This type of time-dependent evaporation rate
has recently been observed by Dreger, Dadape, and
Margrave (8) where they have found the rate of
weight loss of BN to decrease with time. They at-
tribute this time dependence to the formation of a
surface crust of boron which inhibits the escape
of nitrogen.

A single sample was used in runs 1-8 with an orifice
of 0.0625 in. diameter and length of 0.219 in. New
samples of approximately 1g were used in runs 9-
14 with a cell of orifice diameter 0.0625 in. and
length 0.250 in. Separate samples of approximately
1g were used in runs 15-18 in a cell of orifice diam-
eter 0.125 in. and length 0.250 in., while a single
sample was used for runs 19 and 20. Runs 21-24
were made on samples containing ZnSb and 30%
excess of Sb powder.

The volatile species was ascertained by heating
the zinc antimonide in a vacuum of approximately
10~° mm Hg up to temperatures of 600°C. The x-
ray powder diffraction patterns of the condensate
showed only the zinc lines when approximately 10%
of the solid was volatilized. The wet analysis of the
residue confirmed the x-ray data. The x-ray diffrac-
tion pattern of the residue also shows the presence
of only two phases, i.e., ZnSb and Sb.

Results

The dissociation pressures, in atmospheres, were
calculated with the equation paim = 0.02255 (m/At)
(T/M)V2 where m is the weight loss in grams after
effusion time t, A is the effective orifice area, T the
absolute temperature, and M the atomic weight of
zinc. Table 1 summarizes the results. A least
squares treatment of the data gives a good fit to the
equation

108 Patm = 7.71 — (8760 = 325)1/T
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Table I1. Free energy functions and heat of dissociation of ZnSb(s)

F° — H°0s
T Zn(g)

F°* — Hms F° — H°xpg
T $b(s) T ZnSb(s)

Run No. Temp, °K —Rlnp AH 25
1 688 22.83 39.79 12.60 24.85 34.65
2 692 22.38 39.81 12.62 24.89 34.54
3 686 23.06 39.78 12.59 24.83 34.71
4 687 23.02 39.79 12.59 24.85 3473
5 687 22.79 39.79 12.59 24.85 34.57
6 687 23.06 39.79 12.59 24.85 34.75
7 724 20.32 39.94 12.78 25.24 34.61
8 724 20.36 39.94 12.78 25.24 34.64
9 722 19.93 39.93 12.77 25.22 34.23

10 739 19.13 40.00 12.86 25.39 34.44
11 703 21.54 39.85 12.68 25.02 34.48
12 692 22.48 39.81 12.62 24.89 34.61
13 673 24.17 39.73 12.52 24.69 34.81
14 745 18.74 40.02 12.89 25.46 34.41
15 665 25.06 39.69 12.47 24.61 34.99
16 682 23.25 39.77 12.56 24.76 34.66
17 658 25.98 39.67 12.44 24.53 35.24
18 695 22.95 39.82 12.63 24.93 35.08
19 697 22.70 39.83 12.64 24.95 35.00
20 665 24.98 39.70 12.47 24.61 34.94
21 725 20.13 39.94 12.79 25.25 34.52
22 697 22.92 39.83 12.64 24.95 35.16
23 697 22.45 39.83 12.64 24.95 34.83
24 676 24.40 39.74 12.53 24,73 35.11

between 658° and 745°K. The heat of reaction at
298°K was calculated by the third law method
utilizing the free energy functions for Zn(g) and
Sb(s) given by Stull and Sinke (9) and the free
energy function for ZnSb(s) which was computed
from the entropy (21.4 = 1.4 e.u.) at 298°K (10) and
its heat capacity (11). Results are summarized in
Table II. The average heat of reaction at 298°K is
AH°293 = 34.74 = 0.81 kcal/mole.

The time dependence of the effusion rate through
the 0.125 in. orifice is probably due to the forma-
tion of a surface crust or to a limited solubility of
antimony which results in the decreasing effusion
rate with time. As observed by Dreger et al. (8),
the same behavior was found when a surface crust
of boron formed on BN. The absence of the time
dependence through the smaller orifice, which has
a lower effusion rate, may be due to the fact that
sufficient time is allowed for the nucleation and
segregation of the Sb into discrete, separate crystals,
whereas the rapid effusion rate through the larger
orifice does not allow sufficient time to reach equi-
librium.

Runs 21-24, where 309, excess of Sb was present,
and the x-ray data show that the zinc pressure is
measured over the two-phase system.

In the case of the effusion through the 0.125 in.
orifice, which is time dependent, it is possible to
approach the equilibrium dissociation pressure by
using a sufficiently large sample run over a short
time. The validity of this procedure is shown by the
good agreement between the vapor pressures de-
termined with cell orifice diameters of 0.125 and
0.0625 in.,, where the effusion through the latter
cell is time independent. Other measurements (12)
using the identical cells of 0.125 in. orifice shows
that saturation pressure of zinc is measured.

Avg — 34.74 = 0.81 kcal/mole

Schulz and Searcy (13) have recently shown the
validity of the Clausing correction, within experi-
mental accuracy, up to 1/a ratios of 10.0. In the
present work the good agreement of the data ob-
tained with two orifice diameters and four different
1/a ratios suggests accommodation coefficients ap-
proaching unity.

The heat of formation of zinc antimonide, e.g., for
the reaction Zn(s) + Sb(s) = ZnSb(s) at 298°K,
is obtained by subtracting the heat of sublimation
(14), 31.189 kcal/mole, of Zn(s) from the heat of
dissociation, 34.74 = 0.8 kcal/mole. Thus AH% =
—3.55 = 1 kcal/mole for ZnSb(s), in excellent
agreement with the previously reported values of
—3.6 (5) and —3.07 (6) kcal/mole. This agreement
lends further support to the present data.

Manuscript received March 28, 1962; revised manu-
script received Aug. 30, 1962.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
JOURNAL.
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Transport Numbers of Some Pure Fused Nitrates and Nitrites

F. R. Duke and George Victor

Institute for Atomic Research and Department of Chemistry, lowa State University, Ames, Iowa

The transport numbers for the alkali nitrates,
lithium through potassium, have been reported (1).
In the corresponding chloride series, all of the salts,
lithium through cesium, are known (2). It was con-
sidered to be of interest to complete the series of
alkali nitrates, and in addition, to add TINOj; and
NH,NO; to the list of salts whose transport num-
bers are known, For comparative purposes, sodium
and potassium nitrite are also included.

Experimental—U-shaped cells made of fused
silica or Pyrex and containing a centrally placed
ultrafine disk were used in the experiments. The
salt was placed on the anode side of the membrane;
either the sodium or potassium salt of the same
anion as the subject salt was placed in the cathode
compartment. Platinum electrodes were used and
currents of 80-160 ma were passed through the
cells for 5,000 to 10,000 sec after the whole assem-
bly was placed in a tube furnace. A copper cou-
lometer was placed in series with the cell. After
electrolysis, the cathode compartment was analyzed
and the number of equivalents of the cation of the
subject salt moving into the cathode compartment
was determined.

The analyses were accomplished in some in-
stances by flame photometry, the calibrations being
done under conditions essentially identical to the
unknowns. In other instances, wet chemical meth-
ods were used and in a number of cases, both meth-
ods were employed.

Results.—The results are listed in Table I.

An attempt was made to determine the transport
numbers of NHNQ;. These values varied with the

Table 1. Transport numbers of the cations in pure fused salts

Values

previously

Salt No. of runs ts determined
RbNO3 16 0.59 = 0.04 —
CsNOs3 28 0.59 = 0.07 —_
TINO3z (3) 4 0.60 =+ 0.05 —
KNO:2 20 0.62 = 0.06 —
NaNOs 16 0.75 = 0.10 —
KNOs 6 0.59 = 0.02 0.60
NaNOs 5 0.68 = 0.05 0.70

length of time of the run: 0.86 = 0.08 for 8000 sec,
0.76 = 0.05 for 6000 sec, 0.64 = 0.04 for 4000 sec, all
run at 100 ma. The variation was such as to indicate
that NH,NO; moved to the cathode compartment
by other than electrical migration.

Manuscript received July 23, 1962. Contribution No.
1171; work was performed in the Ames Laboratory of
the United States Atomic Energy Commission.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1963
JOURNAL.
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Brief Communication

Thermodynamic Study of Phase Equilibria in the Titanium-Oxygen
System within the TiO,,, -TiO, Region

R. N. Blumenthal and D. H. Whitmore

Department of Materials Science, Northwestern University, Evanston, Illinois

Phase relationships in the titanium-oxygen sys-
tem over the composition range TiO, 4o to TiO, have
been the subject of several x-ray diffraction inves-
tigations. In one of the first of these studies, Ehrlich
(1) reported that the homogeneous TiO,_, phase
exists over the composition range 0.00 = x = 0.10.
More recently Straumanis and co-workers (2) have
claimed that their diffraction study indicates that
the homogeneous phase is stable over a much nar-
rower composition range than previously supposed,
x lying in the range 0.000 = x = 0.017. Even though
Magneli et al. (3) were unable to establish the ex-
istence of a two-phase region between TiO, 4, and
TiO, 9¢ with x-ray techniques, they did report that
the minimum oxygen content in nonstoichiometric
rutile probably lies below x = 0.04. Assayag et al.
(4), on the other hand, reported that the rutile
phase is retained for compositions in the range
0.023 = x = 0.092.

Isopiestic experiments.—The first indication of
the existence of a two-phase region in the present
study was obtained from the following isopiestic
reduction experiment. A rutile specimen, nominally
stoichiometrie, was reduced by heating it in an
evacuated-and-sealed quartz capsule together with
a pellet consisting of a mixture of titanium oxides
with a gross composition 37.2 wt 9% oxygen at
1100°C for 1% hr. The reduced specimen experi-
enced a weight loss of 0.79%, corresponding to
O/Ti ratio of 1.960. Two samples, nominally stoi-
chiometric, were sealed together with the afore-
mentioned reduced sample, in an evacuated quartz
capsule and heated at 1100°C for five days. As a
result of this treatment, the two stoichiometric
specimens experienced compositional changes to
O/Ti ratios of 1.992 and 1.991, whereas the speci-
men with an initial O/Ti ratio of 1.960 oxidized to
a ratio of 1.978. If, indeed, a single-phase region
existed over O/Ti ratios ranging from 1.978 to
1.992, then each of the foregoing specimens should
have reached identical compositions providing that
the annealing time was sufficiently long for com-
plete equilibration to have occurred. However, if
this range of composition lies within a two-phase
region, then the composition corresponding to a
O/Ti ratio of 1.991 or 1.992 should represent one of
the terminal compositions for the two-phase region
at 1100°C.
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The compositional state, or oxygen content of
the specimens, prior to and following both the iso-
piestic and emf experiments (described below) was
determined by means of weight measurements, as-
suming all of the detectable weight loss was due to
a loss of oxygen from nominally stoichiometric
TiO, (the state obtained by firing rutile in air at
1100°C). This assumption was verified by weighing
specimens before reduction, after reduction, and
again after reoxidation. The initial and final weights
of the oxidized specimens for several cycles were
identical within the precision of weighing (* 20
pg). The weight measurements were made on an
Ainsworth type FDJ beam microbalance, the usual
specimen weight being about 200 mg. With a speci-
men of this total weight and weight measurements
of the aforementioned precision, determination of
the O/Ti ratio of the specimen to a precision of
=+ 0.0005 may be achieved.

Emf measurements—The galvanic cells em-
ployed here (5) involve a solid electrolyte and are
of the type

‘ ‘ Tio2—x
(0.85 Zr0, + 0.15 Ca0) | OF 2-Phase

oxide
mixture

Pt Fe, wiistite Pt

Here the composition of the titanium oxide(s)
electrode varied from an O/Ti ratio of 1.998 to
1.957. The preparation of the iron-wiistite reference
electrode and the zirconia-calcia electrolyte has
been discussed previously (6). The titanium ox-
ide(s) electrode was prepared by pressing Fisher
reagent grade anhydrous TiO, powder into pellets
0.25 in. diameter by 0.20 in. thick using a pressure
of about 25,000 psi; these pellets were then placed
in an alundum boat lined with TiO, powder and
sintered in air at 1100°C for four days to insure
formation of the rutile phase (7). The specimens
were reduced to a predetermined O/Ti ratio with
the aid of an isopiestic technique similar to that
described above (8).

Using the above cell, emf measurements were
conducted using titanium oxide specimens of vary-
ing O/Ti ratios between temperatures of 850° and
1050°C. The O/Ti ratio of the titanium oxide(s)
electrode was preserved during the course of the
measurements by conducting the experiment within
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Fig. 1. Cell emf as a function of O/Ti ratio

a gas-tight assembly into which purified argon gas
was continuously flowed. These results are sum-
marized in Fig. 1 in which the cell voltage, E, is
plotted as a function of the O/Ti ratio at two tem-~
peratures. The resulting curves reveal that: (i) in
the case of electrode compositions with O/Ti ratios
between about 1.998 and 1.992, the cell emf is a
function of specimen composition, signifying the
existence of a single-phase region (probably non-
stoichiometric rutile); and (ii) specimens with
O/Ti ratios lying between about 1.992 and 1.968
exhibited essentially constant emf’s at the given
temperatures (deviating by only + 5 mv from one
another), providing further evidence that a two-
phase region exists over this compositional range.
This latter observation completely substantiates the
findings of the isopiestic experiments discussed
above.

The relative partial molar free energy of oxygen
(AEOZ) and the partial pressure of oxygen (Pos)
may be readily calculated as a function of temper-
ature from the emf vs. temperature data (6). Val-

ues of AGg, and po, were calculated at 50°C inter-
vals over the range 850°-1050°C from emf data for
samples with compositions lying within the two-
phase region; these are presented in Table I.
Finally, emf measurements, made on a reduced
sample of a composition corresponding to a O/Ti
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Table I. Variation of thermodynamic properties of titanium oxides
exhibiting O/Ti ratios in the range 1.968 to 1.992

Relative partial molar

Partial pressure
free energy of oxygen,

of oxygen,

Temp, °C —AGo,, kcal/mole Doy, atm
850 116.28 2.36 x 10—23
900 112.73 9.95 x 10—22
950 109.23 3.03 x 10—20

1000 105.68 7.16 x 10—19
1050 102.08 1.37 x 10—17

ratio of 1.957, revealed emf values significantly
more negative than those observed in the case of
electrode samples with compositions lying within
the two-phase region. It may be concluded from
this that the lower limit of the two-phase region
lies between O/Ti ratios of 1.968 and 1.957.

The results of these and similar experiments now
in progress on specimens in the homogeneous phase
region will be reported on in greater detail in the
near future.
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The Anodic Behavior of Zinc in Potassium

Hydroxide Solution

|I. Horizontal Anodes

N. A. Hampson and M. J. Tarbox
Department of Applied Chemistry, College of Technology, Loughborough, England

ABSTRACT

A study of the anodic behavior of horizontal zinc electrodes in KOH solu-

tion has shown that the equation

G—it2=k

holds for concentrations in the range 1-13.8M and passivation times in the
range 10-800 sec. The constant k depends on the KOH concentrations and at-
tains a maximum value in the region of 8.5M KOH; 4;, the maximum current
density attainable without passivation, from a least squares fit is very near
zero in all cases. From the linear parts of the curves connecting anode poten-
tial and time, values of dE/dT indicate that the conductivity of the anodic
product prior to passivation depends on the concentration of the KOH electro-
lyte. This conductivity passes through a maximum in the same region as that
which produces the longest passivation times.

The anodic behavior of zinc in alkaline solution
belongs to a general group of reactions usually clas-
sified by the formation of a soluble anodic product
(1). Generally, if the current density is greater than
the limiting value, initial anode dissolution is fol-
lowed by passivation easily detected by a very rapid
rise in anode potential.

The system, zinc in sodium hydroxide, has been
fairly extensively studied (2-6). The system, zinc
in potassium hydroxide has been less intensively
studied, the investigations of Eisenberg, Bauman, and
Brettner (7), Dirkse (8), and Sanghi and Wynne-
Jones (9) appear to be the only ones recorded in
the literature notwithstanding the importance of
the system in connection with the silver oxide-zinc
cell.

Huber (2, 3) and Fry and Whitaker (6) have con-
sidered the structure of the passive layer obtained
under various conditions with sodium hydroxide
solutions and concluded that the passive film con-
sists of zinc oxide which may be dark if excess
metal ions are present in the lattice. Landsberg
(4, 5) has shown that for vertical electrodes the
equation

G—i) 2=k [1]

holds from 0.05M-4M concentration of NaOH pro-
vided that i is not too high, k and i, being dependent
on concentration. At high current densities k was
observed to increase markedly.

For the system, zinec in potassium hydroxide,
Sanghi and Wynne-Jones (9) concluded that no
general relationship exists between passivation time
and current density whereas Eisenberg, Bauman
and Brettner (7) show that Eq. [1] holds in 6.924M
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KOH for anodes with either vertical or horizontal
orientation and passivation times of less than 20 sec.

Experimental

Materials.—All materials were of reagent (A.R.)
quality. Zinc sheet was 99.95% containing less than
0.005% Cu, 0.005% Fe, 0.005% Cd, the major im-
purity being Pb. All solutions were prepared from
ordinary distilled deionized water; no attempt was
made to remove dissolved oxygen.

Passivation circuit.—Measurements were made
with the anode in a horizontal position as shown
schematically in Fig. 1. The anode potential was
measured with reference to an Hg/HgO electrode
or at a microporous zinc electrode (prepared by
reducing an alkaline zinc oxide paste in a pure
zine frame using an electrolyte of aqueous KOH)
in conjunction with a conventional luggin capillary

F

NA

/ B
G

Fig. 1. Passivation cell (not to scale): A, glass (Pyrex) cylinder
with accurately ground face pressing on zinc ancde; B, tightly fitting
rubber ring; C, clamps; D, cathode; E, reference electrode; F, lug-
gin capillary; G, zinc anode.
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Fig. 2. Circuit for valve voltmeter

which was close to the anode surface. Voltage
measurements were made with a valve voltmeter,
the circuit for which is shown in Fig. 2. Current
measurements were made with suitably shunted
galvanometers manufactured by Cambridge Instru-
ment Co. Ltd., with certified accuracy = 0.2%. The
cathode was platinum.!

Anode pretreatment.—Sanghi and Wynne-Jones
(9) conclude that insufficient anode pretreatment
is the major source of error in passivation experi-
ments; they suggest a pretreatment routine employ-
ing six grades of emery paper lubricated with al-
cohol followed by a final rub with parchment and
Selvyt cloth. The sample of zinc used in our experi-
ments had a bright untarnished surface; however
preliminary experiments were carried out in which
a number of methods of surface preparation were
investigated. Dissolution of the degreased surface
in either HC1 or H,SO, for a series of times followed
by careful washing and final degreasing produced
surfaces identical in behavior with sheet which
had been polished with filter paper and carefully
degreased. Erratic results were obtained by abrad-
ing with emery paper; one brand used caused the
zinc to react violently with agqueous KOH, hydro-
gen being evolved rapidly (10). The simple polish
and degrease technique was, therefore, used in our
experiments.

Experimental procedure.—Cleaned zinc sheet was
fitted into the cell, agueous KOH electrolyte (25
ml, changes in this volume did not affect the re-
sults), carefully thermostatted to 20°C, was added
and the luggin capillary set up. The passivation time
was determined from the time of closing the cir-
cuit to the instant the anode potential increased
rapidly and coincided with the development of a
film which was observed to flash across the anode
surface. The anode potential was measured at con-
venient time intervals during the passivation ex-
periments. After passivation the anode surface was
examined, the cell being dismantled, thoroughly
dried and cleaned before fresh zinc sheet was fitted
prior to polarization at a preset rate.

Results
Figure 3 shows typical straight line plots relat-
ing t~1/2 and current density; Table I records the
complete results obtained from a least squares fit
made with an IBM 1620 computer. The family of

1 With these experimental conditions a number of variations in
cathode shape made no difference in the value of t.
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curves form a pencil, indicating that the limiting
current i; is in the region of zero. Figure 4 shows a
plot of k against concentration. It is evident that,
for any current density, the passivation time
reaches a maximum at 8.5M; k at this concentra-
tion has a value of 1.33 amp cm~2 sec™1/Z,

Film colors were observed to be generally dark in
dilute electrolyte and at low current density, becom-
ing white as the electrolyte concentration and current
density were increased. If washed dark films were
allowed to stand in contact with air for some time
they became considerably lighter in color, indicat-
ing some oxidation of the zine rich lattice.

Discussion of Results
The orientation of the anode in a horizontal plane
with the mass of electrolyte above eliminates con-

Table 1. Results of a least squares fit for constant current
passivation trials

Maximum current

Concen- density inves-

tration, M tigated, amp cm-2 k i

1 0.038 0.1178 0.0005214
2 0.101 0.3773 0.00021
35 0.221 0.7660 0.00149
5 0.252 0.9930 0.00019
6.5 0.201 1.259 0.000118
8 0.302 1.323 0.000597
9 0.302 1.324 —0.000686

10 0.302 1.311 —0.000081

12 0.352 1.255 —0.000922

13.8 0.302 1.015 0.000207
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vection currents. Before passivation the anodic
products will diffuse away slowly relative to their
rates of production until, at the instant of passiva-
tion, a critically thick layer of products surrounds
the anode. At the electrode the products will dif-
fuse away at a rate dictated by the concentration
gradient and the diffusion coefficient. For a vertical
electrode the removal of zincate rich electrolyte
takes place continually and, unless critical condi-
tions are reached when passivation occurs and hy-
droxyl ions are discharged, a steady state should be
attainable then, provided that the current density
does not exceed the limiting value when a net ac-
cumulation of anode products occurs. In the case
of horizontal electrodes, conditions for passivation
are always realizable, since in the absence of con-
vection, however small the current, the critical con-
centration can theoretically always be realized.

For runs of short duration with a horizontal anode
and a silver oxide cathode, Eisenberg, Bauman,
and Brettner (7) find that in 6.924M KOH, i; has a
value of 0.06 whereas Landsberg and Bartelt (5)
using a zinc plated copper wire as a vertical anode
find i; in the same concentration of NaOH to be
0.0080 (7). In the latter case convection as a means
of zincate transfer from the anode can obviously
occur in addition to diffusion; Eisenberg, Bauman,
and Brettner’s experiments are complicated by the
possible uneven discharge of the silver oxide es-
pecially at high rates (this may explain the large
amount of scatter in their results). The value of i
for vertical zinc anodes in TM KOH has been found
to be in the region of 0.10 (11).

The observed maximum in the curves relating k
and concentration indicates that t increases to a
maximum at a concentration of about 8.5M and then
falls off. (With vertical electrodes k increases to a
maximum value in about 8.5M KOH; i; in the ver-
tical case goes through a fairly sharp maximum at
about 8.5M. This investigation is still continuing.)
This indicates that the supersolubility (7) of th