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ABSTRACT

The equilibrium potentials of several varieties of manganese dioxide at vari-
ous stages of reduction have been measured and an interpretation offered in
terms of the phase changes involved. An explanation of the lattice collapse

observed in v-MnOg has been suggested.

The theoretical treatment of the thermodynamics
of oxide electrodes recently published by Vetter (1)
has suggested a novel approach to the study of the
manganese dioxide electrode. In alkaline electrolyte
it would appear to be a reasonable assumption that
sections 3, 4, and 5 of Vetter’s publication are applic-
able since the solubility of the oxide (hydroxide) is
known to be very small. Consequently, any change
of phase occurring during reduction can be deduced
from the shape of the emf/MnO, curve, and related
to the crystal structure determined by x-ray anal-
ysis of the solid reduction products. This technique
has previously been applied by Bode and co-workers
(2) to the chemical reduction of manganese dioxide
with hydrazine over a limited range.

Experimental Technique

Bobbins used in the production of standard D size
alkaline manganese dioxide cells were pressed and
wrapped in alkali-resistant filter paper. Each bobbin
was placed concentrically to an over-dimensioned
cylindrical zinc anode in a discharge vessel contain-
ing approximately 250 ml of electrolyte and sealed
off from the air by a film of transformer oil. The
electrolyte composition was 469 KOH pellets (86%
KOH), 7.5% ZnO, and 46.5% distilled water. The
mix contained 85 parts by weight of oxide, 10 parts
of graphite, and 5 parts of acetylene carbon black
and was moistened with 12 parts of electrolyte of
the same composition as previously described. All
cells were allowed to stand 2 or 3 days before com-
mencing discharge over 100 ohms for 100 hr per
week at room temperature (22° +2°C).

During discharge cell voltage readings were taken
at intervals not exceeding 24 hr using a standard
laboratory voltmeter (resistance 10 kohm/v) and
at suitable intervals cells were removed from dis-~
charge and allowed to stand until the ocv remained
constant. The recuperation period was in all cases
protracted to at least six weeks although during the
early part of the discharge a constant potential was
achieved after approximately 1 week. The constant
ocv was measured with a potentiometer and re-
corded. At frequent intervals during the experiment
the electrolyte was changed, care being taken to
avoid contamination of the electrodes with the oil,
and since no change in cell voltage was observed
it can be taken that the zinec potential remained

substantially constant. After the ocv had been de-
termined, the bobbin was immersed in running wa-
ter, broken down to powder, and left for at least
48 hr until the last traces of alkali had been re-
moved. The powdered product was then dried in
air at 105°C and a Debye-Scherrer x-ray powder
photograph made using standard techniques (Fe
Ka radiation).

To assist in the thermodynamic interpretation of
the results, the potential of the zinc anode was meas-
ured against a hydrogen electrode (Py, = 1 atm) in
the same electrolyte used for the discharge.

Three types of manganese dioxide have been
studied: (a) y-MnQO,, a Japanese product obtained
from the electrolytic oxidation of Mn2* in hot, acid
solution; (b) B-MnQ., a naturally occurring pyro-
lusite from the Caucasus containing 10-159, of for-
eign matter (largely alkaline earth silicates and
some iron and nickel); and (c¢) an oxide of inde-
terminate structure obtained as a by-product in the
saccharin industry.

Results

The cell voltage has been plotted against x in
MnO, for the three types of oxide in Fig. 1-3. The
value of x was determined from the ampére hours
taken from the cell and from the initial analytically
determined O:Mn ratio (1.98 for y-MnO, and 2.0
for B-MnQ,). In each figure, two points A and B
are indicated. Beyond point A cementation of the
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Fig. 1. v—MnOs: O, open circuit voltage after recuperation; e,
closed circuit voltage 100 ohms/100 hr/week; A, closed circuit
voltage 5 ohms continuous (for comparison).
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Fig. 2. B~—Mn0Oy: O, open circuit voltage after recuperation; e,
closed circuit voltage 100 ohms/100 hr/week; A, closed circuit
voltage 10 ohms continuous (for comparison).
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Fig. 3. By-product oxide: O, open circuit voltage after recupera-
tion; e, closed circuit voltage 100 ohms/100 hr/week; A, closed
circuit voltage 10 ohms continuous (for comparison).

bobbin had occurred to such a degree that difficulty
was experienced in breaking it down for the wash-
ing operation. At point B a reddish-violet color ap-
peared in the separator paper. Both cementation and
color persisted to the end of the discharge, although
slightly less intense below MnO;s. In all experi-
ments, a considerable increase in volume of the bob-
bin was observed. At no time in any experiment did
any coloration or precipitate develop in the elec-
trolyte. However, traces of dissolved manganese
were found in the later stages of discharge, es-
pecially in the case of the oxide obtained as a by-
product.

During the preparation of the mix containing the
product (c¢) a considerable increase in temperature
was noted on addition of the electrolyte. The chem-
ical reaction thus indicated is now the subject of a
separate investigation and the results of x-ray anal-
ysis will not be presented here, but the emf/MnO,
curve shown in Fig. 3 warrants interest despite the
uncertainty which must be attached to its interpre-
tation.

The results of the analysis of the Debye-Scherrer
photographs for y and B-MnO, are presented in
Tables I and II, respectively. The new lines appear-
ing at each stage of discharge have been grouped
together, and in each table comparative figures for
possible reduction products are quoted for easy ref-
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erence. Only d values have been given since no con-
clusion depending on the intensity have been drawn.

Several determinations of the zinc anode potential
against hydrogen at 1 atm in the same electrolyte
yielded results varying between —0.442v and
—0.450v. A representative value of —0.445v has been
taken for the thermodynamic treatment.

Discussion of Experimental Results

In considering the x-ray data presented here it
should be noted that our observed § values are 0.3-
0.6 degrees smaller than those reported by Gattow
(3). Further, we have preferred the older notation
in which electrolytic oxide is designated y-MnOs,.
The newer notation () and the differentiation into
the many sub-varieties as proposed by Glemser and
Gattow have not been applied.

According to Vetter’'s thermodynamic treatment,
a potential varying with composition indicates
homogeneous phase reduction. When the potential
remains constant over a given range of composition,
a heterogeneous, two-phase system is indicated.
These criteria are applicable only when the rate of
solution of the oxide (hydroxide) is so low that the
equilibrium between the oxide and/or hydroxide
ions in the solid phase and in the electrolyte is not
disturbed and second when equilibrium between
two heterogeneous solid phases can be established.
In the following it is assumed that these restricting
conditions are fulfilled.

v-MnO, (Fig. 1 and Table I): Neglecting the ini-
tial rapid fall in potential down to approximately
MnO, g5, the following division can be made:

(i) MnO,-MnO, ; Homogeneous phase reduction
(ii) MnO; 7;-MnO, 4; Heterogeneous system
(iii) Below MnO, 4; Heterogeneous system

Examination of the x-ray data reveals that many
new lines have appeared in the mix as compared
with the original -MnO,. All these lines may be
allocated to Ramsdellite and/or «-MnOOH (Grou-
tite) and since no reduction has taken place at this
point, this observation provides interesting corrob-
oration of the generic relationship between Rams-
dellite, v-MnO,, and «-MnOOH of the type first
proposed by Bystrom (4) and more recently by
Bode (5). By some mechanism, probably penetra-
tion of cations into the defective y-lattice, a pat-
tern is obtained more typical of the parent Rams-
dellite structure. In cells 1, 2, and 3 the Ilattice
dilation reported by Brenet (6) is clearly recog-
nized and the o-MnOOH structure is developing
progressively. The appearance of the violet color
at this stage of the reaction is feasibly due to a true
Mn3+ complex. At cell 4 cementation of the bobbin
has occurred, suggesting recrystallization, and in
the x-ray diagram many new lines typical of a
y-Mn,O; structure have appeared.

It seems logical therefore to regard the first
heterogeneous system (ii) above as a mixture of
MnO, ; and MnO; 4 oxides, the former having the
rhombic Groutite structure (and also therefore
probably hydrated) and the latter the tetragonal
v-Mn,03 structure. Between MnO,;; and MnO g5
and also between MnO; 4; and MnO; 43 the decreas-
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Table 1. X-ray analysis (d values in A) ¥ — MnO3 and reduction products

Cell number

Reference data*

Oxide Mix 1 2 3 4 5 6 7 8 9 10 11 A B C D E
401 401 4.06 415 415 421 409 421 4.34 405 401 417
238 240 243 245 250 247 246 248 247 247 245 248 249 246 244 252 246 246
209 211 2.13 213 213
1.62 1.62 1.64 161 162 1.63 163 163 1.63 164 161 162 164 160 161 167
1.47 147 146 148 147 143 147 147
138 1.38 1.40 1.40
1.29 1.29 1.29 1.30 1.30 1.30
116 116 116 1.15 1.15 1.6 1.16 1.16 115 116 116 116 1.15
1.10
1.06 1.06 1.06 106 1.06 1.06 1.06 1.06 1.05
T 258 259 2.62 2.58 2.54
2.32 236 228 230 233 234 235 233 236 236 234 234 237 2.34
1.89 1.90 1.8 193
142 142 142 1.43 1.45
1.33 132 132 133 133 134 133 133 133 1.35 132
0.99 0.99 0.99 0.99 0.99 099 0.99 0.99 0.99
1.07 1.07 1.07 108 107 1.08 107 108 1.08 1.07 107
277 269 269 273 274 274 273 277 21 2.68
2.19 2.19 2.21
143 143 143 144 143 144 143 144 145 144 144 145
486 4.86 490 486 490 482 494 494 472
3.02 304 305 305 3.05 302 3.07 3.09 3.09
286 2.86 289 286 2386 282 287 289 2.80 288 284
178 179 1.80 1.78 1.79 178 1.80 1.80 1.76 178
174 176 176 175 176 1.75 1.76 1.73
156 156 157 157 157 157 158 158 158 1.58
151 152 153 152 152 152 153 1.52 152 154 155
1.26 1.26 127 1.27 1.26 127 127 1.26
1.22 122 1.22 122 124
112 112 112 112 112 112 112 113 1.13
111 111 111 111 111 111 111 1.1
1.09 109 1.09 1.09 1.09 1.09 1.09
1.01 101 101 1.01 101 1.02 102 1.02
1.17 117 117 117 118 1.19 118 117
1.34 134 135 134 138
128 1.27 128 128 1.28 1.28
1.03 1.03 1.03 1.04
1.02  1.02
098 0.99 0.99
1.08 108 1.08
466 4.66 468
1.83 1.83 1.82 1.82
1.20 1.20 120 1.23
3.20) (3.13) (2.30) (3.40
166 | 2.07| | 1.69) | 1.68
1.54) | 161 1.55
1.51

* A, Ramsdellite; B, v-MnO:; C, a-MnOOH; D, v-Mn;Os; E, Mn (OH) 2. Reflections characteristic of graphite are not shown.

ing potential may be interpreted as due to homo-
geneous phase reduction, but in our opinion these
are transition regions in which a new (heterogen-
eous) phase is developing. Assuming that this in-
terpretation is correct, the final heterogeneous sys-
tem must be a mixture of MnO; 4; and a still lower
oxide. Since reduction proceeds beyond MnO; g
(Mn30,) and since some x-ray evidence of the pres-
ence of Mn(OH), in cells 10 and 11 has been found,
it would seem reasonable to suppose that Mn(OH),
represents the final product. From the shape of the
100 ohm and 5 ohm discharge curves shown in Fig.
1, however, it is obvious that under practical con-

ditions the amount of energy obtainable from the
cell is very much less than reduction to Mn(OH):
would seem to promise.

In comparing these results with those of previous
investigators the following discrepancies become
apparent: Cahoon (7) postulates the formation of
Mn(OH), from the beginning of the discharge and
also suggests the formation of a hypothetical oxide
Mn,O;. Cahoon worked at high current density
(about 60 ma/g of MnO;) compared to the very
small current drain used here (about 0.5 ma/g)
and in these circumstances it may be possible that
extreme reduction to Mn(OH), takes place on the
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Table II. X-ray analysis (d values in A) 8 — MnO3 and reduction products

Cell number

Reference data*

Oxide 1 2 3 4 5 6 7 8 9 10 A B c D
3.30 331 331 3.30 3.31 3.35 3.39 3.40
3.07 3.10 312 312 3.11
2.38 240 240 240 240 240 241 2.42
2.17 221 219 218 219 218 219 2.20 2.18
2.10 211 211 211 2.11
1.95 197 198 1.96
1.62 1.62 1.62 1.62 1.61 1.61 162 1.62 1.62 1.62 1.62 1.62 1.63 1.61 1.67
1.55 1.56 1.55 1.55 1.57 157 157 157 157 157 157 1.56 1.58 1.58
1.43 1.44 1.43 1.43 1.43 143 143 143 144 1.43 1.44 1.44 1.44 1.45
1.39 1.39 1.39
1.30 1.30 1.31 131 1.31 132 1.32 1.31 1.32 1.32 1.32
1.25 1.26 126 1.26 126  1.26 126  1.26 1.24 1.23
1.20 1.21 1.20 1.20
1.16 1.16 1.16 115 115 115 1.16 1.16 1.16 1.16 1.16 1.16 1.15 1.17
1.12 1.12 112 112 112 112 112 1.12 1.13 1.13
1.10 1.10 1.11 1.10
1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.05
1.04 1.04 1.03
1.00 1.00
409 4.03 4.09
1.82 1.80 1.81 1.80 1.79 1.79 1.82 1.82
1.51 1.50 1.51 1.52 1.51 1.49 1.47
1.18 1.18 1.18 1.18 1.18
1.08 1.09  1.09 1.09 1.08 1.09
712 732 7.05
1.02 1.01 1.01 101 1.01 1.01 1.02
099 099 699 099 099 099 0.99 0.99
2.28 2.26 2.28 2.26
1.76 1.76 1.77 1.78 .77 177 1.78 1.7 1.77 1.78
1.37 1.37 138 138 137 138 1.37 1.34 1.38
299 3.01 305 302 3.04 304 3.05 3.09
264 267 272 271 271 269 2.73 2.66 2.63
246 246 248 246 247 247 248 2.54 2.52 2.46 2.46
2.43
286 287 286 287 286 287 2.88 2.84
1.07 1.08 1.08 1.07 1.07 1.08 1.08 1.07
494 4386 486 474 4.90 4.72
232 232 232 2.32 2.34
1.73 1.74 1.73 1.7 1.70 1.68
1.53 152  1.53 152 1.53 1.54 1.55
1.14
4.59 4.66 4.68
[3.44]

o ]

* A, B-MnOg; B, v-MnOOH; C, yv-MngOs; D, Mn (OH) .. Reflections characteristic of graphite are not shown.

oxide surface. In any case we have found no ev-
idence of the formation of Mn(OH), early in the
discharge. Cahoon’s hypothetical Mn,O; corresponds
approximately with the lower limit of the homo-
geneous phase.

Vosburgh and De Lap (8) found that over a lim-
ited range the cathode potential is a linear function
of the oxide composition, but make no reference to
the occurrence of regions of constant potential.

Brenet (9) has reported the formation of Mn;O;
first and later MnOOH in the usual NH,Cl/ZnCl,
system. This is incompatible with our observations.

The slope of the potential curve in Fig. 1 down
to MnO;; corresponds quite well with that found
by Bode et al. (2), but the general level of our curve
is about 215 mv lower. Further, these authors did

not observe the sharp change in slope at about
MnO,, such as reported here. There is however
little room for doubt that this significant change is
characteristic of y-MnO, in alkaline solution since
it has been confirmed on samples from four other
sources in similar experiments.

B-MnO, (Fig. 2 and Table II): The reduction of
B-MnO, may be differentiated as follows:

(i) MnO,;-MnO, ¢ Homogeneous phase reduction
(ii) MnO; ¢s-MnO, g Heterogeneous system

(iii) MnO,; s-MnO, ¢ Homogeneous phase reduction
(iv) MnO; ¢-MnO, 43 Heterogeneous system

(v) Below MnO, 43 Heterogeneous system

The x-ray evidence shows the development of
the monoclinic y-MnOOH structure early in the
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discharge and later, below MnO,;q, the typical te-
tragonal y-Mn,O; structure. Some evidence of
Mn(OH); is found beyond MnO; s;5. Several points
are worthy of comment. In the first heterogeneous
region (ii above) the potential is not constant,
varying 50 mv from beginning to end. This result
requires further investigation and possibly indicates
a failure of equilibrium between the solid phases
to be established. The homogeneous region (iii
above) is most unexpected in view of Bode et al.
(2). The transition region between MnO;, and
MnO;, 375 appears to cover a wide range but since
the experimental points are relatively widely
spaced, a more restricted region corresponding to
that found for y-MnO,; would not violate the present
experimental evidence. The potential of the last
heterogeneous region corresponds exactly with that
found for y-MnO,, and this suggests that the phases
involved are the same for both types of manganese
dioxide.

There is very little published work with which
the above results can be compared. Brenet’s find-
ings have been confirmed, but there is a very sig-
nificant difference from Bode et al. (2). It would
not appear unreasonable to suppose that the phase
breadth of a hydrated oxide is at least partly de-
termined by the composition of the liquid phase
with which it is in contact and this may be a prime
factor in accounting for the discrepancy.

By-product oxide (Fig. 3): As previously stated,
little discussion of the potential curve can be at-
tempted but attention is drawn to the characteristic
increase of potential immediately below MnO;s.
A possible explanation of this peculiarity may be
that the homogeneous phase extends into a region of
instability due to the retarded development of nu-
clei necessary for the crystallization of the new
heterogeneous phase.

Lattice dilation and collapse in v-MnQO,—Ana-
lytical data for most commercially available y-MnO,
varieties (electrolytic oxides) approximate the
formula MnO,-1/5 Hy,O. Reduction in homogeneous
phase implies assimilation of protons into the crys-
tal lattice as OH~ ions. This process continues, ac-
companied by dilation of the lattice, until, as in
these experiments, a limiting composition repre-
sented by a product lower in O and higher in H,O
is reached. It is postulated that the lattice is satu-
rated at this point and that further reduction to
MnO< i > 1/2 H,0 produces instability in the phase
and leads to recrystallization as an anhydrous oxide
in the tetragonal y-Mn,O; phase. Examination of
light-drain discharge curves for standard Le-
clanché-type dry cells containing y-MnO, shows
that here also there is a significant fall in voltage
after the critical composition has been passed.

Thermodynamic considerations.—Before discuss-
ing the thermodynamic implications of the results
presented here, a word of comment regarding Vet-
ter’s theoretical treatment may not be out of place.
Vetter relates the potential of an oxide electrode to
the change in free enthalpy, AG(n), of the reaction
in which the oxide is formed from the parent metal
and water. This has the practical advantage that
AG(n) is easily calculated provided that the free
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enthalpy of formation of the oxide from the ele-
ments is known. It would, however, appear ad-
vantageous to describe the oxide electrode as a
modified oxygen electrode. This is achieved as fol-
lows:

The electrode reaction is

* MeOung * ms H,O + 2H*t + 2e—>

Ng— 1y
)H20 [1]

Ny — Ny

m; — Me
. MeOm . mleo + (1 _——_—

Ng — Ny

Coupled with a hydrogen electrode, the cell re-
action is

1
. MeO,,Z * Mo H2O + H2_>
Ny — My Ng — Ny
m; — Mgy
MeO,, - m; HO + (1 —-—1——)H20 [2]
No — Ny

and if the hydrogen electrode is operating with
Puy = 1 atm the change in free enthalpy AG(R) is
given by

AG(R) = Ei—nl [AGO (351) — G, (#é)]

(1= ) 46, 11,0) [3]
Neg — Ny

where the AG,’s are the standard free enthalpies of
formation from the elements.

n
Now AG, (m) = AGo(n)+ m AG,(H20) + AG,(h)

where AG,(h) is the free enthalpy change in the re-

action
MeO,, + m H,O > MeO,, - m H,O [4]

Substituting in Eq. [3]

AG(R) = [AGo(n1) — AGo(n2)

ng—nl

+ AG,(h1) — AGo(hg) + (mi—m2) AG, (Hz0) ]

(1= 22 )56, (1,0) 1)
g — Ny

and writing
Sh=mp—m
8AG,(n) = AG,o(n2) — AGo(m1)
8AG,(h) = AGo(hg) — AGo(h1)

AG(R) = -gi— [—8AG,(n) — 3aGo(R)] + AG, (H:0)

[6]
—AG(R)

nF

and since E =

and taking the hydrogen electrode with pgz = 1 atm
and in the same solution (same pH), the cell voltage
becomes

E=123+ [ (7]

SAG,(n) + 8AG,(h) ]
2:0n-F

For a heterogeneous system, &n, 8AG,(n), and
3AG,(h) have definite characteristic values and the
cell voltage, i.e., the oxide electrode potential against
hydrogen in the same solution, can be found from

Eq. [7].



When the electrode reaction occurs in homogen-
eous phase, (ny—n;) can be taken infinitely small
and in the limit, asén—> 0

1 dAG,(n)
E =123+ — [
0 $+oF

dAG,(h)
dn + dn ] (8]

n—

For practical applications it is often convenient to
write Eq. [7] in the equivalent form (obtainable

directly from Eq. [3])
SAGO( " )
m

E—123<1+8m)+ [97]
o sn 25nF

where dm = my — m,.

Turning now to the experimental results presented
here, an attempt has been made to evaluate the free
enthalpy of formation from the elements of all the
phases involved in the reduction of y-MnO,. The cell
voltages (converted to cathode potentials and cor-
rected to the hydrogen scale by subtraction of 445
mv) and the Latimer value for Mn(OH),, —146.9
kcal/mole, have been used as a basis. For the homo-
geneous phase the relationship between the electrode
potential and MnO, has been approximated to a
straight line. Using Eq. [7], [8], and [9] where ap-
plicable, the following free enthalpies of formation
have been estimated

MnO; 47 AG,:—108.9 kcal/formula wt
MnO;;:1/2H,0  AG,:—145.0 kcal/formula wt
y-MnO;-1/5 HoO AG,:—131.9 kcal/formula wt

Approximating AG,(h) for the hydrated oxides to
—56.7 — 3.4 = —60.1 kcal/mole HyO [as is the case
for Mn(OH),] the corresponding free enthalpies for
the anhydrous oxides are

MnO, - AGy:—115 kcal/formula wt
v-MnO, AG,:—119.9 keal/formula wt

Although these values cannot be credited with any
great degree of accuracy, the calculations serve as
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an illustration of the utility of Vetter’s thermody-
namics in the interpretation of oxide electrodes.

Conclusion

Vetter’s theory of oxide electrodes and the concept
of phase breadth have been applied in the interpre-
tation of the emf characteristics of several varieties
of manganese dioxide. Further study is required to
clarify and confirm the chemical composition of the
individual phases involved and in particular, the
relationship to electrolyte composition. The investi-
gation of the oxide obtained as a by-product is pro-
ceeding. A phase analysis of mixtures of several
varieties of manganese dioxide, as commonly used in
dry cell technology, is projected.
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A High-Rate, High-Energy Thermal Battery System

Sidney M. Selis, John P. Wondowski,! and Richard F. Justus

Research Laboratories, General Motors Corporation, Warren, Michigan

ABSTRACT

The system is Ca/KCl-LiCl-AgCl-KoCrO,/Ag. The products at the anode
are calcium oxide and chromium (III) oxide in a film which does not polarize
the electrode because the latter is covered with a fluid calcium-lithium alloy
formed in situ. The cathode process is the reduction of silver ion to silver
metal; silver chloride is regenerated by the oxidation of the metal by chromate
ion. Cells have been built within rectangular silver containers (which are also
the positive electrodes), and they have been discharged at several constant
currents. For a +=10% voltage tolerance, energy outputs of 3.0 to 8.0 watt-min/
cm3 have been obtained for the 2.1- to the 13.4-min rates, respectively.

Over the past decade military and civilian needs
have been expressed for batteries of increased en-
ergy output per unit weight and volume. It seems
that the thermal battery is a satisfactory approach
to meeting some of these requirements. A thermal

1 Present address: Hightstown Laboratories, National Lead Com-
pany, Hightstown, New Jersey.

battery is comprised of cells with an electrolyte
having a high melting point. When activated by
sufficient heat to melt the electrolyte, the cells are
ready to deliver power.

First of all, one can expect the very favorable
electrode kinetics, that is, small charge transfer
polarizations with large current densities, that are
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the consequence of using elevated cell temperatures.
Furthermore, high voltages can be realized with
stable, nonaqueous electrolytes, and zero-current
values of 2.7-2.8v have been measured in the present
work,

There are some other interesting advantages to
thermal batteries. The cells would be under an in-
ert atmosphere in hermetically sealed containers,
and they would be completely latent for indefinitely
long periods of time at temperatures up to the melt-
ing point of the electrolyte.

The range of ambient temperatures is often speci-
fied as —55° to +75°C, and it would be very difficult
to arrange for the same aqueous battery structure
to be usable at the two extremes. The properties of
the molten salt system would be not nearly so re-
sponsive to differences in temperature.

It is not in the province of this paper to discuss
how thermal cells may be heated to accomplish ac-
tivation. However, cell designs up to this time have
been based on very small electrolyte thicknesses
(less than a millimeter) so that the cells could be
rapidly activated. Such small anode-to-cathode dis-
tances have limited the choice of cathode reactants to
insoluble materials or certain dissolved oxyanions
so that short-circuiting dendrites would not form
(1, 2). But with these positive electrode materials,
full advantage is not taken of the fastest electro-
chemical processes, and in exchange for very rapid
activation, high-rate output of thermal batteries has
not been very large.

In the present work, physical arrangement was not
limited to very thin cells. It is expected that activa-
tion will be a longer process with larger amounts of
electrolyte, but that there will be a wider choice of
electrochemical systems. This paper introduces one
of these and discusses it from both the basic and
applied points of view.

Experimental

Chemicals and special cell materials.—All inor-
ganic salts were of reagent grade and were not
further purified. The kaolin powder used to retain
the catholyte had been washed and ignited prior to
being packaged. The calcium metal sheet was 3.2 mm
in thickness; it was obtained from the Fielding
Chemical Company. Semi-quantitative spectro-
chemical analysis showed magnesium to be the
main impurity but in amounts of less than 0.1 mole
%.

The surface of the calcium metal was bluish-gray
in color, presumably coated with calcium oxide and
calcium nitride. Even if the surface was initially
cleaned, it would become oxidized again by the time
the electrode was immersed in the electrolyte ac-
cording to the procedure given below, and in fact,
abrading the metal made no difference in electrode
performance.

The silver sheet was 0.13 mm in thickness and was
99.9 wt % pure. Before use it was rubbed with fine
emery paper and then rinsed with distilled water
and dried with absorbent paper. The lead wires and
strips directly connected to the calcium and silver
sheet electrodes were either of this grade of silver
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or else of dead-soft commercially pure nickel
(99+%). )

The silver cans were electroformed on aluminum
blocks that had been “flashed” with copper. The last
steps in removing the aluminum were to soak the
cans in dilute hydrochloric acid, rinse them thor-
oughly with distilled water, and allow them to dry in
the air. They were not treated beyond this. Spectro-
chemical analysis showed the main impurity to be
less than 0.1 mole %, of copper.

Certain insulating materials were used to make
counterelectrodes and cells. The counterelectrodes
were covered with asbestos paper that had been
heated in a burner flame or with glass cloth that
had been heated by the manufacturer to remove the
sizing. Some of the insulation in the can cells was
a nonwoven fabric of polycyclized acrylonitrile ob-
tained from the Kendall Company. Prior to its use
in cells, it was heated in a burner flame to remove
the binder.

Procedure for single electrode studies.—Figure 1
shows the construction of cells that were used for
single electrode studies. The container was a 38 x
300-mm Pyrex test tube. The rubber stopper was
bored for the four 8-mm Pyrex tubes.

The silver or the calcium measurement electrodes
under study, as well as the silver counterelectrodes
used only for passing current through the cells,
were 25 mm in width and 32 mm in height. Across
the tops of the calcium electrodes were spot-welded
strips of soft nickel ribbon 3 mm wide. To each of
these had been soldered two leads of 16 B & S gauge
silver wire. (These wires could be directly attached
to the silver electrodes by soldering.) The leads from
the measurement electrodes were passed through
the bores of two-hole ceramic tubing which had
been fired at 600°C. This ceramic tubing was then
pushed through lengths of 8-mm Pyrex tubes. The
assemblies were completed by applying de Khotin-
sky cement to the tops of the Pyrex and ceramic
tubes and to the wires. With this arrangement the

Fig. 1. Cell arrangement for single electrode measurements



8 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

potential readings do not include the IR drop through
the leads. This was an especially important matter
when studying the calcium electrode, because one
did not always know whether the formation of cal-
cium oxide under the nickel strip did not result in
a high resistance. The resistance would not neces-
sarily be of either basic or practical significance
since it might be diminished by using special assem-
bly techniques.

For the counterelectrodes the use of ceramic tub-
ing was obviated because there was only one lead
which was cemented to the Pyrex tube at the top.
The counterelectrode was covered with asbestos
paper or glass cloth. This prevented short-circuits
due to silver dendrites or the liquid calcium-lithium
alloy that will be mentioned later.

The Ag/KCIl-AgCl/glass reference electrodes were
made by packing into an 8-mm Pyrex tube, closed
at one end, a mixture containing 30 mole % of potas-
sium chloride and 70 mole % of silver chloride. This
mixture was found to be completely liquid at tem-
peratures above 325°C and could be easily melted
by holding the tube in a burner flame. When it was
molten a length of silver wire was pushed down the
tube to the bottom so that it made contact with the
KCI1-AgCl mixture. The electrode was then allowed
to cool. The fourth piece of 8-mm tubing was sealed
at one end and served to protect the chromel-alumel
thermocouple. The four tubes were then pushed
through the rubber stopper as shown in Fig. 1.

The reference was always Ag/KCl-AgCl/glass,
but several different electrolytes were used in the
main body of the cell in conjunction with the meas-
urement and counterelectrodes. The following pro-
cedure was consistent for all of these. The electrolyte
components were weighed out rapidly (to avoid ex-
cessive absorption of water) and introduced into a
cell test tube. The weight of electrolyte was 80g in
each case, and the molten salts occupied about 50
cm3, The tube, covered with a watch glass, was then
lowered into a cylindrical furnace heated to the ex-
periment temperature.

Next, the electrode assembly was lowered into the
cell and held so that the bottoms of the electrodes
were about 20 mm above the electrolyte surface.
They were kept in this position for about 10 min so
that they would be heated to the experiment tem-
perature. While this preheating continued the elec-
trical connections were made as shown in Fig. 1.

A Keithley Model 220 electrometer was con-
nected between the reference electrode and one lead
of the measurement electrode. This multirange meter
was employed for convenience rather than for its
high input impedance. Actually the resistance of the
reference electrode is sufficiently low so that a null-
balancing potentiometer can be used. The second
lead from the measurement electrode and the lead
from the counterelectrode were connected to the
constant-current discharge apparatus.

When the experiment temperature was reached
the electrodes were lowered into the electrolyte. This
could be done with the load switch open or closed
so that one could read zero-current potentials for a
while or else activate the electrode under constant-
current load. The current was controlled manually,
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Fig. 2. Rectangular can cell with reference electrode and ther-
mocouple.

and there was a supporting storage battery in the
circuit. Results of some discharges are given below,
and the current density is based on the apparent
area of both sides of the electrodes even though one
was faced away from the counterelectrode. The di-
mensions of the electrodes immersed in the electro-
lyte were 2.5 x 2.5 cm, and the largest current
density used with these cells was 1.50 amp/cm?2.

Procedure for rectangular can cells.—Figure 2 is
a diagram of an assembled cell. The silver cans were
the containers and, at the same time, the positive
electrodes. Their inside dimensions were 8.90 x 8.90
x 1.60 cm, but they were used to a depth of only 8.3
cm, and the effective cell volume was 118 em3. A
heavy lead was silver-soldered to an outside edge
of the can as shown in the diagram. Either two
lengths of 3-mm Pyrex rod or a strip of the poly-
cyclized acrylonitrile fabric was then laid on the
bottom of the can.

More than one electrolyte composition was used
with these rectangular cells, but the following pro-
cedure was the same with each of them. The can was
set in a furnace heated to 450°C, and 150g of elec-
trolyte salts were added. The unfused chemicals have
a much larger bulk than does the liquid, and it was
often necessary to add some of the salts, allow them
to melt, and then add the remainder.

In the meantime the anode was prepared. From
the calcium sheet a rectangle with a width of 8.30
cm and a height of 11.0 cm was cut. Across the top,
five holes were drilled and tapped. A narrow strip
of silver, to which a heavy lead had been attached
with silver solder, was then fastened to the anode
with silver-plated steel Y4 in.-20 bolts. It was found
that the resistance at this connection did become
large after a week, due to oxidation of the calcium
between the electrode and the bolts, but the tech-
nigue was certainly satisfactory if the cell was to be
discharged within two or three days. It should be
noted that such an effect does not constitute a funda-
mental difficulty in making these thermal cells be-
cause it can be overcome with special techniques.

Also attached to the calcium electrode were pieces
of polyeyclized acrylonitrile fabric on the edges as
well as a 4-mm Pyrex thermocouple protection tube
and a 4-mm tube containing KC1-AgCl for the ref-
erence electrode shown in Fig. 2. These tubes also
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served to keep the anode away from the can, and the
fabric and the tubes were tied in place with glass
cloth ribbons,

When the electrolyte had melted, the anode as-
sembly was pushed down into place. The cell was
immediately placed between blocks of steel, 10 by 10
by 3 cm, cooled to 0°C so as to freeze the electrolyte
and deactivate the cell. It was then put in a desic-
cator charged with calcium sulfate and kept there
no more than two days before it was discharged.

The cell was activated by putting it between simi-
lar steel blocks in a furnace heated to the proper
temperature, At this time the chromel-alumel ther-
mocouple and the silver reference electrode wire
were also inserted. Changes in voltage as a function
of time and temperature are shown in Fig. 6. When
the cell finally reached the experiment temperature
the load was applied, and discharge was made at
constant current controlled by a servo-mechanism.
The largest current used was 100 amp, corresponding
to an anode current density of 0.86 amp/cm?2.

Chemical analyses.—After electrochemical meas-
urements were completed on a can cell it was re-
moved from the furnace and the anode was with-
drawn. The coating on the electrode was scraped
away and submitted to x-ray powder diffraction
analysis. The removal was strictly by mechanical
means, no water being used.

The molten electrolyte had been poured into a
beaker where it froze. The coating material and the
electrolyte salts were both examined for silver
chloride and chromate ion. The coating scraped from
the anode and the residue within the can were
leached with distilled water, and the electrolyte
salts were concurrently treated in the same way.
Several quantities of water were used, and when the
liquid finally remained essentially colorless, the
washings from the coating and the electrolyte were
combined and filtered and diluted to a known volume
(2,000 ml).

To determine the total amount of chromate ion
from a given cell, a 50-ml aliquot of the solution was
acidified with sulfuric acid, and an excess of ferrous
ammonium sulfate was added to it, the excess being
determined by titration with decinormal perman-
ganate solution. To determine the silver chloride, the
water-insoluble part of the cell residue was leached
for several days in concentrated ammonium hy-
droxide solution. The entire solution was filtered
and made acid with hydrochloric acid solution. Sil-
ver chloride was precipitated and collected in a filter
crucible, washed, dried, and weighed. The cell resi-
due was checked for silver chloride that had not
been removed. It was leached a second time with
ammonium hydroxide, followed by acidification with
the hydrochloric acid.

Results and Discussion

An electrode with a very cathodic potential is sil-
ver, silver chloride. Moreover, the melting point of
the metal is sufficiently high so that it will be
physically stable in a thermal cell, and silver chloride
should not unduly raise the liquidus temperature of
an alkali metal chloride electrolyte. This Ag, AgCl
pair might provide a very fast, simple electron
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Fig. 3. Calcium and silver potentials in molten chloride electro-
lytes in test tube cells. Current density, 1.50 amp/cm?2; tempera-
tures as shown.

transfer process. Calcium was chosen as the negative
electrode metal. Potentials as low as —3.0v have
been measured with respect to the silver, KC1-AgCl,
glass reference, and, in fact, calcium has been used
successfully in other thermal battery systems (3).
The following paragraphs discuss experiments with
electrodes in molten salt electrolytes, and then data
are given for a successful primary cell system.

Silver electrode studies.—The first experiments on
positive electrodes were with silver metal immersed
in pure silver chloride or in the KC1-AgCl mixture;
these are liquid at relatively low temperatures, 455°
and 325°C, respectively. The kinetics are excellent
for both of these couples acting as cathodes in the
arrangement shown in Fig. 1. With a current density
of 1.50 amp/cm?, the potential rose for 6 or 7 min,
and 20 min after the maximum was reached, it had
dropped by no more than a tenth of a volt as shown
by Fig. 3 for Ag/KCl-AgCl.

Neither silver chloride nor KCl-AgCl can be used
as the electrolyte, however. The fact was demon-
strated by measuring calcium potentials in these
melts. The calcium reduces silver ion and metallic
silver coats the anode; the potentials are then the
same as that of silver metal. Another serious prob-
lem was the formation of silver dendrites which
grew out from the cathode and tended to make short-
circuits with the negative electrode. This happened
even if no current was passed through the electrode.

The next step was to try to exclude the silver
chloride from the main electrolyte and to confine
it to the cathode. This cathode was made by coating
the silver sheet with a kaolin matrix containing the
KC1-AgCl mixture. The main electrolyte was the
ternary eutectic mixture of barium, calcium, and
sodium chlorides (14.5 mole % BaCl,, 47.0 mole %
CaCl,, 38.5 mole % NaCl) which has a melting
point of 450°C (4). This cathode was used as a
counterelectrode in the arrangement shown in Fig. 1;
the temperatures were 500° and 550°C. Now the
coating of the calcium with silver was postponed
for a few moments until the silver chloride had
migrated into the main electrolyte, but a sudden rise
of the anode potential did occur eventually as did
the dendrite formation.
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Later on in this paper it will be seen that the
eutectic mixture of potassium and lithium chlorides
(40.0 mole % KCI1 and 60.0 mole % LiCl; melting
point, 354°C) was found to be the basis of a satis-
factory electrolyte with the calcium electrode. At
this point, however, it will be discussed in terms of
the silver electrode. The actual composition to be
considered is 33.3 mole % KCIl, 50.1 mole % LiCl,
10.0 mole % AgCl, and 6.65 mole % potassium chro-
mate; it is found to be completely liquid at tem-
peratures above 440°C.

Figure 3 shows the discharge performance of the
positive electrode Ag/KCIl-LiCl-AgCl-K;CrO, at the
apparent current density of 1.50 amp/cm?; this be-
havior is reasonably consistent in the temperature
range of 450°-550°C, and potential is almost as high
as with the KC1-AgCl electrolyte. As with KCl-AgCl
there is an initial rise in potential, apparently due to
local resistive heating and concomitant depolariza-
tion. Then as dendrites are formed, the actual cur-
rent density is reduced, and this may explain the
temporary rise in potential occurring 7 min after
activation. Potential falls again due to polarization.
Dendrites do not cause short circuits when the
electrolyte is KCIl-LiCl-AgCl-K,CrO4; the reason
for this is given below.

The arrangement shown in Fig. 1 represents an
electrode in a great excess of electrolyte, and there-
fore, discharge at a high current density can con-
tinue for long periods of time. This could not be the
situation with cells built into rectangular silver cans
as shown in Fig. 2 where only a limited amount of
active material could be included in the relatively
small volume of electrolyte.

However, a wholly unexpected effect is observed
based on the results in Fig. 4 which are the polariza-
tions (including IR terms) of the electrodes in the
silver can cell discharged at 100 amp. The positive
electrode polarizes by no more than 0.15v even after
6 min. But the 29.4g of silver chloride included in the
150g of electrolyte is stoichiometrically equivalent to
only 3.30 min at 100 amp.

There is only one other oxidizing agent in the sys-
tem, and the rest of the observed capacity can only
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Fig. 4. Cell voltage and electrode polarizations during discharge
of a rectangular can cell at 100 amp; temperature, 500°C.
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be accounted for in terms of the reduction of chro-
mate ion. But if this is the situation, then there
might be no reason for including silver chloride;
chromate ion alone could conceivably be the re-
ducible species at the cathode. Accordingly, some
cells were prepared in which the electrolyte was
simply 6.65 mole 9% of potassium chromate and 93.4
mole 9% of the KCI-LiCl mixture. The cells were
heated until the zero-current voltage was fully
developed and the 100-amp load was applied. The
positive electrode immediately polarized by 6v, just
as if there was no reactive species at the cathode.

Based on these observations the authors offer the
following hypothesis. The over-all process at the
cathode is as shown by Eq. [1]. Silver chloride is
part of the initial electrolyte

2AgCl + 2e~ > 2Ag + 2Cl1~ [1]

composition, but it is also formed by way of reaction
[2] which replaces

2CrO,= + 6Ag + 6Cl~ - 6AgCl + Cry05 + 5 0= [2]

the silver ion that was used galvanically at the posi-
tive electrode or that was reduced nongalvanically
by calcium metal. Little or nothing is known con-
cerning the standard free energies of chromate ion
and oxide ion in the molten chloride electrolyte, and
for this reason, the thermodynamics cannot be dis-
cussed on a quantitative basis. The equilibrium
point of reaction [2], however, will certainly be
displaced to the right because stable and insoluble
calcium and chromium oxides are formed, thus
decreasing the activity of oxide ion in the electrolyte.

In an earlier paper one of the present authors
discussed a similar concept for thermal cell chem-
istry (5). The cathode half-cell was Ni/KCI-LiCl-
K,CrQ,, and it was postulated that nickel is oxidized
by chromate ion to a nickel oxide. It is the latter
species which is reduced galvanically. This same
idea of pre-oxidation of the cathode metal is intro-
duced here except that stronger evidence is avail-
able. That is, it is evident that discharge continues
well beyond the stoichiometric limit based on the
amount of silver chloride initially included.

As with the earlier example of pre-formation of
a nickel oxide, the process shown as Eq. [2] does not
keep pace with reaction [1] operating at high cur-
rents; this is evident from Fig. 5 which shows how
the silver chloride content decreased with coulombic
passage at the 100-amp rate. Zero passage on this
plot corresponds to that time when the cell was fully
activated but the load not yet applied. At this mo-
ment there were 0.131 equivalent of silver chloride
and 0.355 equivalent of chromate ion present. That
is to say, 0.074 equivalent of silver chloride and 0.053
equivalent of chromate ion had been used nongal-
vanically. Furthermore, another tenth of an equiva-
lent of oxidizing agents had been expended non-
galvanically before discharge was finished as sig-
nalled by the complete usage of silver ion and chro-
mate ion concurrent with essentially zero and
rapidly decreasing cell voltage. As is shown in Fig.
5, discharge was finished when 0.40 faraday had
been passed; with a current of 100 amp this required
6.43 min.



Vol. 111, No. 1

J. ©———o AgCl; initial amount: 0.205 equivalent
O—a CrOA:; initial amount: 0.408 equivalent

0.80 \

I

FRACTION OF INITIAL AMOUNT

N

S

a

0 ¢.10 0.20 0.30
COULOMBIC PASSAGE (FARADAY}

Fig. 5. AgCl and chromate ion content as a function of coulombic
passage during discharge of a rectangular can cell at 100 amp;
temperature, 500°C.

On the basis of the above results the silver elec-
trode seems very satisfactory as part of a high-rate,
high-output battery system. The negative half-cell
can now be considered.

Calcium electrode studies.—In order to obtain the
greatest energy output per unit weight and volume,
there should be little or no nongalvanic side reac-
tions. For the best kinetic performance the electrode
probably should be of the first kind. That is, cal-
cium metal should be in equilibrium with calcium
ions dissolved in the electrolyte, and as with the
cathode, there should be a simple electron transfer
process.

The use of calcium immersed in BaCl,-NaCl-CaCl,
was an attempt at this. Neither barium nor sodium
ion is reduced by calcium metal, and the half-cell
would indeed seem to be a reversible electrode of
the first kind. The steady-state potential is very
anodic as seen in Fig. 3. But as shown in this figure,
a long time is required for the development of this
potential under load. The reason is that metallic
calcium is subject to air oxidation and becomes
coated with a layer of calcium oxide and nitride, and
this delays equilibration with the electrolyte. The
other difficulty with this half-cell has already been
mentioned. When silver chloride enters the electro-
lyte, silver ion is reduced to silver metal on the cal-
cium surface, and the potential of the anode rises to
that of silver.

The next step was to include 10 mole % of lithium
chloride in the electrolyte. Now the calcium under-
goes a side reaction as shown by Eq. [3]. Lithium ion
is reduced to the metal which forms a liquid

Ca® + 2Li+ > Ca*+ 4 2Li° (in Ca-Li alloy) [3]

alloy with calcium. It has already been shown how
this continually renewed, fluid metal surface can
prevent the electrode from ever becoming polarized
or passive due to a solid oxide layer (6).

Although this addition of lithium ion did amelio-
rate electrode behavior, the improvement was not
sufficient. Potentials under load were more anodic,
but activation of the electrode still required several
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minutes. Moreover, the presence of small amounts
of silver ion still caused the potential to rise nearly
to the value for silver.

Finally, lithium chloride was included in large
amounts. The electrolyte was now the KCI-LiCl
eutectic mixture which is 40.0 mole % of KCI and
60.0 mole % of LiCl, melting at 354°C. In this elec-
trolyte, reaction [3] takes place rapidly and ex-
tensively, and one now encounters a problem con-
cerning dimensional stability of the negative elec-
trode. There is no difficulty at all, however, in the
activation of the electrode. A very anodic potential
is measured immediately on immersion of the heated
electrode; it is —3.01 = 0.05v vs. Ag, KC1-AgCl, glass
at 1.50 amp/cm?2.

The next thing learned was that the calcium po-
tential remains sufficiently negative with silver
chloride present. Calcium appeared to be a suitable
electrode even with 10 mole % of silver chloride in
the electrolyte. The potential was as low as —2.71v,
and the initial rise with a current density of 1.50
amp/cm? was no more than a tenth of a volt.

The calcium electrode is less anodic with silver
ion in the electrolyte as compared with its behavior
in the eutectic mixture of potassium and lithium
chlorides. Even so, the formation of liquid calcium-
lithium alloy is still extensive in the electrolyte
KCI-LiCl-AgCl, and, as pointed out above, this is
fortunate and is probably the reason why calcium
can be used as a negative electrode in the first place.
But improved physical stability was needed. The ap-
proach used in this work to make the calcium elec-
trode more stable from the dimensional standpoint
was to include in the electrolyte a species which is
an oxidizing agent and, at the same time, a source of
oxide ion. Several of these, including permanganate,
metavanadate, and nitrate ions, were tried, but
chromate ion was the most satisfactory in terms of
giving an electrode with a very stable and anodic po-
tential and having a long discharge life. A suitable
concentration of chromate ion was 6.65 mole %.

The principle underlying the use of this oxidizing
agent is that calcium is made somewhat less reactive
and reduces lithium ion and silver ion not as rapidly
and thus becomes a practical electrode for a high-
energy battery system. The insoluble and protective
coating developed on the discharged calcium elec-
trode was analyzed by x-ray powder diffraction
measurement as noted above. Calcium oxide was
found as was chromium (III) oxide. These two
phases are stable in the range of experiment tem-
peratures, and there is no basis for postulating any
other phases.

There is a physical advantage and a disadvantage
to this film. It does block the silver dendrites and
short-circuits are thereby avoided. On the other
hand, it retards the movement of electrolyte to the
electrode surface and so deprives the calcium of
oxide ion. This is a mass transport polarization, but
it would also be the cause of internal resistance near
the negative electrode.

As is shown by Fig. 3, the behavior of the elec-
trode Ca/KCl1-LiCl-AgCl-K,CrO, is very satisfac-
tory, at least with a large excess of electrolyte. The
potential is very anodic (—2.59v) under a discharge
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load of 1.50 amp/cm?, and if the period of discharge
seems short (approximately 11 min), it should be
remembered that thermal batteries have not been
used for times much longer than 5 min. It may be
noted that the temperature for this discharge as
shown in Fig. 3 is 450°C, although behavior was
consistently good in the region 450°-550°C.

It has been shown that the anode half-cell men-
tioned in the previous paragraph, as well as the
cathode half-cell Ag/KCl1-LiCl-AgCl-K,CrO4, are
apparently satisfactory for use in a primary battery,
at least when separately examined in test tubes con-
taining an excess of electrolyte. Next in order was to
demonstrate their usefulness in a primary cell with
a somewhat practical geometry.

Cell studies with rectangular cans.—As described
earlier in this paper, a can cell was connected in
the constant-current discharge circuit and then
placed between the steel blocks in the furnace. The
recorder was started at this time, and the trace is
shown in Fig. 6. The initially measured voltage was
zero due to the very high resistance of the electro-
lyte prior to its melting while the input impedance
of the controller-recorder unit was only 1500 ohms.

After a few seconds the voltage began to rise. As
shown in Fig. 6, the temperature was still not much
above room temperature, and the recorded voltage
was apparently due to dissolution of electrolyte salts
in the water contained by the hygroscopic lithium
chloride;2 this solution would result in a lowering
of the internal resistance of the cell. As seen in the
figure, about two minutes were required for this
“early voltage” to be developed, and it persisted for
about 80 sec or until the temperature reached
220°C.2 At this point the water had apparently
boiled away, and since the salts had not yet started
to melt, cell resistance was again high and voltage
declined to about 1.33v. '

Ninety seconds later the temperature reached
320°C, and the salts began to melt. The voltage
changed abruptly, and within a few seconds it rose
to 2.55v and then slowly increased to 2.70v. The load

21t should be pointed out that good technological practice would
include using a low-humidity room to minimize this absorbed water
and thereby to avoid the ‘‘early voltage’’ and also to lessen attack
of the calcium metal.

3 The temperature scale in Fig. 6 is only approximate. It is shown
to be linear up to 400°C, and of course, this is not justified. How-
ever, it represents a precision which is within the limits of measure-
ment error.
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Fig. 6. Activation and discharge of a rectangular can cell at
100 amp; temperature, 450°C,
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Table 1. Rectangular can cell performance at 450°C

+5% Variation +10% Variation

E Energy
Current (Peak) I Time I Time (watt-
{amp) ) (v) (min) W) (min) min/cms3)

30 2.35 224 110 2.14 134 7.99
50 2.18 2.08 3.44 1.98 5.19 4.70
72 2.04 1.94 2.38 1.85 3.38 4.01
100 1.80 1.7 1.69 1.64 2.13 2.96

was not yet applied. Another four minutes were al-
lowed for the temperature to approach closely or to
reach 450°C. When the 100-amp load was finally ap-
plied the voltage suddenly fell to 1.62v (a large
part of this initial decrease may be due to IR drop).
There was then a temporary rise to 1.85v. It is as-
sumed that this rise was due to increased silver
electrode area from dendrite formation as well as
internal heating which resulted in a depolarization
of both electrodes.

Discharge was continued at constant current until
the terminal voltage had fallen to 0.5v or somewhat
less. Voltage was recorded as a function of time,
and the typical numbers in Table I were either
read directly or else were immediately derived. Four
values of current were used. Peak voltage was read.
For the determination of cell life or discharge time
it was considered that voltage might be held to
within 5% (E = 0.05E) or to within 10% (E = 0.10E)
of a mean value. That is to say, a battery in practical
application would certainly not be useful after its
voltage had fallen to a relatively low point; in fact,
the limits quoted above are realistic. Peak voltage
can be taken as the upper limit, and mean voltage
can be determined from peak voltage by dividing the
latter by 1.05 or 1.10. The lower limit of voltage is
then 0.95 or 0.90 of mean voltage, and on this basis
one could mark the beginning and end of effective
discharge and obtain the discharge times. Table I
also gives values for the energy output per unit
volume based on voltage held to within 10% of a
mean value. This was obtained by measuring the
area under the voltage-time curve for the discharge
period as defined above. This area (in volt-minutes)
was then multiplied by the current and divided by
the cell volume (118 cm?).

It is clear that the specific energy outputs in
Table I are not realistic for a practical thermal bat-
tery. This is because no volume has been allowed for
the heating mechanism nor for thermal insulation.
It would be difficult to estimate these, and, similarly,
no attempt has been made to estimate the weights of
cells and batteries. On the basis of the can cells
alone, however, energy output is certainly very
impressive compared with the capabilities of com-
mercial batteries, and with heating and insulation
contributing additional weight and volume, energy
output would still be exceptionally high.
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Effect of Velocity and Oxygen on Corrosion
of Iron in Sulfuric Acid

Z. A. Foroulis and H. H. Uhlig

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts

ABSTRACT

Corrosion rates were determined for 0.009% C iron, and 0.24% C and 1.05%
C steel in 0.33N H2SO4 at velocities up to 4000 rpm (3.5 m/sec). In acid de-
aerated with nitrogen, the corrosion rate of 0.009% C iron was constant, and no
effect of velocity was found. In aerated stagnant acid, the rate was lower than
in deaerated acid and increased markedly with velocity. Corrosion rates of
carbon steels, on the other hand, at first decreased with velocity, reaching a
minimum which occurred at higher velocities the higher the carbon content.
Beyond the minimum, corrosion increased linearly with velocity. These results
are explained by an initial inhibiting effect of oxygen on the corrosion rate.
Polarization measurements confirm that small amounts of oxygen increase
anodic polarization probably by adsorption on anodic sites. Higher concen-
trations of oxygen cause depolarization of cathodic areas accompanied by an
increase of corrosion. In absence of oxygen, velocity is without effect because
the reaction is controlled by activation polarization accompanying hydrogen
evolution, and this is not sensitive to velocity. Ferric ion also can act as in-

hibitor or depolarizer depending on surface concentration.

An understanding of the effect of velocity on cor-
rosion is useful to establish mechanism of reaction,
particularly when the effect is not solely one of
diffusion control. Although the relation of velocity
to corrosion of iron has been reported by others,
some details of previous observations are not yet
adequately explained, such as occurrence of a mini-
mum in corrosion as velocity increases. A possible
explanation became apparent to us during the course
of studies on another subject by A. P. Bond of this
laboratory, who found that zone-refined iron cor-
rodes in 1N H,SO, at lower rates when the acid is
aerated [415 mg/dm?/day (mdd)] than when de-
aerated (680 mdd) employing purified hydrogen.
This is opposite to any effect which might have been
predicted based on oxygen as a cathodic depolarizer.
Bond also found the same inhibiting effect of oxygen
employing various pure cobalt-iron alloys immersed
in 1N H,SO4 (1). Since the effect of increasing ve-
locity is to bring increasing amounts of oxygen to the
metal surface blanketed with H, bubbles, it follows
that the inhibiting effect of oxygen described above
should also be found in corrosion experiments con-
ducted at variable velocity. This is the basis of the
present investigation.

The effect of velocity on corrosion of iron in 0.01-
0.2N aerated Hy,SO, using rotating disks was reported
in 1922 by Friend and Dennett (2). They found that

dissolution increased linearly with rotational speed
up to 4000 rpm. Whitman et al (3) criticized the
work of Friend and Dennett and carried out, in
greater detail, extensive experiments in aerated and
Oz~ or Ny-saturated sulfuric acid of various concen-
trations (0.0043-5N). They found in aerated acid of
all but the lowest concentration that corrosion of
mild steel first decreased as velocity increased,
passed through a minimum, and then increased
linearly with speed of rotation. The same effect was
reported for Ne-saturated acid, although the corrosion
rate was less and the minimum was less pronounced.
They explained the minimum as being caused by
smaller Hy, bubble formation during rotation, the
energy required for forming small bubbles being
greater than for large bubbles characteristic of stag-
nant solutions. At still higher velocities, depolariza-
tion by O, predominated. Wormwell (4) investigated
the effect of velocity on corrosion of mild steel in
0.5N NaCl, finding only an increase with speed of
rotation. In this solution, H; evolution did not occur,
the corrosion rate being controlled by O, depolariza-
tion alone.
Experimental Detail

The present study employed a cylindrical speci-
men of iron or steel (1.6-1.8 cm diam, 5 em long)
attached to a carefully balanced rotating shaft, and
immersed in 1.5 liters of 0.33N HySO4. The experi-
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Fig. 1. Vessel for corrosion rate measurements of rotating specimen

mental arrangement is shown in Fig. 1. The speed
of the motor reaching 5800 rpm was controlled by
means of a variable transformer. The precise speed
was measured using electronically pulsed strobo-
scopic light (General Radio “Strobotac’”). For low
speeds (less than 600 rpm), a reduction gear was
required. The specimen was threaded into the end of
the main steel shaft which in turn was attached to
the motor or the reduction gear. The bottom portion
of the specimen, as well as the sides of the shaft,
were coated with three layers of methyl methacrylate
resin, with 2 hr drying time between each coat. Only
the sides of the specimen, therefore, were corroded
during the experiment. The specimen was abraded
with No. 120 followd by No. 600 emery paper; then
pickled for 2 min in 1:1 HCI, washed with tap and
distilled water, and immediately introduced into the
test acid. The corrosion rate was followed by analyz-
ing successive portions of the acid for iron, using
the orthophenanthrolene colorimetric method (5).
Gas saturation of the acid was accomplished by pre-
viously passing purified gas through sintered glass
bubblers for 8 hr at 150 ml/min in the case of nitro-
gen, and 1 hr in the case of air. Nitrogen was puri-
fied by passing it over hot copper turnings at 400°C
using glass tubing from purifier to cell. All the ap-
paratus was contained in a constant temperature
room maintained at 25° *= 0.5°C. Tests were of 5 hr
duration.

Polarization measurements were carried out at
25°C in a three compartment cell, the middle com-
partment of which contained 2 liters of 0.33N H;SO,.
A Luggin capillary containing the same acid con-
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Fig. 2. Typical weight loss-time plot, 0.009% C iron in deaerated
0.33N H2SOy4, 600 rpm.
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Fig. 3. Dissolution of 0.24% C steel in aerated 0.33N H250y4, at
4000 rpm.

nected to a salt bridge and to an Ag-AgCl, 0.1N KCl
reference electrode. The electrolyte was deaerated
with nitrogen as previously described, or with nitro-
gen-oxygen mixtures the proportions of which were
determined by flowmeters connected to a manifold.
The acid was pre-electrolyzed for 3-hr employing
several milliamperes. Specimens for potential meas-
urements were prepared from relatively pure iron
containing 0.0099% C (Ferrovac). For corrosion tests,
specimens included 0.009% C iron and also two
commercial steels containing 0.24% C and 1.05% C,
respectively.
Results

Weight losses of 0.009% C iron rotating at 600 rpm
as a function of time in deaerated 0.33N H,SO, are
shown in Fig. 2. An induction time of about 2 hr pre-
cedes a constant corrosion rate of 20 mg/dmz2/hr. For
0.24% C steel in aerated acid at 4000 rpm, the rate
was typically higher, being constant at first, then
falling to lower values after a few hours (Fig. 3).
(The point at 5 hr below that at 4 hr is accounted
for by experimetal error.) It was found that the
falling off in rate occurred after a certain amount of
iron had accumulated in the acid, averaging about
70 mg/liter. The final rate, where such accumula-
tion occurred, was considerably less than the initial
rate. This decrease was caused by ferric ion, as was
demonstrated by comparing the initial steady-state
corrosion rate of a steel rotating at 4000 rpm in
aerated acid to the corresponding rate in the same
acid to which 72 mg Fe* * * /liter were added in the
form of Fey(8S04)3:-9H20. The striking difference in
rates confirms that ferric ion under conditions of
high velocity acts as inhibitor (Fig. 4) despite the
usual role of Fet *+ as a depolarizer and accelerator
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Fig. 4. Effect of Fet+1+ on corrosion of 0.24% C steel in
aerated 0.33N H2S04, 4000 rpm.
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Fig. 5. Effect of velocity on corrosion rate in 0.33N HoSO04

of corrosion. Potential measurements of a similar
steel specimen at 4000 rpm in aerated acid showed
that the potential became more noble or more ca-
thodic by 20 mv within about the same time (3.5 hr)
as the corrosion rate underwent a change to lower
values.

The effect of velocity on the steady state corrosion
rate of 0.009% C iron in deaerated and aerated 0.33N
H,SO, is shown in Fig. 5. Data are also included for
0.249 C and 1.05% C steels in aerated acid. It is im-
portant to note that in deaerated acid, the corrosion
rate remains constant at 20 mg/dm?/hr and is inde-
pendent of velocity. In aerated stagnant acid, omit-
ting bubbling of air to avoid stirring the acid, the
rate is lower (7 mg/dm?2/hr) than in deaerated acid
with or without stirring, confirming earlier results
of Bond on the inhibiting effect of Os for pure iron
exposed to acid. For 0.249% C steel, the corrosion rate
at zero velocity is higher by reason of increased
carbon content. The rate in this instance starting at
55 mg/dm?/hr reaches a minimum at 125 rpm (51
mg/dm?/hr), then increases linearly with velocity
beyond 500 rpm. The 1.05% C steel corrodes at a
still higher rate at zero velocity (70 mg/dm2/hr),
reaches a minimum rate (55 mg/dm2/hr) at 600
rpm, and then increases linearly with velocity.

Discussion

In deaerated acid, low-carbon iron corrodes at the
same rate under either stagnant or high-velocity
conditions. This might be expected if one considers
that the corrosion rate is controlled by rate of H*
discharge (cathodic control). The rate of H* dis-
charge, in turn, at current densities below values of
significant concentration polarization is known to
be unaffected by relative motion of metal and elec-
trolyte (activation polarization). Whitman et al., on
the other hand, found a minimum in N,-deaerated
0.33N H,SO, at about 250 rpm or 0.25 m/sec (0.7
ft/sec). This result is probably explained by traces
of O, entering the acid during the corrosion tests and
acting as inhibitor in the lower velocity range. Con~
tamination by oxygen in their experiments is not
surprising considering use of pyrogallol at room
temperature to purify N,, and use of watch glasses
over open beakers to exclude atmospheric oxygen.
The present experiments, on the other hand, were
conducted with rigid exclusion of oxygen. In some
experiments, the specimen was pickled in the test
flask and the deaerated acid introduced using N,
pressure without the specimen coming into contact
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with air. This procedure avoided introduction of Oy
or Fet** into the acid by the specimen itself.

Figure 5 shows that, in aerated acid, velocity very
much accelerates corrosion, as previous investigators
also reported. It is at first surprising that 0.009% C
iron between 300 and 3500 rpm should corrode at a
higher rate than the carbon steels. In stagnant solu-
tion, the effect of increasing carbon in steels is
known to accelerate corrosion, and the present data
confirm this relationship. The inverse relationship
under intermediate velocity conditions is unexpected
and is probably caused by the essentially smooth,
clean surface of 0.009% C iron maintained through-
out the test, whereas for the higher carbon steels a
visible rough black film is formed, composed of
amorphous carbon mixed with cementite (6). The
clean surface allowed ready depolarization by O,
compared to the carbon film which acted as a barrier
for diffusion of O, At still higher velocities, the
barrier film either eroded away or its presence inter-
fered less with diffusion to or from the metal sur-
face. The results for low carbon iron plotted on a
log-log plot are linear with a slope of 0.5. On the
other hand, the rough surface of the carbon steels
accounted for greater turbulence of the acid and
showed a linear dependence of corrosion rate on
velocity in the high velocity region. An effect of
surface roughness in this same direction was re-
ported by Makrides and Hackerman (7), who meas-
ured as a function of velocity the dissolution rate of
mild steel in 2N HCI containing various depolarizers.

An unmistakable inhibiting effect of oxygen is
shown by the lower corrosion rate of 0.009% C iron
in aerated compared to deaerated acid at zero ve-
locity (Fig. 5). An inhibiting effect of oxygen is
also the cause of minima in the corrosion rate for
carbon steels as velocity increases. The higher rate
of hydrogen evolution for these steels at zero ve-
locity prevents oxygen from reaching the metal
surface, but as velocity increases, the hydrogen is
swept away and above a specific range of velocities
oxygen reaches the surface in sufficient concentra-
tion to act first as inhibitor and later as depolarizer.
The higher the carbon content the higher is the cor-
rosion rate and H, evolution, and hence the higher
must be the velocity at which the inhibiting effect
of oxygen is observed. For 0.009% C iron the mini-
mum occurs below velocities generated by gas bub-
bles; for 0.249% C steel the minimum comes at about
125 rpm (0.1 m/sec); for 1.05% C steel, it comes at
600 rpm (0.5 m/sec). Analogously, the minimum in
corrosion occurs at higher velocities as the acid con-
centration increases, as shown by data of Whitman
et al. The minimum in their data for 0.12% C steel
occurs at 250 rpm (0.25 m/sec) in air-exposed 0.33N
H,S04; at 1200 rpm (1.2 m/sec) in 1.58N H,SO4; at
1625 rpm (1.6 m/sec) in 2.87N acid; and at 2800
rpm (2.8 m/sec} in 5N acid.

Although a small amount of dissolved oxygen in-
hibits the corrosion rate of iron or steel in sulfuric
acid, in higher concentrations it accelerates attack.
Apparently, an oxidizing agent like Fe* +* can also
act as inhibitor (Fig. 4) or depolarizer. The inhibit-
ing effect of Fet** was missed by Makrides (8)
who studied potentials and polarization of iron in
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H,SO,. Gatos (9) reported that Fet*+* added to
stagnant 1N H,SO, began to lose its accelerating
effect on dissolution of 0.299% C steel above 0.47
g-ions Fe* * ¥ /liter (26 g/liter) and that at about 4
g-ions/liter (223 g/liter), the dissolution rate was
the same as if the acid did not contain Fe**+  Al-
though in stagnant 1N acid high concentrations of
Fet** are apparently required to reverse the effect
of depolarization, at 4000 rpm only 0.07g Fet++/
liter in 0.33N H3S0, induces marked inhibition.
Gatos speculated that high concentrations of Fet++
increase polarization of the anodic sites.

Our polarization measurements using 0.0099% C
iron showed that traces of oxygen at the metal sur-
face decrease cathodic polarization; however, the
same traces of oxygen increase anodic polarization
(Fig. 6). Consequently, it is reasonable to conclude
that increase of anodic polarization accounts for in-
hibition of the corrosion rate by either oxygen or
Fet **. These effects, including a shift of corrosion
potential in the more noble direction, are shown by
the schematic polarization curve of Fig. 7.

In Fig. 6, polarization data required at least 15
min for each point in order to reach steady state
values. This time accounted for an accumulation of
Fet++ in the acid, which in turn brought a discon-
tinuity in the cathodic polarization curve at a limit-
ing current density contributed by diffusion of both
Oq and Fe* * +_ If dissolved O; alone had been opera-
tive, the O, concentration at the discontinuity cor-
responding to 0.1 ma/cm? would have been more
than 10 times the critical ratio of 0.04 for volume
0O./volume N, that was observed.

The mechanism accounting for increase in anodic
polarization of iron in sulfuric acid by traces of O,
is probably related to adsorption of O, on the iron
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surface. From the independence of corrosion rate of
pure iron in deaerated acids on pH (10, 11), it fol-
lows that the amount of adsorbed H on iron probably
increases as H* concentration increases, thereby re-
stricting residual anodic areas and increasing anodic
polarization. Under this condition, the corrosion rate
remains almost constant, despite increased acidity
(pH 1 to 4). Traces of O, may then increase anodic
polarization still further by preferentially adsorbing
on anodic sites and restricting the residual anodic
area. This occurs whether or not the iron is pure,
provided O, can reach the metal surface in spite of
H, evolution. Only at higher concentrations of O,
does depolarization at cathodic sites occur by reac-
tion of oxygen with hydrogen adsorbed on the metal
surface. When depolarization occurs, the anode area
increases, O, is no longer available in sufficient con-
centration to adsorb on all anodic sites, and, as a
result, the corrosion rate increases.

The same general effects occur in neutral or alka-
line media except that adsorption of H at cathodic
sites is less pronounced than in acids, there is con-
sequently diminished reaction between H and de-
polarizer, and adsorption of O, at anodic sites is
favored. This situation leads to passivity and to a
marked reduction in corrosion, the necessary partial
pressure of O to induce passivity being lower the
more alkaline the solution. Oxygen, therefore, ap-
parently increases anodic polarization of iron over a
wide range of pH. It also, of course, acts as depolar-
izer, and the particular role that predominates in any
given circumstance determines whether O, is an
inhibitor or an accelerator of corrosion. In chloride
media, competitive adsorption excludes O; at anodic
sites, and O, acts mainly as depolarizer. Hence, in
chloride media, e.g., as illustrated by Wormwell’s
experiment (4), velocity only increases corrosion.
In absence of passivity-destroying Cl— in near-neu-
tral water, velocity first increases corrosion because
of depolarization, then reduces it (12) as O, concen-
tration at the iron surface reaches a value sufficient
to increase anodic polarization. Ferric salts in stag-
nant H,S0, apparently act like dissolved O, in
neutral H,O in that with first additions depo-
larization predominates, and at higher concentra-
tions inhibition becomes apparent. It is likely that
Fe*t++ adsorbs on anodic sites analogous to ad-
sorbed O whenever the concentration of Fet+* at
the metal surface reaches a sufficient value. High
velocity helps assure an adequate surface concentra-
tion reaching through an ever present barrier layer
of ferrous salt solution.
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Pitting and Uniform Corrosion of Aluminum
by pH 3.5 Citrate Buffer Solution

E. L. Kochler and S. Evans!

Central Research and Engineering Division, Continental Can Company, Inc., Chicago, Illinois

ABSTRACT

Corrosion of 3003 aluminum in citrate buffer solution in the presence of air
may be by pitting or by uniform attack. Polarization data indicate that uniform
attack is controlled by the rate of chemical dissolution of the oxide film. There
is a simultaneous thickening of the film by a tarnishing-type reaction at the
same rate to maintain the film at constant thickness. Values of AD/AE deter-
mined from polarization data at constant potential were indicated to be the
same for a film being formed principally by the tarnishing mechanism as for a
film being formed entirely by anodic action. It was found possible to determine
whether or not pitting was occurring from anodic polarization data.

In an earlier paper, the use of polarization meth-
ods in determining the corrosion rates of aluminum
in anaerobic acid and food media was investigated
(1). Corrosion here was uniform and was strictly of
the hydrogen-evolution type. Metal destruction was
of no consequence, the only concern being hydrogen
evolution which, in can applications, may cause the
ends of the can to bulge. Even a small amount of
metal destruction is of concern, however, when cor-
rosion is localized, leading to eventual perforation
of the container or vessel. It was the purpose of this
work to investigate by polarization methods pitting
and uniform corrosion of 3003 aluminum within the
pH range of acid foods when air is present.

Experimental

Experimental methods employed were much the
same as those described in earlier work, except that
for tests in the presence of air the test medium was
flushed with air prior to use and the top of the test
cell was open to the air (1, 2). Identical specimens
were sealed to opposite ends of the “T* cells with
microcrystalline wax, the assembly being held to-
gether with a clamp. The test medium used was an
unstirred pH 3.5 citrate buffer solution, 0.05M in
total citrate. In preparing the solution, reagent-
grade citric acid and sodium citrate were used. The
water was deionized and distilled from an alkaline
permanganate solution. Anaerobic solutions were
de-aerated by flushing for 3 hr with oxygen-free
hydrogen. Any oxygen which might remain after
this treatment disappears in the cells by reaction
with the specimens. In some cases reagent-grade
sodium chloride was added. The temperature was

1 Present address: Rocketdyne, A Division of North American Avi-
ation, Inc., Canoga Park, California.

37.8°C (100°F). Weight loss rates were determined
by simultaneously setting up a number of test cells
and discontinuing the individual cells after varying
time intervals. A potentiostatic device was used to
obtain polarization data. In recording polarization
curves, the potential vs. saturated calomel was con-
tinuously changed at a preselected linear rate. This
is called a potentiodynamic polarization curve. Ex-
cept where otherwise specified, the rate was 50 mv/
min. The reference electrode was in a plane midway
between the two specimens. The specimen at the
opposite end of the cell served as the auxiliary elec-
trode. The potential drop due to resistance of the
electrolyte was not significant in most cases. Where
required, it was compensated for. The aluminum was
annealed 3003 sheet, normally containing manga-
nese, 1.0-1.5%; silicon, 0.6% max; iron, 0.07% max;
copper, 0.20% max; zinc, 0.10% max; all others,
0.15% max. Specimens were cleaned with carbon
tetrachloride but not abraded or polished prior to
use.
Results and Discussion

Figure 1 shows weight loss curves for 3003 alu-
minum in pH 3.5 citrate buffer solution. The lower
two curves, representing the anaerobic condition,
give the equivalent of weight loss as determined by
hydrogen evolution measurement. The rate of hy-
drogen evolution under such conditions is equivalent
to the rate of weight loss (1). This figure represents
data for one series of tests. In a second series of tests
the data were essentially the same, except that the
rate of weight loss for the top curve, with the 0.2%
NaCl addition, was somewhat lower.

Addition of sodium chloride caused a slight in-
crease in the anaerobic corrosion rate, With air pres-
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Fig. 1. Weight loss curves for 3003 aluminum in pH 3.5 citrate
buffer at 37.8°C.

ent and no chloride, the data had to be separated into
two groups: one in which the specimens were pit-
ting, and one in which there was uniform corrosion.
Insofar as we are aware, all these specimens and test
cells were treated identically. Pitting here was al-
ways preceded by a period of uniform corrosion.
With specimens corresponding to the “salt-free, pit-
ting” points in Fig. 1, pitting developed usually in
about two to three days. In some cases pitting
started after longer times, i.e., 9 days, 15 days, etc.
It was possible to determine at any specific time,
from anodic polarization data, whether pitting was
occurring. With air present and with the 0.29% NaCl
addition, the specimens always pitted. Table I gives
current equivalents for the corrosion rates of Fig. 1.

Thickening and Dissolution of Films on Uniformly
Corroding Specimens

Aluminum tends to thicken its oxide film on
anodic polarization preferentially to any alternate
anodic process (3). Electrolytes in which the rate of
dissolution of the oxide is relatively high, like sulfuric
acid, produce a porous oxide film. Electrolytes in
which the film is insoluble produce a nonporous film
of high resistance. The growth of an insoluble film at
constant potential causes a continuous decrease in
ionic current and the equivalent rate of film growth
to zero as a limiting value. The present case is
viewed as being intermediate, i.e., the electrolyte
dissolves the film at a low, but appreciable, rate. De-
crease in current at constant potential for the case
of an electrolyte which dissolves the film at a low
rate is shown schematically in Fig. 2. Assuming that
there is no non-ionie current in the film, the meas-
ured current, i, will be equivalent to the rate of film
formation. The rate of film formation decreases with
time until a steady state is attained in which the rate

Table 1. Corrosion rates of 3003 aluminum in pH 3.5 citrate buffer
solution at 37.8°C

Corrosion rate

mg/day cm? ga/cm?

Anaerobic 0.010 1.2
Anaerobic, 0.2% NaCl 0.014 1.7
No salt, air present, uniform corrosion  0.029 3.6
No salt, air present, pitting 0.047 5.9
0.2% NaCl added, air present 0.090 11.2
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Current-Amperes
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Fig. 2. Schematic representation of decrease in current during
thickening of film at constant potential under conditions in which
non-ionic current is zero, with small constant rate of dissolution of
film in electrolyte. itn is the net rate of film thickening; igis is
the rate of film dissolution; shaded area is the coulombic equivalent
of net increase in film thickness.

of film formation is equal to the rate of film dissolu-
tion, or i = ig;. At such time, the net rate of film
thickening, i¢, = © — igjs, is equal to zero. Such a film
will not thicken indefinitely at constant potential,
but will approach a definite limit. The shaded area
under the curve represents the coulombic equivalent
of the net increase in film thickness.

At low fields non-ionic current is normally high
compared to the ionic current. This non-ionic cur-
rent usually causes oxygen evolution once the poten-
1ial has reached values where this is possible (3).
The rate of film dissolution, i4;5, does not change with
potential. Evidence to be presented below indicates
that in the absence of any applied potential the film
thickens by a tarnishing-type mechanism, at a rate
equal to igi. Oxygen reduction rather than oxygen
evolution occurs on such a corroding specimen. This
tarnishing-type corrosion involves a flow of non-
ionic current in the reverse direction (4, 5). With a
very small applied anodic potential on the corroding
specimen the film will thicken by a combination of
anodic (applied) and tarnishing-type (local) ac-
tions. There is a range of potentials, intermediate to
those at which reduction of oxygen and those at
which evolution of oxygen occurs, in which there is
neither significant reduction nor evolution of oxy-
gen, In this range the non-ionic current should equal
zero, and unit current efficiency would be expected.
Arguments have been presented to support the claim
of unit current efficiency below the reversible oxy-
gen evolution potential for zirconium (86, 7).

Results of anodic polarization at potentiostatically
controlled potentials for specimens uniformly cor-
roding with air present are summarized in Table II.
Typical curves are shown in Fig. 3. Such data were
obtained after the tests had been set up for three or
more days so as to obtain a steady condition of cor-
rosion of the aluminum in the test medium. Polari-
zations represented are millivolts anodic to the
steady-state corrosion potential of the aluminum
specimen, as measured with the saturated calomel
electrode immediately prior to the polarization. For
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Table 11. Summary of results-for anodic pelarization at constant
potential, uniformly corroding specimens, air present

f G — t1m)dt
/o

Steady-state

. Limiting local action
Polariza- current, current, E — Ecorr
tion, mv pa/cm? ua/cm? mc/v cm?2
0 3.6
25 0.8 2.8 8.2
80 1.6 2.0 7.5
110 24 1.2 9.3
160 2.7 0.9 8.3
185 3.1 0.5 8.2
210 3.6 0 8.6
270 3.7 7.1
300 3.5 7.5
360 3.7 8.2
580 4.3 (7.5)*

* Approximate, peak current off of recorder scale.

polarizations sufficiently great to render local action
negligible, 210 mv or greater, the limiting current
attains a value of 3.6 pa/cm?2 Since all the current
through the film is ionic, this represents the rate of
dissolution of the oxide film in the medium, iy, The
somewhat high value of limiting current for the
greatest polarization represented may include some
portion of non-ionic current, representing formation
of oxygen.

It should be noted that the 3.6 pa/cm? value for
equivalent rate of dissolution of the oxide is identical
to the rate of corrosion of the uniformly corroding
specimens as represented in Table I. This strongly
suggests that such uniform corrosion of aluminum is
controlled by the rate of dissolution of the oxide
film in the medium, the film being formed by a tar-
nishing-type mechanism at the same rate as which it
dissolves. This conclusion is the same as that reached
by Troutner for the uniform corrosion of aluminum
in the temperature range of 90°-250°C on the basis
of experimental evidence of a different type (8).

For polarizations of less than 210 mv there is sig-
nificant reduction of oxygen on the surface (local
action). Since the rate of oxide dissolution is not
affected by potential, the difference between the rate
of oxide dissolution (3.6 pa/ecm?) and the indicated

£ 100

@ 50

|

o

Q

o 20F

>

> 10F

2 Lk

a

. 270 mv

5 e

é | , | BOm:/
0] ) 10 15 20

Time-Minutes

Fig. 3. Representative curves of current vs. time during thickening
of film. Uniformly corroding specimens, pH 3.5 citrate buffer solu-
tion in presence of air, specimens anodically polarized at indicated
potentials relative to steady-state corrosion potential of specimen.
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limiting current represents the rate of oxygen re-
duction on the specimen at steady state. These val-
ues are given in the column headed “Steady-state
local action current.”

The last column gives the amount of the measured
current utilized in increasing the net thickness of
the film per volt of applied potential. This quantity
was found to be constant over the range of potentials
investigated, without regard to whether the film was
being formed by anodic action alone or by a combi-
nation of anodic and tarnishing-type actions. Spe-
cifically

Jo (i —iym)dt

E — Ecorr
where i is the measured current, i, is the limiting
current, t the time elapsed, E the potential of the
specimen, and E.,r the corrosion potential of the
specimen as measured immediately prior to polari-
zation. Net increase in film thickness per volt is

AD f: (1’ - ilim) dt f: ('ila - ilao) dt

— = + [2]
AE E— Ecorr E — Ecorr

where i, is the local action current and i;,° is the
local action current at steady state. For polarizations
at potentials where local action is negligible, ijjm =
idisy and

= 8.2 millicoulombs/cm?2/v [1]

AD fo (i —iags)dt

— = ——————— = 8.2 mc/v cm? [3]

AE E— Ecorr
as has been indicated in Fig. 2. The simplest explan-
ation for the behavior at polarizations of less than
210 mv, where local action is not negligible, is that
the rate of reduction of oxygen on the specimen is
constant for any given potential during film thicken-
ing (i, = i12°), making the second term in [2] equal
to zero, and giving

* (1 — im) dt
AD_f"( lim)

.IE_ - E - Ecorr

Further, the free energy change of the tarnishing
reaction produces a potential across the film which
is additive to the applied potential (9), AD/AE being
the same for the tarnishing reaction as for anodic
film formation.

Assuming a density of 3.1 g/cm3 for the oxide, 8.2
me/v cm? corresponds to a value of AD/AE of 47/0
A/v where o is the surface roughness factor of the
corroding specimen. Determinations made by other
investigators for films formed in a variety of elec-
trolytes at higher potentials are in the range of 15
A/v (3). This would lead to a surface roughness
factor of about 3.1 for the corroding specimen, as-
suming that the nature of the film formed is the
same.

= 8.2 me¢/v em? [4]

Anodie Polarization Curve As Indicator of Pitting

In potentiodynamic anodic polarization curves on
such specimens the current density approaches a
limiting value. This limiting value is dependent on
the rate of change of potential with respéct to time
in the determination of the curve. For a curve de-
termined sufficiently slowly, less than 5 mv/min,
the limiting value is the expected 3.6 pa/cm2 For
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Fig. 4. Anodic polarization curves at 50 mv/min rate of change
of potential with respect to time, air present. Top curve, uniformly
corroding specimen; middle two curves, same specimen, later, now
pitting; bottom curve, pitting, sodium chloride present.

a curve determined at a rate of 50 mv/min, our
usual rate, a limiting value of about 9 pa/cm? is ob-
tained. The same type of potentiodynamic anodic
polarization curve is not obtained for a specimen
which is pitting. It was found by making visual ex-
amination of specimens that use of anodic polariza-
tion curves constitutes a reliable and sensitive
method for detecting pitting on aluminum. The top
three curves in Fig. 4 are anodic polarization curves
taken at various times for a test cell with air pres-
ent and no salt. At two days, this specimen was not
pitting; by the ninth day, the specimen was pitting,
as evidenced by the fact that the anodic polarization
curve was not of the limiting-current type. It is to
be noted that the corrosion potential shifts in the
active direction with the development of pits. How-
ever, measurement of the corrosion potential does
not constitute a reliable method for determining
whether or not the specimen is pitting. Plotted on
the same coordinates is the anodic polarization curve
for a pitting specimen with salt in solution.

Cathodic Polarization

Figure 5 shows a typical potentiodynamic cathodic
polarization curve for a uniformly corroding speci-
men with air present and no salt. A limiting diffu-
sion current for oxygen was always observed. Note
that the current first goes up to 10 pa/cm?, then cuts
back to 6.5 pa/cm? at which level there is a short
vertical section before the transition to the Tafel-
type hydrogen evolution curve. In this curve, 6.5
pa/cm?® was considered to be the limiting diffusion
current density. Average current density equivalent
of limiting diffusion for all specimens tested was
6.8 pa/em? The maximum in the curve is associated
with the initially higher concentration of oxygen at
the surface prior to establishment of the concentra-
tion gradient typical of limiting diffusion. This is
not a particularly steady system. Curves determined
at 25 mv/min instead of 50 mv/min apparently had
lower maxima, but there was frequently some evi-
dence of irregularity in the curve. A curve deter-
mined at 5 mv/min was so irregular that no inter-
pretation could be attempted. By running a polari-
zation curve at 50 mv/min to —0.650v and holding
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Fig. 5. Cathodic polarization curve at 50 mv/min for uniformly
corroding specimen, air present.

at this level, the current cycled in a period of about
9-11 min about a mean in the range of 6.8 pa/cm?
Shaking the cell sharply increased the current,
which subsequently leveled off again at 6.8 pa/cm2
A vertical section in the cathodic polarization
curve at limiting diffusion implies that either the
anodic partial reaction at this point is negligible, or
the anodic partial reaction is independent of poten-
tial (vertical anodic partial reaction curve). It is in-
dicated from the anodic polarization data presented
above that the steady-state anodic partial reaction
curve is vertical for potentials more noble than the
corrosion potential. However, there cannot be a ver-
tical anodic curve in the range of potentials where
the limiting diffusion current of oxygen is ap-
proached, since decrease in the oxygen concentra-
tion at the film/electrolyte interface sharply de-
creases the potential across the film and the rate of
film formation. It is indicated, therefore, that the
anodic partial reaction at this point is negligible and
that 6.8 pa/cm? approximates the limiting diffusion
current for oxygen to the specimen. Since this is
close to the 5.9 pa/cm? equivalent corrosion rate of
a specimen which is pitting in the solution with no
salt present, it is suggested that the corrosion rate
of such pitting specimens is at the equivalent of the
limiting diffusion current of oxygen to the specimen.
A variety of cathodic polarization curves between
two forms was obtained for pitting corrosion with
no salt present. The two types encountered are
shown in Fig. 6. In one case there is no perceptible
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Fig. 6. Cathodic polarization curves at 50 mv/min for pitting
specimens. With no salt the curves varied in form, as indicated.
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Fig. 7. Analysis of cathodic polarization curve for pitting speci-
men with no NaCl. Right panel, cathodic polarization curve for
specimen; left panel, anodic and cathodic partial reaction curves.

inflection caused by a limiting diffusion current of
oxygen; in the other case there is a pronounced in-
flection. The analysis of this situation is given in
Fig. 7. For the particular anodic and cathodic partial
reaction curves presented, there is a slight inflection
in the resultant cathodic polarization curve for the
specimen. However, since the current to the speci-
men is the sum of the partial reaction currents (the
cathodic currents being taken as positive and the
anodic currents, negative), it may be readily seen
that a variety of cathodic polarization curves would
be expected for specimens corroding at the limiting
diffusion current of oxygen, dependent on variations
in the anodic partial reaction curve. These results,
therefore, are in confirmation of the suggestion that
such corrosion is controlled by the limiting rate of
diffusion of oxygen to the specimen.

Also shown in Fig. 6 is a cathodic polarization
curve for a specimen which is pitting with salt pres-
ent. This type of cathodic polarization curve was
always obtained in this instance; there was never
any indication of an inflection due to limiting diffu-
sion current of oxygen. Since corrosion is above the
limiting diffusion current of oxygen, hydrogen evo-
lution occurs simultaneously. Extrapolating the Tafel
portion of such a curve back to the corrosion poten-
tial gives the current equivalent of the hydrogen
evolution rate on the corroding specimen. Within the
limits of reproducibility of the data, adding this fig-
ure to the limiting diffusion current of oxygen gives
a value which is consistent with the observed rate
of weight loss of such specimens.

It has been pointed out that pitting corrosion can-
not be completely described by the usual steady-
state polarization curves employed in corrosion
studies (10). Representation of a continuous cath-
odic partial reaction curve for a specimen pitting
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with salt present is not strictly valid. It has been
observed many times, and confirmed here, that hy-
drogen is evolved from the pits, which do not even
exist at more noble potentials (11). The cathodic
partial reaction curve cannot, therefore, be continu-
ous in a rigorous sense, since it is evident that the

" cathodes are not independent of the anodic processes

occurring on the specimen. It further seems evident
that the anodes are not independent of the cathodic
processes occurring. A pit on aluminum is an elec-
trochemically generated device, and a certain mini-
mum of current is required to sustain an active pit.
Below this level, the acid which keeps the pit active
will diffuse away and the pit will cease to exist.
Even for local action within a pit, however, there
is an evident electrochemical relationship between
the oxidation and reduction processes locally occur-
ring. Specimens pitting in the salt-containing me-
dium had more active potentials than those without
salt. There were many more pits with the salt, but
the current per pit was about 4-5 pa without salt
and about 1% pa with the salt. Specimens perforated
much more rapidly in the cells without the NaCl
addition. Edeleanu and Evans have stated that, due
to local action with hydrogen evolution in the pits,
the anodic surface never becomes film-free and that
local action thus slows down attack (11). However
this may be, it appears that the evolution of hydro-
gen in the pit does slow down attack.

Manuscript received May 24, 1963. This paper was
presented at the Detroit Meeting, Oct. 1-5, 1961.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1964
JOURNAL.
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On the Etching of 1I-VI and Ill-V Compounds

G. A. Wolff,' ). J. Frawley,? and J. R. Hietanen!

Solid State Research and Electronics Division, The Harshaw Chemical Company, Cleveland, Ohio

ABSTRACT

Etch pit shape and orientation as obtained from microscope and electron
microscope investigations are related to light-figure reflection patterns. The
usefulness of the light-figure technique is demonstrated using II-VI and

ITI-V compounds as examples.

Chemical and physical etching studies have proved
to be of importance in many investigations of crys-
tals. The determination of crystallographic orienta-
tion, the type and number of dislocations, and the
polarity of crystals without a center of symmetry
are common examples.® Less known is the applica-
tion of mechanical and chemical etching leading to
the determination of chemical bonding on clean sur-
faces and on surfaces containing absorbed atoms
(2, 3).

Etched surfaces are generally investigated by
microscope or by goniometric inspection. The light-
figure, although it provides in many cases more use-
ful information as far as angular and structural data
are concerned, is less frequently utilized. The visual
microscopic and electron microscopic investigations
reveal the shape and topography of the etched sur-
faces rather than their more intricate morphology
features such as the etch pit, growth, and solution
form. Complete and detailed information on the
morphology of crystals can be obtained by conven-
tional but sometimes tedious goniometry. The light-
figure technique supplies this information in a more
elegant and rapid manner (4). This method has not
been commonly applied, however. A possible reason
for this is that, in addition to crystallographic fac-
tors, kinetical factors also determine the type of
light-figure observed. This often renders the light-
figure reflection more complex and difficult to inter-
pret. For the useful application of this method,
therefore, an understanding of the influence of these
factors is necessary. A description and explanation
of their influence is given below. The investigation
of the etching of the II-VI and III-V compounds will
demonstrate an application of the light-figure tech-
nique and its evaluation.4

Crystal Etching and Light-Figure Reflections

In general, the bottom or concave part of an etch
pit and the convex parts of a growing crystal are
finally bounded by flat planes when the etch or
growth process has proceeded a sufficient time. On
the other hand, the rims or convex parts of the etch
pits and the concave or hidden parts of the growing
crystal will assume curved shapes. The curved por-
tions of a crystal will more often than not be curved

1 Present address: Erie Technological Products Inc., Erie, Pa.

2 Present address: Rensselaer Polytechnic Institute, Troy, N. Y.

3 Fpr information on this subject consult review, and related arti-
cles in ref (1).

4 On related investigation consult ref. (5).

cylindrically, i.e., curved parallel to a crystallo-
graphic direction or zone (6). In the corresponding
light-figure, i.e., in the projected figure resulting
from the reflection of parallel light impinging on the
crystal surface, crystallographic planes will appear
as intense spot reflections or as the intersection of
lines. These, in turn, represent light reflections from
at least two sets of vicinal planes tilted along spe-
cific zonal directions. In some cases reflection spots
appear alone. This occurs when the surface is com-
posed entirely of macroscopic flat planes. These
points are illustrated in Fig. 1.

In some cases the etching can be partly nonprefer-
ential. In this case certain portions of the crystal
surface appear polished. These portions of the sur-
face are generally curved to various degrees and at
times contain nearly flat areas which are for the
most part crystallographically insignificant. Their

Fig. 1. Photomicrographs and light-figure patterns of concave
and convex etching of CdS. (a) Light-figure patterns of this type are
associated with concave etching. The central spot is the reflection
from the flat bottomed pits. Each spoke results from the reflection
of light from vicinal planes tilted about one zonal axis. Pits with
pointed bottoms contain dislocations. (b) Light-figure patterns of
this type are associated with a combination of concave and convex
etching. The central star-like reflection is the result of concave
etching. The extra features of the pattern appear as convex etching
increases. (c) Light-figure patterns of this type are associated with
nearly total convex etching. Ridges are now discernible; some con-
cave etching is still evidenced by their broken appearance. (d)
Light-figure patterns of this type are associated with total convex
etching. Ridges appear unbroken. Reflection comes from relatively
smooth areas between ridges. The (00.1) plane shown was identi-
fied by x-ray as the “cationic” plane (with R.F. Belt).
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Fig. 2. Photomicrograph of (00-1) of CdS etched in HNOs. Broad
light-figure pattern results from the reflection of a large diameter
light beam. This pattern is composed of a combination of reflec-
tions from small areas within certain portions of the beam. The
narrower light-figure line reflections are associated with the re-
spective marked areas of the surface of the photomicrograph.

existence depends largely on the kinetic factors of
dissolution rates and only to a minor degree on crys-
tallographic considerations. Therefore, care must be
taken during light-figure examinations of crystals to
distinguish between preferentially and nonprefer-
entially etched regions of a crystal.

The light-figure technique of examining crystals
has many useful applications. By using light beams
of sufficiently small diameters, polycrystalline sam-
ples can be scanned and the orientation of various
grains of the sample determined. For samples con-

Fig. 3. Solution form photomicrograph of CdS. (Etched 1 min in
concentrated HNO3). Compare with form in Fig. 5. (a) Cadmium
side. Point of interaction of six ridges represents (00-1). Ridges are
zones of slowest attack during dissolution. Each point of the ridge
represents a vicinal plane tilted in one direction for all other
planes of that zone. (b) Side view. Intersection of horizontal and

vertical ridges represent (10-1). (c) Sulfur side.
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taining small crystal grains larger than about 50p,
light-figure studies can be accomplished using a
properly constructed microscope. The determination
of the effect of grain orientation on grain boundaries
is also possible by this technique. The same applies
to twin boundary and other surface topography
studies (see Fig. 2).

Etching of II-VI Compounds, Wurtzite Structure

As has been previously stated, the usefulness of
this method lies in the fact that the light-figure re-
flection pattern if correctly interpreted, i.e., if re-
duced to zones and planes, can be directly trans-
formed to the stereographic projection of an ideal
solution or etch pit form from which, in turn, the

Fig. 4. Negative crystal etch form of CdS (cavity etching). Com-
pare with form in Fig. 5. Etched by flowing concentrated HNO;
into crystal cavity via two horizontal (inlet and outlet) holes with
masked walls; surface protected with nonreactive Apiezon wax.

{002 1]

(00e1)~"

a. Convexr an Positdve b. Concave or Neqative

Fig. 5. Schematic drawing of the solution and etch pit form of
CdS and their associated stereographic projection. The partial
light-figure pattern of the solution form is given in Fig. 1d; that of
the etch-pit form is given in Fig. Ta. A complete light-figure of the
etch-pit form exactly corresponds to the stereographic projection.
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respective ideal growth or equilibrium form can be
deduced. This type of a correlation is demonstrated
in Fig. 3-6 using CdS as an example.

The etch pit and solution form of CdS etched in
HCl and HNO; can be matched with the equilibrium
form where y = 1/3 in Fig. 7a. Vapor and vacuum
etch patterns of CdS reveal (see Fig. 7), however,
patterns that more nearly match the conditions 1 >
v > 1/3 in Fig. 7a or 3 > 8 > 1 in Fig. 7b. This is
also true for the observed vapor phase growth form
(see Fig. 8). The differences in the observed forms
are explained on the basis of bonding changes that
occur at the surface in the various etchants. These
changes at the surface may involve surface defor-
mation by atomic displacement, foreign atom ad-
sorption, or the formation of bond chains from bond
arrays by the strengthening of bonds when elec-
tronic charge separation within these arrays or
ionic character is introduced (7). The evidence
available is not sufficient to distinguish completely
between the various possibilities. Vapor growth
forms of crystals, however, are closely related to
ideal equilibrium forms; differences in the two
being associated with surface deformation or the
effects of second or more distant neighbors. Vac-
uum solution or thermal etch pit forms yield, in a
first approximation, the same results in regard to
the existence of strong bonding arrays (“bond

\
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Fig. 6. Schematic drawing of the etch-pit form intersecting
various surfaces of an arbitrary chosen CdS polyhedron of wurtzite
structure. The ideal positive growth form and its supplement, the
negative crystal cavity etch (pit) form, and the stereographic pro-
jection are also given. The pits shown intersecting the various sur-
faces are ideal. Only those concave pit-edges are stable which
correspond to strong bond chains. Stable edges are denoted in the
stereographic projection by lines between points of intersection;
e.g., all edges of the pit intersecting (00-1) are stable, while all
edges of the pit intersecting (00-1) are unstable. Stable and un-
stable edges for pits intersecting other faces can, in a like manner,
be determined with the use of the stereographic projection shown.
Unstable edges will “wash away” leaving undefined pits if all
edges are unstable, as on (00-1) or poorly defined pits if some but
not all the edges are stable, as on (10-1), (10-0), and (10-1).
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Fig. 7(a). Stereographic and parallel perspective projections of
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structures are calculated by the methods given in ref. (7) for first

nearest neighbor interactions only. 8 is assumed to be unity [see
Fig. 7(b) 1.
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Fig. 7(b) Stereographic and parallel perspective projections of
crystal forms of wurtzite structure for various ratios of c-directional
to a-directional contribution to the surface (or interface) free

strength of “c-bond"

energy. 8 = , when v = 1,

strength of “‘a-bond”
chains”) in crystals. Differences between vapor
growth and vacuum solution or thermal etch pit
forms are explained on the basis of a difference
in the preferred reaction paths of the two proc-
esses. (The respective reaction paths in either
case can be treated as quasi-equilibria. This type
of a treatment is permissible in crystal surface
kinetics.) Differences between the aforementioned
forms and forms resulting from dissolution pro-
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Fig. 8. Light-figure patterns of vapor phase grown CdS crystals.
The polarity was measured vs. piezoelectric (8) and by x-ray tech-
niques (9).

Fig. 9. Screw dislocations on (00-—1) revealed by a concentrated
HNO3 etchant containing silver ions. Associated light figure pat-
tern at lower right.

cesses occurring in foreign media, e.g., in acid solu-
tions, result from the absorption of foreign atoms
into surface sites in such a way that new strong
bonding arrays are created. The solution and etch
pit forms of CdS etched in HCl and HNOQOj; can be
explained by the creation of strong bonding arrays
resulting from the adsorption of, for example, water
or halide anions on cadmium atoms of positive
charge. In this case well developed etch pits of
hexagonal shape appear on the “cationic” (00.1)
plane. If on the other hand, silver cations are ap-
plied in the etching process, etch pits are produced
on the “anionic” (0001) plane through the cation
adsorption on the negative sulfur surface atoms
(Fig. 9).

The growth and etch habits of other II-VI com-
pounds yield similar results. A number of other
wurtzite-type II-VI compounds etched in various
hydrogen halide acids are shown in Fig. 10. The
similarity between the etch pit habit of the various
materials and that of CdS is obvious. With the ex-
ception of ZnO the cation plane remains stable while
the anion plane disappears. This is in accord with
the different etching behavior of antipole planes ob-
served by many investigators on II-VI and III-V
compounds. Here again, the vapor and vacuum etch
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Fig. 10. Light-figure patterns of wurtzite type crystals etched in
hydrogen halide acids. (00-1) is specular, (00-1) is matte. Polarity
was measured by piezoelectric techniques. ZnO was Li-doped
schematic.

forms and the vapor growth forms, while different
from each other (Fig. 11) are also different from
the acid etch forms. In addition, the vacuum etch
forms of CdSe changes at different temperatures,
indicating a change in controlling process or reac-
tion paths with temperatures. This type of change
can be explained by the presence of selenium
chains, the length of which vary with temperature,
adsorbed on the crystal surface. In the two cases
different species of selenium molecules and their
relative concentration radically changes the reac-
tion process.

Etching of II-VI and III-V Compounds, Sphalerite
Structure

The same type of an analysis can be carried out
for sphalerite type structures of the groups II-VI
and III-V compounds. The theoretical equilibrium
forms are given in Fig. 12. The pit shapes to be ex-
pected on various surfaces of a sphalerite type crys-
tal are given in Fig. 13 for the cases v = 3 and
3 > y > 1. Some of the etch forms for sphalerite
type II-VI compounds are given in Fig. 14. Here
again, however, the experimental data are not suffi-
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Fig. 11. Light-figure patterns of vapor and vacuum etched and
growth form crystals of some wurtzite type crystals. Polarity was
meosured by matching the observed pattern with hydrogen halide
etch patterns on the same crystal.
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Fig. 12. Stereographic and parallel perspective projections of
sphalerite type materials for various ratios v of cation to anion
contribution to the surface (or interfacial) free energy. These
structures are calculated by the method given in ref. (7) for first
nearest neighbor interactions only.

cient for a complete analysis to be performed. Most
of the general conclusions made for wurtzite-type
structures are directly applicable, however.
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Charge Storage Effects in Tantalum Oxide Films

Rudolf Dreiner

Research Laboratory, Sprague Electric Company, North Adams, Massachusetts

ABSTRACT

The phenomenon of the residual discharge current following an inverse
time law, ires o b/t, was confirmed for tantalum electrolytic capacitors. It was
shown that the coefficient b was independent of charging fields up to 2/3 of the
formation field and that the residual current increased with temperature. The
activation energy was 2.5 kcal/mole. Furthermore, it was shown that, if the
external resistor was removed and the cell was left with open terminals, the
internal residual current continued to flow until the build-up field modified the
flow. If the oxide film were illuminated during discharging, two different
photoeffects were recorded: the transient effects due to wavelengths of 320 mu
to about 600 myg and the stationary photocurrent mostly due to wavelengths
shorter than 300 mg.

Several models are discussed which lead to an inverse time law. Preference
was given to the idea that a net positive space charge arises within the oxide
during charging; that this space charge causes two internal fields of opposite
directions and that the residual discharge current is the difference of two cur-
rents flowing in the opposing fields, thus neutralizing the space charge. Irra-
diation during charging and discharging affected the positive transient effect
and the space charge field.

The phenomena of residual effects, specifically the
residual discharge current and the residual voltage,
are common to many types of capacitors. The re-
sidual discharge current is the current in excess
of the ideal RC discharge current which is released
from a charged capacitor undergoing a discharge
through an external resistor. The residual or open

circuit voltage is the potential which appears across
the terminals of a capacitor if the capacitor has been
charged, discharged, and then left with open ter-
minals. Guentherschulze and Betz (1) have de-
scribed these effects and more recently Lehovec and
Reinheimmer (2) reported more extensive data on
the residual discharge current emerging from an
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anodic oxide film on aluminum if this oxide film
were first subjected to an anodic potential and then
discharged.

In the following, results will be presented which
were obtained from investigations on capacitors of
the system Ta/TasOs/aqueous electrolyte/Pt. Par-
ticular interest is paid to the residual discharge cur-
rent and the influence that illumination of the oxide
film has on the residual discharge current.

Experimental

Samples of high purity (Fansteel, impurities
<0.1%) tantalum foil (10 mils thick; area ~18 cm?)
were degreased, chemically polished for 15 sec in a
solution consisting of 5 parts concentrated HySO,, 2
parts concentrated HNOz; and 2 parts 48% HF,
leached in boiling deionized water for 10 min, and
then vacuum annealed (=10~* Torr) at 2100°C for
30 min. Anodization occurred in 0.19% HySO, solu-
tion at about 34°C. Up to the final formation poten-
tial, a constant current of 2 ma/cm? flowed. Then
the sample was connected to a constant voltage sup-
ply, and the anodization continued for a total time of
1 hr. At the end of this time current densities were
~5 pa/em? for anodizations to 150v and ~0.5 pa/cm?
for anodizations to 9.5v.

Each sample was assembled into a cell containing
an electrolyte of 0.1% H,SO, solution. A Pt sheet
(~100 cm?) made the electrical contact to the elec-
trolyte. The current was measured and recorded by
a Keithley 610A electrometer in combination with
an Esterline-Angus recorder. The cell and the leads
were shielded to avoid pick-up of stray signals.

For the investigation of the effect of light on the
residual discharge current a different sample con-
figuration was used. A Ta disk (Fansteel, impurities
<0.1%) was, after degreasing, anodized to 150v at
about 95°C. Then the disk was potted in epoxy resin
leaving one circular face of 2.83 em? uncovered. This
face was mechanically polished (0.3x finish), care-
fully rinsed in deionized water, and anodized for 1
hr to 150v. The current densities at the end of for-
mation were about 35 pa/cm? The formation solu-
tion was either 1 ml of 859% H;PO, diluted to 1 liter
or 1% Na,S0,.

In Fig. 1 the experimental set-up for the photo-
investigations is shown. A Pt ring, immersed in the
electrolyte, provided the electrical contact. The cell

RECORDER
SHUTTER — = |
ELECTROLYTE “ KEITHLEY
™~
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Pt - RING RN
O-RING SEAL Ta
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DISCHARGE
charce 1|1l
| S

Fig. 1. Experimental arrangement for photo-investigations
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was mounted in a dark box (which also served as an
electrical shield) to prevent any light from falling
on the oxide film. However, a shutter arrangement
was provided on the box to permit a controlled ir-
radiation of the oxide layer. The use of the anodized
Ta disk had the advantage that the whole oxide film
could be directly illuminated from one light source.

The oxide film was illuminated with a high pres-
sure mercury arc having a total light intensity of
about 13 to 14w. A heat absorbing glass between the
light source and the cell prevented any significant
temperature rise inside of the cell. The distance be-
tween the oxide film and the arc was about 6 in., and
the light had to pass through the electrolyte, the
height of which was about % in. Except where it is
specifically mentioned, the full spectrum of the mer-
cury lamp was used.

Results

Investigations of the residual discharge current.—
A capacitor with a Ta foil anodized to 150v was
always charged for 30 min and then discharged.
When the discharge currents were too small to be
measured as a potential drop across 106 ohm, higher
resistors were applied. It was made certain, however,
that the residual discharge current did not depend
on the external resistor up to 10® ohm. Thus the cur-
rent is driven by a constant current source. It is
seen in Fig. 2 that the recorded discharge current
very quickly deviated from the ideal RC-decay and
approached a straight line in a log-log plot. For this
straight line an empirical relation for the residual
current was given by Lehovec and Reinheimmer (2).
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Fig. 2. Discharge currents as a function of time; formation po-
tential 150v; charging potentials, ® 143v, O 70v, X 10v; capacitance
at 120 cps, 1.63 uF.
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as a function of the charging field; the charging voltage is pro-
portional to the charging field for a constant oxide thickness.

Ven is the charging voltage, C the capacitance at
audio frequency, and t is the time. The coefficient b
is, as later shown, independent of charging field and
film thickness. From numerous runs n values close
to unity were obtained, (0.93 < n < 1.07). Within
these limits n was found to be independent of charg-
ing fields. The lowest charging voltage was 3v and
the highest 143v. By extending the straight lines in
Fig. 2 the values of the residual discharge time of
1 sec were determined. These values should change
linearly with the charging field if coefficient b is in-
dependent of the field. In Fig. 3 the residual dis-
charge currents at 1 sec are plotted vs. the charging
voltage which is directly proportional to the field
for a constant oxide thickness. The scattering of the
points was rather random and no connection with
the history of the cell was apparent. For fields lower
than about two-thirds of the formation field a
straight line is obtained, the slope of which corre-
sponds to a b of 0.014 (b is unitless for n = 1),

Guentherschulze and Betz reported the value 0.32
pa sec/cm? for the relation

ires -t VForm
A-Vey

where i, is the residual current, ¢t is the time from
the start of discharging, Vgem is the formation volt-
age, V., is the charging voltage, and A is the area
in cm? of the capacitor. This is essentially the same
relation as Eq. [1] with the reciprocal of the ca-
pacitance proportional to the formation potential. In
their experiment the Ta/Ta,Os electrolytic capacitor
was charged to the formation voltage (Ven = Viorm =
106v). Here the corresponding value for a is 0.19 pa
sec/ecm? for the linear part of Fig. 3 and 0.7 pa
sec/em? for Vg, = 143v.

The residual discharge current at discharge time
t = 1 sec was independent of the oxide thickness for
constant charging fields (charging field about 1/2 of
the formation field), Fig. 4. Therefore, with the
reciprocal of the capacitance proportional to the
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thickness of the oxide (or the formation potential)
and from Eq. [1], it follows that the coefficient b is
independent of the oxide thickness for constant
charging fields for the range investigated here. The
reciprocal capacitance values of the samples meas-
ured at 120 cps are given in Fig. 4.

With a capacitor formed to 150v and charged to
70v for 30 min the temperature dependence of the
residual discharge current at ¢ = 1 sec was deter-
mined for the range from +50° to —57°C. The elec-
trolyte was a solution of about 409, HoSO,4. The data
fitted a straight line in a plot of log iyes vs. 1/T, Fig.
5, and the slope corresponded to an activation energy
of 2.5 kcal/mole. The almost identical results shown
at room temperature in Fig. 3 and 5 proved that
the concentration of the electrolyte did not affect
the residual discharge current.

Q=2.5 KCcAL/MOL
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Fig. 5. Temperature dependence of the residual discharge current
at a discharge time of 1 sec.
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Fig. 6. Open circuit voltage build-up and decay

After an electrolytic capacitor has been charged
and discharged, a residual voltage of anodic polarity
will build up when the capacitor is left with open
terminals. This effect, the residual voltage build-up,
is reported by Guentherschulze and Betz (1), by van
Geel and Pistorius (3), and by Lehovec and Rein-
heimmer (2). The last authors (2) pointed out that
the build-up of the residual voltage and the residual
discharge current are caused by the same effect, the
motion of charges in the oxide film. With C(dV/dt)
=i, and relation [1], the residual voltage build-up
should, therefore, be proportional to ln t. This was
confirmed, Fig. 6, for the initial build-up to about
1v, but after that the data deviated from a straight
line very probably due to the change of the internal
charge motion by the increasing field across the
plates. (Experimental conditions: Vgerm = 150v,
Ven = 70v, charging time 30 min, discharge time 4
min, and Rgeries 108 ohms). From the slope of the
straight line in Fig. 6, a b value was calculated
which was only slightly less (1.04 x 10~2) than the
value obtained from the residual discharge cur-
rent (1.14 x 10~2),

Equation [1] was confirmed for capacitors with an
anodized disk as anode. Exponent n stayed within
the limits previously mentioned. The average b was
0.022, with extreme values of 0.028 and 0.018, and
within this range the b values obtained after longer
charging times were the higher ones (charging
times: 1 min, 10 min, 30 min, 60 min, 920 min).

Investigations of photoeffects.—The initial inves-
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Fig. 7. Transmittance of electrolytes vs. wavelength

January 1964

tigations were done with cells containing a 20%
NaNO; solution as electrolyte. The transmission
spectrum of this solution is plotted in Fig. 7. In the
range investigated, this electrolyte completely ab-
sorbed wavelengths from 205 to 310 mu and trans-
mitted from 375 to 1000 mgy.

The charging voltage was usually 50v applied for
30 min and it was assumed that this is sufficiently
low to exclude ionic current during the charging
cycle. On discharging through a series resistance of
107 ohms, the residual discharge current (straight
line) was approached within a time of 30 to 50 sec.
To permit the determination of the constants of re-
lation [1] more accurately, the discharge time was
always extended to 180 sec or more before the il-
lumination of the oxide.

The effect of illumination on the discharge current
is shown in Fig. 8, where the results of the following
procedure are plotted: the capacitor discharged for
180 sec in the dark, then the oxide was irradiated for
120 sec and then darkened again for 120 sec; this
was repeated. With the start of the first illumination
the discharge current decreased (negative effect)
briefly and then increased substantially (positive
effect) to a maximum and declined. With the illumi-
nation shut off, the discharge current responded with
a second positive surge (positive aftereffect) and
then approached the extrapolated dark residual dis-
charge current. It was observed with the sequence
of the illumination cycles that the first negative
effect increased strongly, that the positive effect de-
creased almost to zero with respect to the calcu-
lated dark residual discharge current, and that the
positive aftereffect became only slightly smaller.

Young (4) has mentioned similar behavior of the
total current but this was observed under different
conditions. With the tantalum negative with respect
to the electrolyte, he observed the following: “With
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Fig. 8. Photoresponse of Ta205 with repeated short illuminations
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the start of the illumination, a short positive surge
was followed by a steady negative photocurrent; on
cutting off the light, a negative surge occurred and
the dark current became less negative than before
illumination.”

If the illumination was continued (and not inter-
rupted as shown in Fig. 8), the total current de-
clined, changed polarity, and finally leveled off at a
constant photocurrent. When the illumination was
shut off, a rapid polarity change occurred and the
positive aftereffect was observed from which the
current decayed to the residual discharge curve cal-
culated with Eq. [1].

A second illumination which started after the
oxide had remained in the dark for 1 hr did not
cause the strong positive surge as observed with the
first illumination. Only a strong negative transient
effect was recorded. At the end of the irradiation
almost the same positive aftereffect occurred. It was
found that the strong positive effect could only be
observed once during a particular discharging. After
a new charging, however, the positive effect could be
observed again on irradiating the oxide during the
discharge. It is apparent that tantalum oxide ex-
hibits two types of photoeffects: the transient effects
and a steady photocurrent.

As a next step, the oxide film was illuminated
during charging. The irradiation during charging
was always done for 5 min after charging for 20 min
in the dark. After illumination the charging was
continued for 5 min in the dark for a total charging
time of 30 min.

INlumination during charging affected the dark
residual discharge current and the photoeffects. On
discharging, higher residual currents were recorded;
however, relation [1] remained valid. The b values
were observed up to 0.04. The exponent n stayed the
same,

The influence on the photoeffects was as follows:
the negative effect at the start of illumination was
suppressed, the positive effect appeared much
stronger, and the positive aftereffect did not change
considerably. Charges corresponding to the area be-
tween the positive surge and the calculated residual
current from the time 180 to 300 sec amounted to 0.4
pcoulombs when the oxide was illuminated during
charging and to 0.08 pcoulombs when the film re-
mained in the dark during the chargings. (Q =CV
~ 11.5 pcoulombs.)

With the data graphed in Fig. 9 both effects are
shown, the increase in the residual discharge current
and the changes in the photoeffects. In addition, the
influence of continued illumination is demonstrated
and the results did not differ from those obtained
after the capacitor had been charged in the dark as
previously described. The constant negative photo-
current was the same in both cases.

The duration of illumination during charging and
the time interval between the end of irradiation and
the start of discharging affected the dark residual
discharge current and the positive transient effect.
Longer illumination, but the same dark period prior
to discharging, increased the dark residual discharge
current and the positive transient effect. Higher
values also were observed when the interval between
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the end of illumination and the discharge was
shorter. The time period from the start of discharge
to the beginning of illumination influenced only the
positive transient effect after the oxide had been
irradiated during charging. A decline was observed
as the initial dark period was extended.

van Geel, Pistorius, and Winkel (5) found the
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photocurrent to be proportional to the intensity of
irradiation. Here this was confirmed for the station-
ary effect and, as seen from Fig. 10, the transient
effects also depended almost linearly on the inten-
sity. In these experiments the intensities were
changed by putting wire meshes between the light
source and the oxide.

So far, all of the experiments were done with a
209, NaNO; solution as the electrolyte. This solution
had a sharp absorption edge at about 330 mgu, Fig. 7.
It was surprising to find photoeffects through this
filter since the tantalum oxide is reported to be only
sensitive to light having wavelengths shorter than
300 mp (4-6). To be able to determine a spectral
distribution of the photoeffects, the electrolyte was
changed to 19 NaySO, solution which was trans-
mittant in the u.v. region, Fig. 7. In Fig. 11, the
transmission of the Corning Filters which were used
and the photoeffects obtained with filtered light are
plotted. The few points at about 250 my in the trans-
mission vs. wavelength graph are calculated trans-
mission values for a tantalum oxide film of 3000A
thickness. The absorption coefficients used were
those reported by Bray, Jacobs, and Young (7).

With filter 2403 in the light beam no photoeffect
was observed. The other results indicated that the
transient photoeffects are associated with wave-
lengths longer than 300 my and the stationary photo-
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current is mostly related to wavelengths shorter
than 300 mg.
Discussion

It was shown, Fig. 6, that the residual voltage
build-up and the residual discharge current are due
to the same cause. First explanations of these dielec-
tric aftereffects used the Maxwell-Wagner model
(8,9). According to this theory, the capacitor con-
sists of two or more layers of different conductivi-
ties and dielectric constants. During charging, a
space charge will build up in the boundary layer and
these charges will either flow as an additional dis-
charge current or, with the terminals of the ca-
pacitor open, will cause a residual potential.

Guentherschulze and Betz (10) related the re-
sidual effects to space charges. van Geel and
Pistorius (3) reported that the displacement of
Al+++ ions in ALLO3 during charging and their sub-
sequent return to equilibrium condition after the
capacitor had been discharged and left with open
terminals accounted very well for the build-up of
the open circuit potential. Consequently, the same
charge motion should generate the residual dis-
charge current.

A theory of ion displacement and, in addition, the
orientation of dipoles by the external field with the
assumption of a relaxation time distribution has been
used (11) to explain the dependencies of capacitance
and equivalent series resistance on the frequency.
A rather simple equivalent circuit, a pure capaci-
tance in parallel with an RC combination which
can be considered as the storage mechanism, will
discharge according to an inverse time law provided
the time constant of the storage mechanism changes
linearly with time (12).

Here it is thought that the displacement of ions
is not the dominant cause of the residual discharge
current since the activation energy, Fig. 5, is rather
low for ionic motion. Further supporting evidence is
the fact that the dark residual discharge current can
be enhanced by irradiation of the oxide during low
field chargings (field 1/3 of formation field or less).
The wavelength of the light was about 330 mu and
longer, and therefore, the photoenergy should be
insufficient to move ions.

Since the exponent n remained unity or very close
to unity, the irradiation of the oxide film during
charging could change two factors in relation [1],
the coefficient b and the capacitance C. An increase
of either of these would yield more discharge cur-
rent. Vermilyea (13) and Bray, Jacobs, and Young
(7) found that the capacitance decreased when the
irradiation was done at the formation field. However,
higher capacitances were observed after illumination
with a field across the oxide which was less than
the formation field (but still higher than 40% of
the formation field).

During this work no increase in capacitance or ob-
servable interference color change was noted when
the oxide was irradiated for periods up to 1 hr with
u.v. light at fields 1/3 of the formation field or less.
Even after illuminating the oxide for 1000 min at
these low fields, the capacitance had only gained
2-49,. Capacitance measurements under bias (1/3
of formation field or less) were made and the values
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prior to an illumination of 5 min and shortly after-
wards were the same. These results indicated that
the capacitance either did not change at all or
changed very little due to illumination during charg-
ing at such low fields, and, therefore, the larger
residual discharge current was caused by an in-
creased space charge rather than by an increased
capacitance. This conclusion is in agreement with the
work of Baer (14) who showed that, if a TayOs film
was illuminated during the anodic charging, more
space charges were released on discharging than if
the charging were done in the dark.

The residual discharge current could also be due
to the release of electronic carriers from traps of
different activation energies. This leads to a one
over time dependency as derived by Randall and
Wilkins (15) in their report about the decay of
phosphorescence.

If a net space charge arises in the oxide film dur-
ing charging, then on discharging the capacitor the
space charge will result in two fields of opposite di-
rection in the oxide layer. Lehovec (16) expressed
the idea that the observed residual current is the net
of two opposing internal currents. Schmidt et al.
(17) described how a net space charge may arise. To
account for the observed data, the authors (17)
stated that under an anodic formation field, induced
emission of trapped electrons will create net positive
charges in the oxide. With a smaller field across the
film, the net positive charge will be close to the
oxide electrolyte interface since some electrons will
enter from the metal and will be trapped, thus re-
ducing the space charge near the metal. Evidence
of two fields due to a net space charge is reported
by Spear (18), who concluded from electron bom-
bardment effects in thin dielectric layers that some-
where within the dielectric the space charge field
changes sign.

The net positive space charge has to be neutralized
by carriers injected into the oxide from both inter-
faces. Electrons entering the oxide from the metal
constitute a current in the “forward direction” and
electrons coming from the electrolyte are flowing in
the blocking direction. Therefore, it is thought that
the first possibility is the dominant one. The ob-
served activation energy, Fig. 5, is here connected
to the barrier opposing the flow of electrons from
the metal into the oxide. The flow of electronic
carriers across the interface will be affected by the
structure of the interfacial layer and by the field
across it. It is known from the work of Vermilyea
(19) and Young (20) that different pretreatments
of the metal can result in thin films of different com-
positions and properties at the metal-oxide interface.
This might explain the difference between the b
values obtained from runs with foils (b = 0.014)
and disks (b = 0.022). The foils were chemically
polished and vacuum annealed and the disks were
mechanically polished before anodization. Lehovec
(2) derived that an injection results also in an in-
verse time relation if the rate of injection of charges
is proportional to an exponential function of the field
(exp a F) and the field is proportional to the space
charge. If the internal field distribution due to a net
positive space charge would be such that the injec-
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tion across the oxide-electrolyte interface would be
larger than the injection from the metal, a cathodic
polarity (Pt-counterelectrode high) of the residual
effects should be observed. Furthermore, if the in-
jection from the electrolyte would reduce the ad-
jacent field to the level where no injection or very
little takes place, the current from the metal into the
oxide should become the dominant one and the
polarity of the residual effects should again be
anodic. These assumptions would explain the re-
corded polarities of the open-circuit voltage after
a disk capacitor (formed to 150v) had been charged
cathodically to 0.76v and then discharged for sev-
eral minutes. The residual voltage rose first to a
maximum cathodic potential, then changed polarity
and the Ta became the high terminal again. Prior to
these tests the cell was shorted for more than a
week to make the influence of the last anodic charg-
ing as small as possible.

The effect of light is expected to be two-fold;
first to generate additional carriers, and second to
modify the internal fields by redistribution of
charges due to the flow of photoelectrically released
carriers. The low-energy light affected the space
charge and by that the internal field when the oxide
was irradiated during charging (higher b value in
Fig. 9). However, from Fig. 9, it is also seen that even
after illuminating the oxide for about 160 min the
residual discharge current returned to the level
which would have been reached without irradiation.
Therefore, the low energy light applied during the
discharge did not apparently modify the space charge
or the internal fields as it did in connection with the
charging field during the anodic charging. Ultra-
violet light, however, affected the internal fields as
seen from ¥Fig. 11, where in the run denoted with
Filter 7910 the current did not rapidly return, if it
returned at all, to the expected dark level.

More evidence was obtained from the following
experiments; a disk formed with 2 ma/em? to 100v
(formation continued to 1 hr total at constant volt-
age of 100v) in 0.1 HySOy at 33°C was charged to 33v
(106 ohms in series) for 30 min, then discharged for
an appropriate time through 10% ohms and 10% ohms
to determine the constant b of relation [1] and then
shorted, 1 ohm in series, for a total of 120 min. After
this, the b value was calculated from the initial slope
of the residual voltage build-up. Both values agreed
very well (b ~ 0.020) provided the oxide stayed in
the dark during the whole short-circuit period. How-
ever, if the oxide was irradiated with the full spec-
trum of the mercury lamp for 10 min (t =5 min to
t = 15 min) during the 120 min short-circuit period,
alower b ~ 0.012 was obtained from the slope of the
initial open-circuit voltage build-up.

A few points in the transmission vs. wavelength
graph of Fig. 11 indicate that the tantalum oxide is
probably transparent for low energy light. There-
fore, a large part of the longer wavelength light will
readily penetrate to the metal and could cause photo-
emission from the metal into the oxide. This addi-
tional current should be a function of the field across
the interface. It was observed that the positive
transient effect decreased when the period from the
start of the discharge to the beginning of the illumi-
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nation increased. This should have been expected
since the field across the metal oxide interface de-
creases with the short circuit time.

Photoemission from the metal into the oxide
would so far only explain an increase of the residual
discharge current. If, however, carrier flow from the
metal into the oxide would modify the field across
the interface so that photoemission ceases, photo-
current due to excitation within the oxide could be-
come the dominant one. Here, the steady negative
photocurrent is connected to the absorption of light
within the oxide. However, after the irradiation
terminated, the residual discharge current returned
to the level which it would have reached without
illumination, Fig. 9, and from this fact it was pre-
viously concluded that the low energy light did not
affect the internal fields. The modification of the
field across the metal oxide interface, therefore, can
only be temporary, as long as the light is acting.

A photoresponse of different polarity was also ob-
served by Lucovsky et al. (21). The samples used in
their investigations consisted of semi-transparent
electrodes of Al or Ta, which were oxidized ther-
mally in the case of Al and anodically in the case of
Ta. Irradiation of the oxide through the evaporated
metal counterelectrode (also semi-transparent) made
the Al or Ta electrode always the negative terminal
of the photoresponse. However, the polarity de-
pended upon the wavelength when the light entered
the oxide through the Al or Ta electrode. For wave-
lengths longer than about 340 mpu the electrode was
the positive terminal and for wavelengths less than
340 mp the negative terminal of the photopotential
across the film. In their explanation, the authors
assumed a nonuniform potential distribution in the
insulator and compared the magnitude of volume
excitation in the oxide film with the amount of
photoemission out of the metal into the insulator.
The latter was taken as the dominant effect when the
electrode acquired a positive potential due to low
energy light entering through the Al-electrode.

A clear model which accounts in a consistent way
for all of the observed phenomena cannot be pre-
sented. Further investigations of the open-circuit
voltage which is, as shown, interconnected with the
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residual discharge current will hopefully yield more
clarifications and the results will subsequently be
submitted for publication.
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Addendum to
"“The Formation of Metal Oxide Films Using Gaseous and Solid Electrolytes”

(December 1963 Journal, Vol. 110, pp. 1240-1245)

It should be noted that the results obtained in the
gas anodization experiments referred to in the
above paper cannot be explained by formation of
polymerized pump oil as has been suggested to us
on several occasions. The reasons for this are: (i)
A number of metals show no growth of barrier film
(i.e., Au Sn In Cu) under the same conditions
where reproducible oxides are grown on aluminum.
(ii) In the case of aluminum the thickness of oxide
varies between 20A and thousands of angstroms in

the same time of exposure to the discharge depend-
ing on whether an electrical contact is made to the
sample or not. (iii) The vacuum system used for
these experiments was pumped with an “Octoil”
filled diffusion pump. Polymerization of pump oil
certainly occurs in vacuum systems containing sili-
cone oils and greases in the presence of a gaseous
discharge. Hence it is of prime importance to en-
sure that no such oils are present during gas ano-
dization experiments. John L. Miles
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ABSTRACT

Thin films of a ternary Ni-Fe-P alloy suitable for use in computer mem-
ories have been electrodeposited from a sulfate bath containing sodium hypo-
phosphite. Glass coated with conductive vacuum evaporated layers of chro-
mium and gold was used as a substrate. Essentially nonmagnetostrictive films,
12004 thick and 3 x 3 in. in area, with coercivities of 2 oe and anisotropy fields
of 3.5 oe were prepared reproducibly. The effects of hypophosphite ion in the
plating solution on the deposit composition, cathode potentials, and magnetic

properties of the films are discussed.

The electrodeposition of thin ferromagnetic films
has in recent years become a subject of intense in-
terest to research workers involved in the study of
materials for computer memories (1-3). Binary al-
loy films having a composition of 81% Ni and 19%
Fe have shown the most promise for high speed
magnetic ilm memories since these films exhibit
negligible magnetostrictive effects. Wolf has studied
binary nickel-iron films (2,3) as well as ternary al-
loy films of nickel, iron, and cobalt (4) and has de-
termined the dependence of the magnetic properties
of these films as a function of composition and thick-
ness. Mathias (1) has recently studied ternary alloy
films of nickel, iron, and phosphorus and has shown
that the presence of a nonmetallic constituent in the
magnetic alloy does not have an adverse effect on
the magnetic properties of the films. The data pre-
sented here are an extension of this work and deal
with the magnetic properties of ternary alloy films
of nickel, iron, and phosphorus as a function of their
composition and thickness.

Experimental

Plating cell—The plating cell consists of a rec-
tangular lucite vessel which has fittings to hold the
anode and cathode rigidly. The cell is surrounded by
a large coil which provides a uniform vertical mag-
netic field of 30 oe during electrodeposition of the
film. The cell and the coil rest on a set of leveling
screws which permit exact alignment of the mag-
netic field direction with the desired direction of easy
axis of the magnetic film deposited on the cathode.
The substirates used as cathodes were made from
No. 2 Corning Micro-Sheet glass that had been
coated with vacuum evaporated layers of chromium
and gold. These substrates were approximately 8
mils thick, 3 in. high and 3 in. wide. The thickness
of the evaporated gold layer was about 800A. The
substrates were mounted in a removable cathode
holder which permitted reproducible alignment with
the direction of the applied magnetic field. A high
purity rolled nickel sheet was used as the anode.

Electrolyte—The electrolyte was an aqueous
solution of nickel and iron sulfates. The nickel sul-
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fate concentration was maintained constant at 0.8M
and the iron sulfate concentration was varied to
alter the composition of the alloy deposit. Addition
of sodium hypophosphite to the electrolyte provided
a convenient method of introducing phosphorus into
the deposit. The standard nickel plating additives
such as boric acid, sodium lauryl sulfate, and sac-
charin were also present in the electrolyte. The pH
of the electrolyte was maintained at 2.2. Plating of
the film was carried out at room temperature at a
current density of 6 ma/cm?. The electrolyte was not
agitated during the plating cycle.

Under these conditions, plating rates for Ni-Fe
films averaged 16.6A/sec; for Ni-Fe-P films, about
18.0 A/sec. It is of interest to note that plots of
thickness vs. plating time were straight lines which
passed through zero thickness at about 5 sec.

Analytical.—Deposits were analyzed by dissolving
a film of known area in 1:4 nitric acid and diluting
to volume. Nickel, iron, and phosphorus were deter-
mined by standard colorimetric procedures using
separate aliquots; nickel by the pink nickelic di-
methylglyoxime in alkaline solution; iron by the red
orthophenanthroline complex after nitrate removal;
and phosphorus by the molybdenum blue method.
All colorimetric comparisons were made with a
Beckman DU spectrophotometer using calibration
curves prepared from pure metal and sodium hydro-
gen phosphate standards. Nickel and iron deter-
minations are accurate to 1% or better, phosphorus
10% or better, of the reported percentage composi-
tion value.

Film thicknesses were estimated by converting
the weight per unit area found for each component
to an individual thickness value using the density
of the pure material. The sum of these thicknesses
was reported and is believed accurate within +£109%,.

Magnetic measurements.—The magnetic param-
eters of primary interest in this study were the co-
ercive force (H,.), the anisotropy field (H,) and the
switching time (T;). A detailed description of the
equipment used to determine these parameters has
been previously reported (1). The values of H, and
H, for 3 x 3 in. films and for ¥ x ¥ in. squares cut
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addition of sodium hypophosphite.

from them were determined to a precision of 5%
or better on 60 cycle hysteresographs. Arrays of 50
mil spots etched from films on 3 x 3 in. substrates
were evaluated on a 1000 cycle hysteresograph.
Magnetostriction coefficients were determined by
measuring the change in the anisotropy field (Hg)
when the film was bent into a known arc in a 60
cycle hysteresograph. Switching time measurements
were made on a strip transmission line switching
apparatus with a pulse rise time of 0.6 nanosecond
and a pulse length of 400 nanoseconds.

Results and Discussion
Magnetic Properties of Ni-Fe-P Films

It has been shown previously (1) that increasing
the concentration of the hypophosphite ion in the
plating bath from 0 to 0.4 g/liter results in a de-
crease in the coercive force and anisotropy field of
magnetic films having a thickness of 1200A.

Since the coercive force is also a function of thick-
ness, the values of coercive force for films having
different thicknesses were determined. Figure 1
shows a typical plot of coercive force as a function
of plating time (thickness) for films plated from a
solution before and after the addition of sodium
hypophosphite. It will be noticed that in both cases
the coercive force decreases with increasing thick-
ness but that this decrease is less marked for the
films that contained phosphorus.

Since the average film composition as well as the
thickness changes with plating time, these curves
do not truly indicate the relationship between H, of
the film and its thickness. The hypophosphite ion,
as will be shown later, tends to decrease the varia-
tions of the ratio of nickel and iron in the film and
probably accounts for the smaller change in the co-
ercive force of Ni~-Fe-P films with increasing thick-
ness.

Ternary films of Ni-Fe-P also have a much
smaller switching constant than the binary 81-19
Ni-Fe films. This is shown in Fig. 2 where the re-
ciprocal of the switching time of the magnetic films
(180° switching mode) is plotted against the drive
field at fixed values of the transverse field for a
typical electrodeposited permalloy films and a typi-
cal electrodeposited film of Ni-Fe containing 2% P.

The permalloy film (H, = 1.9, H, = 3.3 oe) had a
switching coefficient of 0.06 oe-usec; the value for
the Ni-Fe-P film (H, = 1.4, H, = 2.9 oe) was 0.006
oe-pusec.

It is believed that this improvement in the switch-
ing constant is a result of the greater uniformity of

DRIVE (OERSTEDS)

Fig. 2. Reciprocal of switching time, 1/T, vs. drive field plots
for comparable binary Ni-Fe (dashed lines; Hc, 1.9; Hy, 3.3) and
ternary Ni-Fe-P film (solid lines; H., 1.4; Hy, 2.9).

composition of the ternary film of Ni-Fe-P. Exami-
nation of the domain wall movement during switch-
ing of Ni-Fe films using the Kerr-Magnetooptical
technique has shown that the domains’ motion tends
to be blocked in certain areas. This may be the re-
sult of the film having areas of higher H, or higher
Hy. The Ni-Fe-P films on the other hand exhibit a
smooth and very fast transition from one state to the
other as the drive field is increased.

The magnetic properties of films having approxi-
mately the same relative nickel and iron content
and the same thickness, but differing in their phos-
phorus content are compared in Table I. Composi-
tion is expressed as Ni-Fe atomic ratio, and phos-
phorus content in per cent by weight. When 1 to 2%
by weight phosphorus is present in the films, ap-
preciably lower values of H, and better anisotropy
characteristics are obtained. At higher phosphorus

Table . Effect of phosphorus content of electroplated Fe-Ni alloys
on magnetic properties

Film composition

Thickness, Atomic ratio, P content, Magnetic properties
A Ni:Fe % by wt H, oe Hj, oe

1200 1.9 —_ 8.5 i

1200 2.1 2.1 3.1 7.5
1300 2.5 — 6.1 i

1300 24 1.2 44 5.0
1100 3.8 — 5.1 4.5
1000 3.7 2.7 4.0 5.0
1200 43 —_ 5.1 i

1100 4.5 1.3 2.8 3.9
1400 4.3 1.7 2.1 4.5
1300 4.2 3.1 7.5 i

1800 43 — 3.9 3.3
1900 4.3 1.4 2.0 5.7
1600 4.9 — 4.0 3.3
1800 4.6 1.4 2.0 4.5
2700 5.3 — 2.7 3.1
3200 5.2 14 1.2 4.0
2600 5.4 — 3.6 3.1
3000 5.6 14 1.5 4.6
1100 6.4 — 6.2 i

1150 6.9 1.1 2.6 2.6
1300 6.0 4.2 n n

i = “semi-isotropic;”” n = no magnetic output at 10 oe drive.
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Fig. 3. Map of H vs. film composition for Ni-Fe-P films approxi-
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the ternary composition diagram is represented with the scale of the
phosphorus content exaggerated. The dashed line shows locus of
nonmagnetostrictive compositions.

contents, the magnetic properties deteriorate. The
term “semi-isotropic” used in Table I was applied
to films with ill-defined anisotropies. These films
were characterized by considerable hysteresis in the
hard direction, the B-H loops being open, but not
square. Films for which Hj values are given were
square in the easy direction and showed little or no
hysteresis in the hard direction except at higher
drive fields.

The variation of Hi with film composition for
films in the thickness range 1100-1400A is shown in
Fig. 3. The low iron-low phosphorus corner of the
Ni-Fe-P ternary composition diagram is represented
with the scale of phosphorus content exaggerated.
The various ranges of Hj values for a collection of
films in the thickness range of 1100-1400A are
mapped out roughly by the solid curved lines. The
spread of the data reflects uncertainties in the ana-
lytical results and variations of thickness within the
1100-1400A range. Still, a relatively smooth increase
in H; is observed as the iron content is increased.
There also appears to be a rather definite maximum
phosphorus concentration range for useful films of
this thickness. Above this range ‘“semi-isotropic”
films or films having no magnetic response in drive
fields of 10 oe were obtained. The higher iron re-
gions were not explored.

Also indicated on Fig. 3 by means of the dashed
line is the locus of compositions having little or no
detectable magnetostriction. The Ni-Fe atomie ratio
corresponding to zero magnetostriction increases
from approximately 4.0 in the absence of phos-
phorus, to about 5.5 at 3.2 wt 9 P. This is in contrast
1o the behavior of Ni-Fe-Co films (4) where the Ni-
Fe ratio corresponding to zero magnetostriction has
been shown to be nearly constant for cobalt addi-
tions up to 659% by weight.

Effect of Plating Parameters on Film Composition

The instantaneous composition of an alloy deposit
will change if changes occur in the relative concen-
trations of the ions in the cathode double layer. Such
concentration changes may be quite pronounced
during the first moments of deposition until deposi-
tion and diffusion rates come into balance and a
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steady state is reached, whereupon some equilib-
rium composition is deposited. Thus a composition
gradient is formed across the thickness of the de-
posit, and if the time required to establish the depo-
sition of the equilibrium composition is an appreci-
able portion of the entire plating time, the average
composition of the total deposit becomes a function
of the plating time.

This effect has been discussed with respect to
binary Ni-Fe films by Cockett and Spencer-Timms
(5). The first portions of the depositing films are
relatively more iron-rich than those portions de-
posited later.

The effect of such a concentration gradient on the
magnetic properties of the films is not clear. Several
methods for minimizing such gradients have been
suggested, however, including agitation of the plat-
ing bath (1), use of pulsed currents (5) and opera-
tion under constant cathode potential conditions
rather than constant current density (6, 7). At lower
current densities (3 ma/em?2), Wolf (2) observes
little or no variations in average composition in the
500-5000A thickness range.

In the presence of hypophosphite, however, the
severity of the concentration gradient across the
thickness of the deposit is greatly reduced. Figure 4
shows the average iron concentration of films plated
for varying lengths of time from the same solution
before and after the addition of hypophosphite. The
high iron concentration of the initial deposit is
markedly suppressed by the hypophosphite. While a
concentration gradient still exists, it is far less steep
than that which is obtained under these conditions
in the absence of phosphorus.

It is also to be noted in Fig. 4 that the over-all
iron concentration of the deposit is reduced by the
presence of hypophosphite. This is true for all solu-
tion compositions tested. In Fig. 5, the composition
of the electrolyte is related to the composition of
the deposit at a constant deposit thickness of 1000A.
The lower curve shows the relation between the
amount of ferrous sulfate in the solution (nickel
sulfate hexahydrate concentration is constant at
220 g/liter), and the Ni-Fe atomic ratio in the de-
posit in the absence of hypophosphite. The upper
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Fig. 4. Iron content of films vs. plating time showing the effect
of the addition of sodium hypophosphite to the plating solution.
Current density was 6 ma/cm2. Films 1000A in thickness are ob-
tained in approximately 65 sec.
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Fig. 5. Composition of 1000A deposits vs. electrolyte composition
in the presence and absence of sodium hypophosphite, The nickel
sulfate concentration in the electrolyte was held constant at ap-
proximately 0.8M.

curve shows the shift in this relation when hypo-
phosphite is added.

To determine whether the action of hypophosphite
was primarily one of suppression of the rate of iron
discharge or enhancement of the deposition rate of
nickel, the current-voltage characteristics of the
plating system were measured. The curves shown in
Fig. 6 and 7 were traced out by an X-Y recorder.
The voltage applied to the plating cell was increased
from zero at a rate of about 1v per 5 sec while re-
cording the cell current against the potential of a
sealed fiber type calomel cell placed close to a pre-
plated cathode. The repeatability was good; succes-
sive traces were essentially superimposed (within
10 mv). The traces for a typical plating solution are
shown in Fig. 6. Curve 1 was obtained before the
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Fig. 6. Current density vs. cathode potential traces for a typical
plating solution containing 0, 0.4, and 1.0 g/liter sodium hypophos-
phite.
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Fig. 7. Current density vs. cathode potential traces for plating
solutions where iron sulfate (left hand curves) or nickel sulfate
(right hand curves) was replaced by an equivalent amount of mag-
nesium sulfate, each at three different sodium hypophosphite con-
centrations.
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addition of sodium hypophosphite, and curves 2 and
3 were obtained after the addition of 0.4 g/liter and
1.0 g/liter sodium hypophosphite, respectively. It
may be observed that hypophosphite ion not only
depolarizes the alloy deposition, but changes the
shape of the curve as well.

Similar experiments were carried out using elec-
trolytes containing only nickel, or only iron. A
nickel test solution was made up to the same com-
position as the alloy plating bath except that the
iron sulfate was replaced by an equivalent amount
of magnesium sulfate. This was done to maintain the
over-all ionic strength of the test solution approxi-
mately the same as that of a regular plating bath.
An iron test solution was prepared in an ahalogous
way. The cathode polarization curves for these solu-
tions are shown in Fig. 7. At current densities above
8§ ma/cm? both metals are depolarized by large
amounts (1 g/liter) of hypophosphite, but in the
usual operating range (6 ma/cm2? and 0.4 g/liter
NaH,PQ,) the deposition of nickel is depolarized by
about 70 mv, while that of iron is only very slightly
affected. Thus there is a net effect favoring the
deposition of nickel.

The changes in instantaneous alloy film composi-
tion during deposition under constant current con-
ditions suggest that corresponding changes in cath-
ode potential occur. That this is indeed the case is
shown in Fig. 8 where the variations of cathode
potential with time are traced for two different cur-
rent densities (upper curves, 10 ma/cm?; lower
curves 6 ma/cm?) each at three different hypophos-
phite concentrations. A more uniform cathode po-
tential is observed during film deposition from solu-
tion containing hypophosphite.

The lowering of the cathode polarization effected
by the hypophosphite ion is again illustrated in Fig.
8. Since the amount of hydrogen which is code-
posited with the alloy should be reduced at the
lower operating potential, one might expect an in-
crease in current efficiency as a result of adding
hypophosphite. In the absence of phosphorus, cur-
rent efficiencies are about 75-80% ; when hypophos-
phite is added efficiencies are increased to about 85-
90%. The amount of codeposited hydrogen was not
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Fig. 8. Cathode potential vs. time curves for alloy deposition from
a typical plating solution showing the effect of sodium hypophos-
phite concentration.
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measured, however, so that it is not certain whether
the apparent efficiency increase is due to reduced
potentials or to some additional nickel deposition by
the electroless mechanism.

Summary

It has been shown that the addition of hypophos-
phite ion to a nickel-iron sulfate plating system re~
sults in the deposition of magnetic films with prop-
erties superior to those deposited from solutions not
containing the hypophosphite ion. Optimum mag-
netic properties are obtained with an average phos-
phorus content of 1 to 29, by weight. This plating
system provides sufficient control to produce films
suitable for computer memory use.

In addition to introducing phosphorus into the
nickel-iron alloy, the presence of sodium hypo-
phosphite in the nickel-iron sulfate electrolyte re-
duces fluctuations in cathode potential during depo-
sition and produces deposits with more uniform
compositional cross-sections. At the preferred cur-
rent density of 6 ma/cm? hypophosphite increases
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the relative amount of nickel in the deposit by de-
polarizing nickel deposition while hardly affecting
iron deposition.
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Quasistatic Flux Reversal Characteristics
of Electrodeposited Thin Permalloy Films

R. D. Fisher, H. E. Austen, and H. E. Haber
The National Cash Register Company, Dayton, Ohio

ABSTRACT

The rotational switching behavior of electrodeposited thin films is shown to
be similar to that reported for vacuum deposited thin films. The influence of
the He/Hk ratio (0.30-1.1), dispersion (5°-13°) of the easy axis, thickness
(500A-2800A), and the angle of the applied field to the easy axis were deter-
mined on (i) the magnetization path during flux reversal, and (ii) the wall
motion and rotational thresholds. The rotational thresholds were compared to
the Stoner-Wohlfarth curve for simple coherent rotation. The separation of
the rotational and wall motion thresholds appears to be thickness dependent.

Vacuum deposited magnetic films have been ex-
tensively studied in regard to preparation tech-
niques and to the physics of the flux reversal pro-
cess. Electrodeposition represents an alternate tech-
nique for obtaining magnetic thin films. Electrode-
posited films with a relatively low maximum dis-
persion and hysteresis characteristics similar to
those of vacuum deposited films have been reported
1, 2).

We have evaluated the quasistatic flux reversal
characteristics of electrodeposited permalloy (81%
Ni-19% Fe) thin films with a uniaxial anisotropy.
The flux reversal process was evaluated with regard
to the path of the magnetization and to the wall
motion and rotational thresholds. The rotational
thresholds were compared to the Stoner-Wohlfarth
model (3) for simple coherent rotation.

Experimental
Test equipment.—The drive fields were produced
by two Helmholtz coils at right angles. Another
Helmholtz coil (rotatable) was used for earth’s field

cancelation. Two identical coils (100 turns each)
were used for flux pick-up and cancelation. The
canceling coil could be rotated about the vertical
and horizontal axes so that simultaneous cancellation
was obtained for both driving coils. The sample
could be rotated within the pick-up coil over a
measured arc of about 160°. In the case of deter-
mining the magnetization path, the flux pick-up was
amplified (Tektronix 122), integrated, reamplified
(Tektronix 122), and fed into one input of a type H
preamplifier. In the case of the threshold measure-
ments, the pick-up was amplified (Tektronix 122)
and fed into a Tektronix type H preamplifier. A type
B preamplifier was used for the drive field. A Tek-
tronix 536 oscilloscope was used for all measure-
ments.

Method of determining flux path.—The selected
sample was placed on the rotatable table within the
pick-up coil and adjusted to the desired angle with
respect to the drive field (5 oe, a.c.). A photograph
was taken of the hysteresis characteristics at this
angle of drive field (x component of the flux or mag-
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netization). Since the pick-up coil and cancelling
coils could not be rotated, the sample was rotated
90° and the drive field switched to the other Helm-
holtz coil. A photograph was then taken of the hys-
teresis characteristics at this position (y component
of the flux or magnetization). These x and y com-
ponents of the magnetization determined from the
photographs of the hysteresis characteristics at
equivalent drive fields were vectorially plotted to
trace the magnetization path from 0° to 360°.

Method of determining wall motion and rotational
thresholds—The wall motion and rotational thres-
holds were determined from the 60 cycle differential
loop, i.e., the dM/dt vs. Ha (applied field) trace, by
using a 5 oe a-c (60 cycle) field in the easy direction
and d-c bias fields of 0.4 Hk to 1.5 Hk in the hard
direction. The wall motion and rotational thresholds
were obtained as the value of the field at the mid-
point of the observed domain wall and rotational
switching traces.

Hysteresis parameters.—The measured hysteresis
parameters were (i) the coercive force in the easy
direction, He; (ii) the anisotropy field, i.e., the field
required to saturate in the hard direction, Hk; and
(iii) the maximum and quartile dispersion, <, and
«q. The dispersion angles were measured in the
manner described by Crowther (5). The coercive
force of the deposits in the easy direction varied
from 1.0 to 3.0 oe and the anisotropy field value was
varied from 3.0 to 6.0 oe. The maximum dispersion
angle ranged from 5° to 13° and the quartile dis-
persion varied from 1° to 3°.

Electrodeposition conditions.—Films were electro-
deposited onto a circular cathode in the presence of
a magnetic field. The diameter of the cathode was
1.37 cm and the thickness of the deposits was varied
from approximately 500 to 2800A. This large ratio
of spot diameter to thickness minimizes the mag-
nitude of demagnetizing fields in the plane of the
film. The composition of all deposits was approxi-
mately 81% Ni-19% Fe. The films lacked any ap-
preciable strain sensitivity in the easy and hard di-
rections. The thickness was determined from the
known geometry and the theoretical flux density for
permalloy (81% Ni-19% Fe). Thick deposits
(4000A) were made to check the thickness calcula-
tions based on geometry and flux density by weight-
density calculations. Thicknesses calculated by these
methods agreed within 5%. The electrolyte used was
similar to that described by Wolf (1). However, a
platinum anode was used rather than a Fe-Ni anode
and fresh solutions were used to obtain each deposit.
The current density was 6 ma/cm? Solutions were
prepared using reagent grade chemicals and triple
distilled water. The electrolyte was used at room
temperature without agitation.

Experimental Results and Discussion

Films with varying Hc/Hk ratios from 0.30 to 1.1
and maximum dispersion in the range of 5° to 13°
were evaluated as to the path of the magnetization
at applied field angles to the easy direction of 30°,
60°, and 75°. Typical flux paths are shown in Fig. 1.
These results show that two mechanisms of flux re-
versal clearly occur, as evidenced by the variation
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Fig. 1. Flux paths of electrodeposited films at applied field
angles of 30°, 60°, and 75°.

in path: a coherent rotation as shown by the circular
path, and an incoherent or wall motion reversal pro-
cess as evidenced by the linear path. The linear path
obviously cannot be a single domain process since
the resultant magnetization vector magnitude is
considerably less than the saturation magnetization
value indicated by the outer complete circle. The
linear path is very likely due to wall motion since
observation of the dM/dt vs. Ha curve in this region
shows considerable Barkhausen jumps in all cases.
When the a-c field is applied at an angle of 30° to
the easy axis, very little flux change occurs perpen-
dicular to the easy axis for samples with an He/Hk
ratio less than 0.5 (e.g., Fig. 1A). In fact, flux re-
versal for these samples is almost completely by
wall motion processes. However, a sample with an
Hc/Hk ratio greater than 0.5 indicates some rota-
tional behavior over an angle of approximately 45°
(e.g., Fig. 1B and C), but considerable eccentricity
is shown in the path.

At increasing applied field angles (60° and 75°)
to the easy axis, samples with an Hc/Hk ratio less
than 0.5 show improved rotational characteristics as
indicated by the partially curved path but again
considerable eccentricity occurs (Fig. 1A). Samples
with an He/Hk ratio greater than 0.5 show consider-
able rotation over angles as large as 75° and 85°
(Fig. 1B and C) and little eccentricity in the curved
path which is especially obvious in Fig. 1B and C.
However, a complete coherent rotational switch was
never observed and some wall motion always fol-
lowed the rotational switch to complete the flux re-
versal. Thus, only a partial rotation of the mag-
netization occurs. These results are similar to those
of vacuum deposited films (4). The extent of co-
herent rotation increases with an increase in He/Hk
ratio. This can be seen from the two samples with
the same dispersion but different He/Hk ratios. This
is especially apparent at applied field angles of 75°
to the easy axis. Thus, increasing the He/Hk ratio
increases the minimum angle for rotation.

Assuming the applicability of the Stoner-Wohl-
farth theory for simple coherent rotation an equa-
tion can be derived relating the applied field, at
angle 8 with the easy axis, and the angle ¢ through
which the magnetization has been rotated away
from the easy axis by the applied field, as shown
below

Sin 24

ho=Ha/Hk = ————_
2Sin (B—6)
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For any given 8, the magnetization will rotate until
a maximum energy position is reached and will then
rotate coherently to a position between Ha and the
easy axis without further applied field. However,
this will occur only if the ratio of Hc to Hk is
greater than some minimal value, e.g., if the com-
ponent of Ha along the easy axis exceeds Hc¢ before
the angle of maximum energy for rotation is reached
then a domain wall switch will occur. A domain wall
switch obviously occurs for the sample shown in Fig.
1A for which the He/Hk ratio is below the minimal
value but for samples shown in Fig. 1B and C, the
He/Hk ratio is above the minimum value for rota-
tion. In all samples the domain wall switch is at an
angle to the easy axis, since the magnetization will
rotate until the easy axis component of the field is
approximately equal to the coercive force. As the
crystallites begin to switch the intensity of mag-
netization decreases. The path will then show a
curving away or eccentricity to the circular path
(see Fig. 1). Those crystallites which have already
switched will aid the applied field by magnetostatic
interaction, and a domain wall switch should occur
at a lower applied field than expected on the basis
of zero dispersion. However, after the switch, the
direction and magnitude of the magnetization will
be nearly the same as it would be with zero disper-
sion. This accounts for the domain wall switch oc-
curring at various angles with the easy axis as ob-
served experimentally. The angle is dependent on
the maximum dispersion and on the Hc/Hk ratio
(Fig. 1).

To obtain additional information concerning the
wall motion and rotational characteristics of electro-
deposited films, the dependence of the wall motion

Fig. 2. Wall motion and rotational thresholds of electrodeposited
thin films. (A) Thickness, 1600A; Hc, 1.6 oe; Hk, 3.48 oe; Hc/Hk,
0.46; Cmax, 12°; ocq, 3°. (B) Thickness, 1410A; Hc, 1.9 oe; Hk,
3.54 oe; Hc/Hk, 0.54; ccmax, 10°; ocq, 2°. (C) Thickness, 730A;
Hc, 3.1 oe; Hk, 3.36 oe; Hc/Hk, 092; ccmay, 5°; «q, 1°. (D)
Thickness, 635A; Hc, 4.1 oe; Hk, 4.04 oe; Hc/Hk, 1.02; Cyax,
10.5°; oq, 2°. (E) Thickness, 518A; Hc, 3.7 oe; Hk, 3.44 oe;
Hc/Hk, 1.08; ocpmax, 13°; g, 5°. hy is wall motion and hy is
rotational thresholds. - - - is Stoner-Wohlfarth curve.
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and rotational thresholds on the angle of the applied
field was evaluated. The rotational thresholds were
then compared to the Stoner-Wohlfarth equation
(Hy/Hg = Hp/Hg tan 8 + sin §) (4). The data were
obtained from the differential curves (dM/dt vs. Ha)
by using an a-c field of 5 oe in the easy direction
and various d-c bias fields (0.4 Hk to 1.5 Hk) in the
hard direction. Field values at the mid points of
the domain wall (hy,) and rotational switching
traces (h,) were taken as the threshold field values.
These threshold values were then plotted vs. the
magnitude of the d-c bias field. All values were
normalized to Hk.

In all cases the rotational thresholds were greater
than those predicted by simple coherent rotational
switching. Thus, for a given angle of applied field
(formed by applying fields in the hard direction at
a given easy direction field) higher field values than
predicted are required for rotation. All samples
which showed both rotational and wall motion
thresholds could be considered inverted above a
certain angle of applied field. This is to say that
the rotational threshold is less than the wall motion
threshold (inverted). These results can be seen in
Fig. 2 and are similar to those reported for vacuum
deposited films by Methfessel et al. (5). By extrapo-
lating the experimental rotational thresholds to in-
tersect the experimental wall motion threshold the
theoretical minimum angle of applied field (8) for
a rotational switch can be obtained. This minimum
angle can then be plotted vs. the Hc/Hk ratio as
shown in Fig. 3. The curve shows that the theoreti-
cal minimum angle of the applied field for a rota-
tional switch is a function of the He/Hk ratio. Ex-
perimentally a Hc/Hk ratio of 0.4 requires an ap-
plied field angle of 68° to the easy axis to produce a
rotational switch but a He/Hk ratio of 1.0 requires
approximately a 5° applied field angle to the easy
axis to produce a rotational switch. This observation
agrees with a coherent rotational switching behavior
(6). The lower the He/HK ratio, the higher the bias
field required to obtain a rotational switch.
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Fig. 3. Theoretical minimum angle of applied field for rotational
switching as a function of the Hc/Hk ratio.
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Fig. 4. Separation between rotational and wall motion thresholds
at a fixed bias field.

The separation between the wall motion and ro-
tational thresholds (Ahy;) at a fixed d-c bias field
appears to be primarily dependent on the thickness
of the film. There does not appear to be any direct
correlation of wall motion and rotational threshold
separation with maximum dispersion or Hec/Hk
ratio. A plot of wall motion and rotation threshold
separation (Ah;;) ws. thickness is shown in Fig. 4
at d-c bias fields of 0.4 H1/Hk and at 0.7 H 1 /Hk.
These results show that the maximum separation
occurs as the thickness is decreased over the range
of thickness measured (500-1400A). The effect of
thickness on the separation (ah;;) may be associ-
ated with the type of wall formation. The wall mo-
tion threshold may decrease with increasing thick-
ness due to a change from Neel to Cross-Tie to Bloch
wall formation. Thus a Bloch wall would have a
lower wall motion threshold than a Neel wall.
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Conclusions

Electrodeposited films show a partial rotational
switching behavior similar to that reported for
vacuum deposited films as evidenced by (i) a circu-
lar flux path, and (ii) rotational thresholds. The
He/Hk ratio determines the minimum angle be-
{ween the easy axis and the applied field for coher-
ent rotational switching. Increasing dispersion at a
fixed He/Hk ratio reduces the wall motion thres-
hold. The wall motion and rotational threshold
separation is primarily dependent on thickness.
Magnetization path and threshold measurements
clearly show that two mechanisms of switching oc-
cur during flux reversal, a rotational switch fol-
lowed by a wall motion switch as the magnetization
moves through the hard direction.
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Chemical Deposition of Thin Films of Lead Selenide

Ralph A. Zingaro and Dean O. Skovlin

Department of Chemistry, Agricultural and Mechanical College of Texas, College Station, Texas

ABSTRACT

A method has been developed which yields chemically deposited thin films
of lead selenide on a glass surface. These are uniform in appearance and elec-
trical resistance [1-4 meg/(0.635 cm)2]. The coating solution is made up of a
lead citrate complex and dimethylselenourea with sodium sulfite present as an
antioxidant. All of the parameters involved in the coating process were studied,
including the pretreatment of the glass surface, and the optimum conditions for

the coating reaction are described.

The method of preparing thin films of lead chalco-
genides by homogeneous precipitation from solution
has received relatively little attention. The method
is of considerable interest because it readily lends
itself to large-scale production techniques.

The chemical deposition of lead sulfide films was
described by Hauser (1) in 1910. This method in-
volves the reaction of dilute solutions of thiourea
with lead acetate. Almost all subsequent investiga-
tions dealing with the chemical deposition of lead
sulfide essentially have employed modifications of
Hauser’s method. The principle variations have in-

volved changes in the concentrations of the lead
acetate and thiourea solutions used, the temperature
of deposition, and the use of surface seeding nuclei as
a means of improving the properties of the films. An
exception to the lead acetate-thiourea reaction is the
method described by Wilman (2). In this case hydro-
gen sulfide is passed over an acidic solution of lead
acetate and a floating film of lead sulfide is formed.

Pick (3) has discussed the factors which influence
film formation in homogeneous precipitation reac-
tions. These include the rate of diffusion of colloidal
particles to the glass surface and the influence of
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crystallization nuclei which can be formed by the
addition of metal ions whose sulfides are extremely
insoluble such as silver, mercury, platinum, and
gold. The mechanism of precipitation of lead sulfide
out of alkaline lead-thiourea solutions in terms of a
thiourea-lead hydroxide complex has been discussed
by Kicinski (4).

The chemical deposition of thin films of lead
selenide has been only scantily investigated. This has
been due, in large part, to the instability of the
organic selenium bearing compounds which have
been used as precipitants.

Wilman (2) has described the formation of a thin
mirror of lead selenide on the surface of lead acetate
solutions acidified with acetic acid over which hy-
drogen selenide was passed. The surface mirror of
lead selenide was carefully floated on the surface of
a nickel gauze, washed, and dried in vacuo.

A method described by Milner and Watts (5) in-
volves the reaction of lead acetate with selenourea
in agueous solution. Prior to carrying out this reac-
tion, a very thin film of lead sulfide is deposited on
the surface to be coated. This fine deposit furnishes
the nuclei which act as a seeding layer for the
growth of microcrystalline lead selenide. The lead
sulfide layer is prepared by immersion, for a short
time, of the surface to be coated in a bath of lead
acetate and thiourea which is made increasingly
alkaline. After removal of this solution, lead selenide
is then deposited on the seeded surface by the reac-
tion of a solution of selenourea and lead acetate. The
reaction is very slow and about an hour is required
for the deposition of a sufficiently thick layer of lead
selenide. These investigators give no information
regarding the conditions of the reaction, the stability
of the selenourea solution, or the concentration of
reagents used.

The present work describes a method which uti-
lizes dimethylselenourea (DMS) as the precipitant
and utilizes citrate ion to control the lead ion con-
centration. Details on various phases of the homo-
geneous precipitation of lead selenide are described,
and lead selenide mirrors of reproducible physical
and electrical properties can be formed easily.

Experimental

Selection. of reagents.—Selenourea is difficult to
prepare and guite unstable. Therefore, its derivative,
N,N-dimethylselenourea was used. Its preparation is
easily accomplished (6). On exposure to air and
light DMS deposits red, colloidal selenium. Storage
in a dry nitrogen atmosphere in a light-tight con-
tainer inhibits such decomposition indefinitely.

Stabilization of aqueous DMS solutions.—In order
to inhibit the decomposition of DMS from its aque-
ous solutions, a variety of antioxidants were investi-
gated. These included ascorbic acid, sodium sulfite,
sodium thiosulfate, hydroquinone, formaldehyde,
and displacement of dissolved oxygen by saturation
of the solution with nitrogen gas. First evidence of
selenium deposition from 0.1M aqueous solutions of
DMS in the absence of any inhibitors was observed
after 3 min. Formaldehyde actually appears to cata-
lyze the oxidation; selenium decomposition in such
solution was observed to occur less than 30 sec after
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mixing. Some of the other antioxidants extended the
inhibition period by 2 to 17 min. Maximum inhibi-
tion was observed with ascorbic acid and sodium
sulfite; the first evidence of selenium decomposition
using these reagents at 0.1M concentration was in
excess of 72 hr. Sodium sulfite was the antioxidant
selected because in subsequent evaluation it was
found to yield mirrors of a much more homogeneous
quality.

Complexing of the lead ion.—Because of the ready
precipitation of lead hydroxide, especially at higher
pH’s, studies of the reaction in alkaline solution
could be carried out only in a medium in which the
lead ion concentration was reduced to a level so low
that the solubility product for lead hydroxide was
not exceeded. As a result, various complexing ions,
such as oxalate, tartrate, and citrate, were investi-
gated as complexing agents. Of these, only citrate
was found to be effective; the other two formed pre-
cipitates insoluble in an excess of the ions.

The use of excess citrate reduces the concentration
of lead ion and permits an increase in pH with still
further reduction in the free lead ion concentration.
This will be discussed subsequently.

Effect of pH on mirror formation.—Lead-citrate
solutions were prepared from 5.0 ml lead nitrate
(0.1M) and 2.5 ml sodium citrate (0.8M). Ammo-
nium hydroxide (7.5M) was added stepwise, and the
pH of the solution was measured at each step with a
model H-2 Beckman pH meter.

To determine the optimum pH for the deposition
of lead selenide mirrors, various lead-citrate solu-
tions containing varying amounts of ammonium hy-
droxide were prepared as described and tested. In
each case, 5.0 ml of DMS (0.1M), containing sodium
sulfite (0.01M) as the antioxidant, was added to the
ammoniacal lead-citrate solution and the speed of
the reaction and nature of the lead selenide mirror
formed were noted.

The best films were produced from solutions hav-
ing a pH of 9.8. Smooth, even mirrors were deposited
after 30 min of reaction. The reaction in the solution
having a pH of 9.5 was too slow; a thin, uneven film
was produced after 1 hr of reaction. Gross precipita-
tion occurred in the solution of pH 10.1, with the
formation of a thin, uneven mirror., A pH of 9.8
was selected and used in all further experiments.

Effect of aging on the stability of DMS-suljite
solutions.—It was observed, when using sodium sul-
fite as the antioxidant, that the deposition reaction
did not always proceed at the same rate. Not only
did the pre-mirroring time vary but also the amount
of mirror deposition. This effect was found to be due
to the time elapsed between the preparation and
use of the DMS-sulfite solutions. Freshly prepared
solutions gave a very slow reaction, whereas older
solutions reacted more rapidly.

A study of the effect of aging on the speed of the
reaction was made by following the light trans-
mission of the lead selenide suspension using a
Cenco-Sheard-Sanford Photelometer, Type B2, The
deposition reaction was studied using various sam-
ples of the DMS-sulfite solutions of the same con-
centration, but for which different intervals of time
have elapsed between the time of preparation and the
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Fig. 1. Effect of aging of the DMS-sulfite solution on the rate
of precipitation of lead selenide. Prereaction aging time: A, 6 min;
B, 1hr; C,2hr; D, 4 hr; E, 6 hr; F, 21 hr.

reaction with lead-citrate solution. The transmission
of white light by the solution was observed as a
function of total reaction time. The photelometer
was opened to its maximum slit width and no filter
was used. The time plotted as the abscissa in Fig. 1
is that required for the needle to move from the posi-
tion of extreme deflection to the per cent transmis-
sion noted. It can be seen that the effect of aging of
the DMS-sulfite solutions on the rate of formation of
lead selenide is critical. Readings below 409, trans-
mission are of limited value because of the formation
of a thin reflecting film of lead selenide on the re-
action tube surface.

In Fig. 2 the reaction time of the homogeneous
precipitation is plotted vs. the aging time of the
DMS-sulfite solution. In this case, the time required
for the solution to reach 909% transmission was
chosen as a standard so that mirror formation would
not interfere. This plot shows that, for DMS-sulfite
solutions more than 10 hr old, aging is only of sec-
ondary importance.

Conditions for reproducibility of PbSe deposition.
—One of the basic objectives of this investigation
was to establish a reproducible set of conditions for
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Fig. 2. Effect of aging of the DMS-sulfite solution on the rate
of lead selenide precipitation; the ordinate is the time required
for a lead citrate-DMS, sulfite mixture to reduce a beam of light
of equal intensity to 90 per cent of its initial intensity.
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Fig. 3. Reproducibility of homog lead lenide pre-
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Solution aging time, 1 hr.

the preparation of lead selenide mirrors. One of the
parameters studied was the reproducibility of the
pre-mirroring reaction. This was evaluated by
studying photometrically the reaction time for a
number of solutions having what was considered to
be optimum composition. The solutions were made
up as follows: lead solution: 2.5 ml sodium citrate
(0.4M), 5.0 ml lead nitrate (0.1M), 0.4 ml ammo-
nium hydroxide (7.5M) ; DMS solution: 5.0 ml DMS
(0.1M) in sodium sulfite (0.01M, 0.0755 g); aging
time, 5.0 min.

Solutions were prepared in a constant temperature
bath (25°C) and remained in the bath until placed
in the photelometer. A red filter was used, and the
photelometer was adjusted to 100% transmission
with the lead-citrate solution after which the DMS-
sulfite was added and the stop watch energized. The
data as plotted in Fig. 3 show that a highly repro-
ducible pre-mirroring reaction can be achieved. In
view of the fact that all samples were probably not
heated uniformly and the many other variables that
could be introduced, the reproducibility achieved is
excellent.

Study of film resistance as a function of DMS-
sulfite aging.—Solutions at optimum coating com-
position (see previous section) were brought to con-
stant temperature (25°C), a glass slide (treated as
described subsequently) was placed in the lead solu-
tion, and the DMS-sulfite solution was added. The
test tube was gently swirled to insure complete
mixing of the solution and then placed in the 25°
bath. The reaction was permitted to proceed for 30.0
min. After this time the solution was removed from
the constant temperature bath, poured out, and the
test tube containing the glass slide rinsed with dis-
tilled water. The slide was then rinsed separately
and dried in 110° oven for 10 min. The resistances
were measured after the preparation of electrode
surfaces as described in the next section.

Preparation of electrodes.—While being coated
with lead selenide, the slide rested in the coating
bath at an angle of approximately 60° (cylindrical
flat-bottomed vessels of proper diameter should be
used as coating containers so that the slide can rest
at approximately this angle). Thus, the surface of
the slide facing the bottom of the tube could be
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Fig. 4. Resistivity of chemically deposited lead selenide films
on glass as a function of the aging time of the DMS-sulfite
solution,

coated by adsorption of lead selenide particles while
the upper side could be coated by sedimentation as
well. The film on the under side of the slide was
used for resistance measurements. This side was
easily distinguished for it possessed a very bright,
even, reflecting surface while the upper side was
dull and sooty in appearance.

The lead selenide on the backside of the slide was
removed by rubbing with a cotton swab moistened
in 10% nitric acid, and the film along the edges was
removed by rubbing with emery cloth. Aquadag
electrodes were then painted at the edges of the lead
selenide surface while masking the center portion
with smooth paper strip exactly 0.635 cm in width.
The resistance of films prepared in the manner de-
scribed in the section immediately preceding, but in
which DMS-sulfite solutions had aged from 2-16 hr
is shown in Fig. 4. The shape of this curve closely
resembles that of Fig. 2. Again it is shown that
after 10 hr the age of the DMS-sulfite is no longer a
critical factor.

Pretreatment of the glass surface.—Pick (3) ob-
served that the condition of the glass surface pro-
foundly affected the quality of lead sulfide mirror
deposition. Seeding nuclei play a very important
role in determining both the type and amount of
mirror deposited.

As a means of obtaining a more uniform and re-
producible deposition, three methods of introducing
seeding nuclei on the glass surface were used: bath-
ing the slide in a colloidal solution, introduction of a
cation which forms an insoluble selenide in the re-
action medium, and precoating the glass surface with
a very light film of lead selenide.

Prior to mirroring, the slides were placed in col-
loidal solutions of silver iodide (7), gold (8), and
lead sulfide (9) for 10 min. The slides were then
transferred directly to the lead-citrate solution. Mir-
rors were then obtained in exactly the same manner
as described using DMS-sulfite soutions that were
aged for 1.0 hr in all cases. This type of pretreat-
ment in silver iodide and lead sulfide sols adversely
affected the quality of the mirror deposit. In all cases
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very thin and uneven mirrors were formed. Pre-
immersion in the colloidal gold suspension produced
an extremely uniform film, but it was very thin,

Lead-citrate solutions were prepared that were
1074M in silver or copper(II) ion concentration.
Mirrors were then prepared in exactly the same way
as above, using DMS-sulfite solutions aged for 1.0 hr.
After 30.0 min, the mirror prepared in presence of
the silver ion had peeled completely. After 66.0 min,
the mirror prepared in the presence of Cu(II) ion
was very thin, uneven, and spotty.

Mirrors formed in the presence of 10~% and 10~ M
silver ion did not peel after a 30.0-min deposition
and were very even. Resistances of the films pre-
pared from lead solutions containing 10~5 and 10—5M
silver ion had resistances of 11 and 21 megohms,
respectively. A film formed under like conditions
but with silver ion absent had a resistance of 37
megohms.

Glass slides were placed in the 7.9 ml standard
lead citrate solution and 5.0 ml DMS-sulfite (aging
time, 5.0 min) was then added. The reaction was al-
lowed to proceed at 25° for 7.0 min. The reaction was
stopped by pouring off the solution and rinsing the
test tube containing the slide with distilled water.
The slide, after rinsing, was coated with a very light
film of lead selenide. The lightly coated slide was
then placed in another standard lead citrate solution
and 5.0 ml of a second DMS-sulfite solution (aging
time, 16.0 hr) was then added. After 30.0 min at 25°
the reaction was stopped. The slide was rinsed and
dried at 110° for 10 min. The slides were prepared
for resistance measurements as described previously.
Resistances obtained on sixteen slides prepared in
this manner were as follows: 3.0, 4.0, 1.8%, 0.7*, 1.1,
2.0, 2.2, 1.9, 2.8, 3.2, 2.0%, 1.4*, 2.2, 4.0, 3.8, and 3.7
meg/(0.635 cm)?2, where the figures marked with an
asterisk indicate that the lead selenide film had
peeled. This method produced slides with consider-
able less variation in resistance and of greater uni-
formity and adhesion than with any other set of
conditions investigated.

It was noted, when precoated slides were used,
that lead selenide particles started to grow at the
under surface of the slide almost immediately after
the coating solutions were mixed. The attraction of
colloidal lead selenide for the treated surface was
such that the coating on the slide appeared opaque
before any mirroring took place on the untreated
walls of the container.

Discussion
The rate of homogeneous precipitation of lead
selenide in the system just described will be deter-
mined largely by the lead ion concentration. The
lead ion concentration will, at the pH employed in
the reaction, be governed by the following equilib-
rium (10)

Pb*2 4 Ci—3 + OH~- 2 PbCi* 2 + H,O0 [1]

where the Ci* is the completely ionized tetravalent
citrate ion. The use of sodium plumbite, whose for-
mation requires a very large excess of hydroxyl ion,
was found to be quite undesirable since it leads to
a gross, bulk, precipitation of lead selenide. This
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may be due also to the instability of DMS in highly
alkaline solutions.
The most probable mechanism by which DMS oxi-
dizes is the following:
1. Equilibrium with hydrogen selenide
(CH3) N

C = SeS H,Se + (CH3):N—C=N [2]

H2N/

2. Tonization of H,Se
H,Se S H'Y 4 HSe™ [3]
HSe~ S H?* + Se~ [4]

3. Oxidation of selenide ion
Se= - Se 4 2e~ [5]

This mechanism gains support from the following
observations:

First, a solution of DMS and lead ion (pH 6) alone
will produce lead selenide only very slowly (of the
order of several days). If ammonium hydroxide is
introduced, the rapid formation of lead selenide
takes place. The concentration of selenide ion will be
increased as the pH is increased due to the shift of
the equilibrium described in Eq. [3] and [4] to the
right. The formation of colloidal selenium [5] is in-
hibited by the presence of a reducing agent (sodium
sulfite or ascorbic acid). A consideration of the fol-
lowing oxidation potentials (11) explains this in-
hibitory action:

1. Se™ - Se + 2e~ E.p, = 0.92

2. 20H™ 4+ 803> S0,= +2¢e~ + H,O Eop=0.93

At unit activity sulfite ion is only a very slightly
better reducing agent than selenide ion in alkaline
solution. However, in the solutions used in this in-
vestigation, the concentration of selenide ion is very
small compared to the sulfite ion concentration and
this would favor oxidation of the sulfite in prefer-
ence to the selenide. Also, it should be noted that
metallic selenium can react with sodium sulfite to
form sodium selenosulfate, NagSeSO; (12). This was
demonstrated by the reaction of 0.1g sodium sulfite
with 25 ml of a DMS (0.1M) solution that had un-
dergone considerable decomposition. Within 5 min
the red, colloidal selenium had disappeared and a
colorless solution was formed. Hence, sulfite may not
only function as an oxidizing inhibitor, itself forming
sulfate, but can also react with the selenium that
may be initially present to form selenosulfate ion
and thus prevent the deposition of red, colloidal
selenium. It is assumed that ascorbic acid functions
only to prevent the oxidation of the selenide ion for
it will not remove colloidal selenium from decom-
posed DMS.

If the formation of lead selenide is ionic in nature,
the rate of this reaction will be proportional to the
concentrations of the lead and selenide ions. These
concentrations must be maintained at very low
values, since the solubility product of lead selenide
is 1038 (13).
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Let us now consider the mechanism by which the
antioxidants inhibit the formation of lead selenide.
The reaction between alkaline lead citrate and DMS
was much more rapid in the absence of a reducing
agent. Assuming that the reaction involves the com-
bination of the ions, the question arises as to how
sulfite ion could reduce the selenide or lead ion con-
centrations. The lead ion concentration would be re-
duced if undissociated molecules of lead sulfite were
formed in solution. The formation of a lead sulfite
complex is not probable (14). An alternative could
involve the formation of a complex between sulfite
ion and DMS. This would reduce the selenide ion
concentration by complexing the DMS thus inhibit-
ing both the decomposition and the deposition reac-
tions. The variation in behavior of DMS-sulfite
solutions as a result of aging is most probably due to
the reduction in sulfite concentration as it is oxidized
to sulfate. To illustrate this, 0.006g of solid sodium
sulfite was added to an aged solution of DMS-sulfite
(16 hr). The resulting reaction with lead ion was the
same as that observed for a fresh DMS-sulfite solu-
tion, the inhibitory effect being completely restored.

The ability of seeding nuclei to enhance the for-
mation of colloidal gold has been discussed by
Weiser (15). Pick (3) has described the use of seed-
ing nuclei in the deposition of lead sulfide films and
proposes the following mechanism to explain their
effect.

First, seeding nuclei are adsorbed on the surface
on which the lead sulfide is to be deposited. These
nuclei then serve as the base to which lead sulfide
particles are attracted and become more adherent to
the surface. Pick points out that the seeding effect
is greatest when the seeding nuclei and the material
to be deposited is isomorphous.

In the deposition of lead selenide it was found that
precoating the glass slides with colloidal solutions of
gold, lead iodide, or lead sulfide did not improve
mirror formation and actually produced mirrors of
poorer quality. Apparently the solutions containing
these sols interferred with the lead selenide deposi-
tion probably by producing an undesirable surface
condition on the glass. In contrast, the presence of
silver ion in the deposition reaction resulted in a
more rapid mirror deposition. In this case the forma-
tion of silver selenide did improve the quality of
the mirror.

The most desirable rate of deposition and the best
reproducibility in resistance as well as maximum
uniformity and homogeneity in mirror quality were
obtained when the slides were precoated with col-
loidal lead selenide. This treatment apparently fur-
nished a bed of nuclei which attracted and held lead
selenide particles to the surface during the actual
deposition reaction.

Manuscript received May 7, 1963.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1964
JOURNAL.
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Luminescent Behavior of the Rare Earths in
Yttrium Oxide and Related Hosts

K. A. Wickersheim! and R. A. Lefever?

General Telephone and Electronics Laboratories, Inc., Palo Alto, California

ABSTRACT

The absorption, excitation, and fluorescence spectra of Y203:Eu are pre-
sented and interpreted. The high luminescent efficiency of this material and
its unusual performance at elevated temperatures are discussed. The compara-
tive behavior of other rare earths in yttrium oxide and of the rare earths in
certain other oxides of yttrium and lanthanum are also discussed briefly.

Increased interest in the rare earths as fluorescent
ions has resulted from solid state laser studies. The
sharpness of the rare earth emission lines and the
long fluorescence life times are particularly attrac-
tive in this application. As a result of this special-
ized interest in rare earth luminescence for laser ap-
plications, optically perfect and physically hardy
crystals of materials not previously employed as
hosts for the rare earths are currently of consider-
able interest.

For several years we have pursued an exploratory
program concerned with the growth and properties
of single crystal metal oxides. Given the problem of
designing an optimum laser material, we decided to
ignore at the outset the constraint imposed by the
current availability of crystals and to first select or
design a material which met the more fundamental
requirements. Thus we looked for oxides (either
simple or complex) having desirable optical and
mechanical properties, which would accept the tri-
valent rare earths without problems of ion size or
charge. At the same time, we looked for hosts with
rare earth sites of exceptionally low symmetry in
the hope of increasing the probability of radiative
transitions (within the 4f-electron shell) through
destruction of parity forbiddenness. It was also
hoped that hosts would be found where competing
(e.g., nonradiative) relaxation processes would be
minimized, although (except for selection of mate-
rials with low frequency lattice vibrations) we
knew of no direct means of controlling this param-
eter. Of the oxides considered, compounds having
the yttrium oxide structure appeared best to meet
the majority of the specified requirements.? We had

1 Present address: Departments of Materials Science and Electri-
cal Engineering, Stanford University, Stanford, California.

2 Present address: Sandia Laboratory, Albuquerque, New Mexico.

3 For crystallographic data, see ref. (1).

already completed preliminary studies on the growth
(2) and optical properties (3) of this material and
felt that it offered promising possibilities.

A fortuitous aspect of the resulting work with
rare earths in yttrium oxide was the discovery of
strong, broad absorption bands which could be uti-
lized for excitation of certain of the ions. Although
these bands occur in the ultraviolet, they are in
some instances well located for efficient excitation
by conventional ultraviolet sources.

General considerations.—The sharp-line emission
and absorption spectra of the rare earth ions in
solids have intrigued spectroscopists for years.* Out
of the detailed studies of these spectra has come a
rather complete understanding of the f-electron
energy levels of the majority of the trivalent rare
earths, including, in many instances, their detailed
dependence on crystalline environment. Somewhat
less well understood are the rules governing intensi-
ties of transitions between f-electron levels. Still
less well understood are the nature of the more
highly excited states of these ions in solids, the na-
ture of the various energy transfer mechanisms
utilized in the excitation of fluorescence, and the
details of processes involved in nonradiative relax-
ation.

In the free ion, electric dipole transitions between
f-electron levels are strictly forbidden by parity
considerations. However, such transitions (as well
as occasional magnetic dipole transitions) are ob-
served to occur weakly in solids. This is interpreted
in terms of either static or dynamic breakdown of
parity. Nonradiative processes, which compete with
the radiative processes in determining fluorescent
efficiency, depend on the frequency of available lat-
tice vibrations and the effectiveness of their coup-

+ The literature on this subject is extensive. For a general dis-

cussion, giving reference to the majority of the principal contribu-
tors to the field, see ref. (4), especially pp. 453-476.
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ling with the rare earth electrons. Thus, site sym-
metry and the lattice vibration spectrum play inter-
related roles in determining the intensities of emis-
sion and absorption in rare earth-containing com-
pounds.

In addition to the better understood properties of
the rare earths, certain empirical relationships have
been noted. For example, a general decrease in
fluorescent efficiency occurs as one proceeds away
from the center of the rare earth sequence (5).
Thus, assuming equivalent excitation, gadolinium
(which emits in the ultraviolet) is the most in-
tensely fluorescent ion, europium and terbium are
the next brightest emitters, dysprosium and samar-
ium are next, and so on. This effect is in part as-
sociated with the size of the energy gap to be
bridged. As the size of the gap decreases, competing
nonradiative processes increase in relative impor-
tance. In addition, there is some indication that
coupling of the f-electrons to the crystal lattice in-
creases as one proceeds outward in the sequence
from gadolinium.

A large fraction of the early spectroscopic work
was done on concentrated rare earth salts, which
were normally hydrated and in which the rare earth
ion frequently occupied a site of relatively high
symmetry. Low fluorescence intensities were gen-
erally observed, probably as a result of a combina-
tion of factors, including high site symmetry, the
presence of high frequency vibrations associated
with the waters of hydration, and concentration
quenching. The results of these early studies, lead-
ing to the opinion that rare earth fluorescence is
relatively inefficient, have generally been accepted
as applicable to all rare earth-containing systems.
As aresult of the assumption of low fluorescent effi-
ciency combined with relatively high materials costs,
the rare earths have heretofore been considered
commercially only for special-purpose (lumines-
cent) applications.

Experimental

A flame fusion process for the growth of single
crystals of yttrium oxide and related materials has
been presented elsewhere (2). Except for the intro-
duction of the desired rare earth dopants, single
crystals used in the present study were grown by
the techniques already described. Single crystals
were used for absorption measurements, for certain
of the excitation and fluorescence measurements and
for all of the laser experiments. The results of the
laser studies are described elsewhere (6).

Many of the measurements (particularly of exci-
tation and fluorescence) were made with powder
samples. The powders were prepared either by flame
sintering of mechanically mixed oxides or by co-
precipitation of the constituents as oxalates followed
by ignition to the oxide. For rapid surveying of vari-
ous compositions, the use of powder samples was
especially convenient.

For brevity and because of the qualitative nature
of many of the observations, the experiments will
not be described in detail. The basic instruments
used, either singly or in combination, were a Cary
Model 14 spectrophotometer, a Leiss double mono-
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Fig. 1. Absorption and excitation spectra of Y203 :Eu. For
comparison, the absorption of pure Y203 and the main excitation
peak of Y203 :Tb are also shown. No corrections were made in
the absorption spectra for reflection losses, nor in the excitation
spectra for spectral distribution of sources.

chrometer, and a Bausch and Lomb Dual Grating
spectrograph, together with auxiliary excitation and
detection systems. Our measurements have since
been repeated more quantitatively by others, and
their techniques, results and further discoveries will
be reported separately.

Results and Discussion

Yttrium oxide.—The optical properties of yttrium
oxide can be thought of as intrinsic, defect-induced
and/or impurity-induced. We will consider here the
visible and ultraviolet characteristics of yttrium
oxide, the infrared properties having been discussed
separately (3).

Yttrium oxide exhibits a band edge in the vicinity
of 2000A (see Fig. 1), the exact position of the edge
being a function of sample purity. The crystal is
essentially transparent from this edge well into the
infrared. Increasing reflection losses, caused by the
rapidly rising index of refraction as the band edge
is approached, produce the apparent gradual de-
crease in sample transmission indicated in Fig. 1.

Even in the highest purity,® yttrium oxide ex-
hibits a bluish-white luminescence. This broad emis-
sion, present as a weak background in rare earth
activated samples (see Fig. 2), appears to be defect-

5 For example, 99.999 + % pure yttrium oxide, Lindsay Code 1117.
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Fig. 2. Emission from Y203 :Gd (1%) with background emission
also shown. Excitation at 2480A. Principal Gd emission peak occurs
at 3150A. For optimum Gd concentration, the height of this peak
is about twice that shown.
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induced. The intensity of this emission can be en-
hanced by increasing the firing temperature (above
that required for complete reaction) during the
preparation of powder samples. Increasing the firing
temperature would be expected to increase the num-
ber of defects (probably in the form of oxygen va-
cancies) in the final product. The observations of
color center phenomena in single crystals of yttrium
oxide at low temperatures give further evidence of
a defect structure. At liquid nitrogen temperatures
yttrium oxide crystals take on a bluish cast upon
intense ultraviolet excitation. On warming the dis-
colored crystals bleach and simultaneously thermo-
luminesce via the bluish-white emission described
above and (in rare earth doped crystals) via rare
earth luminescence as well.

Rare earths in yttrium oxide.—The rare earths
introduce their own characteristic emission and ad-
sorption lines into the spectrum of yttrium oxide.
These lines are for the most part sharp (see Fig. 1
and 2), falling into groups which can be identified
by reference to earlier work on the corresponding
rare earths in other compounds. These lines repre-
sent transitions between 4f-electron levels. In addi-
tion to the sharp lines, strong, broad absorption
bands are observed in the ultraviolet for a few of the
rare earths in yttrium oxide (for example, Eu?* and
Tb®*) with occasional broad emission bands (not-
ably for Ce®* and Yb3+) being observed as well.

The origin of the broad bands has not been well
established. They may represent 4f @ 5d transitions®
or charge transfer bands. For our purposes, the im-
portant point is that the total absorption in the
broad bands is much greater than that in the sharp
lines and the efficiency of excitation of fluorescence
via the broad bands is correspondingly greater. For
Gd?*, traditionally the strongest fluorescer, no broad
band is found (on the long wavelength side of the
band edge of the crystal) and photoexcitation in this
region has to be carried out via the sharp f - f ab-
sorptions. For Eu?* and Th3*, broad excitation
bands not only exist but are well placed (in yttrium
oxide) relative to the ultraviolet emission of a mer-
cury discharge (see Fig. 1). The efficiency of excita-
tion of ¥,0;:Eu by the 2537A line from a low pres-
sure mercury discharge is sufficiently great to arouse
interest in this material for both lamp phosphor and
laser applications.

Whereas the efficiency of photoexcitation depends
critically on the existence and proper placement of
excitation bands of a given rare earth (in yttrium
oxide) relative to the frequency of the exciting
radiation, excitation at energies above the band edge
(e.g., by x-rays) is more uniformly effective in ex-
citing rare earth fluorescence. Under x-ray excita-
tion, Eu®* and Tb3* are again the brightest visible
(red and green, respectively) emitters, but the other
rare earths are also strongly excited in contrast with

6 This is the interpretation given, for example, by Feofilov (7)
for the broad ultraviolet absorption band found for Yb3+ in CaFs.
This interpretation requires that the 5d levels of the rare earths be
drastically depressed in the solid state relative to free ion values.
This may result from mixing of the d-orbitals with p-orbitals of the
neighboring oxygen ions, If such mixing is involved, the broad ab-
sorption bands would be more correctly thought of as a cross be-
tween interconfigurational transitions and charge transfer bands.
In any event, the transitions should not be parity forbidden and

should, therefore, be considerably more intense than the f — f
transitions (as observed).
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Fig. 3. Y203 : Eu (5%) emission spectrum. Not shown are lines
of moderate strength just beyond 70004, see ref. (6). Peak inten-
sities should be corrected for the response of the 1P28 photo-
multiplier (dashed curve).

their relatively poor performance under mercury
excitation.

Y,0;3: Eu—FEuropium is the most effective of the
trivalent rare earths as an yttrium oxide activator.
As shown in Fig. 3, the emission is concentrated for
the most part in one line at 6113A.

Certain of the emission characteristics of Y,03:Eu
are peculiar to the europium jon itself, although the
striking fluorescence efficiency of this compound
relative to other europium-activated materials in-
dicates that the environment of the ion is important
as well. Figure 4 shows the energy level scheme
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Fig. 4. Energy level diagram for Y203 :Eu, showing sharp
(Eu+ f.electron) levels and broad bands. Principal excitation
and emission wavelengths are indicated,
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(minus detailed crystal field splittings) for YsOs:Eu.
It should be noted that the ground state and the
principal metastable state are both J=0 levels, not
easily perturbed by changes in the crystal field.
Neither state has a magnetic moment so that mag-
netic interactions between an excited europium ion
and nearby ground state ions are negligible. For
these reasons neither thermal quenching nor con-
centration quenching of fluorescence is expected to
be pronounced.

The principal emission from Y,03:Eu, regardless
of means of excitation, is a transition from the Do
state to one of the "F, levels. In the majority of
Eu*-containing compounds, the strongest transi-
tions occur either in the *Dgy —7F; group or in the
Do — "Fy group, with some instances where lines
from both groups appear with nearly equal strength.
Transitions to other 7F levels and from other 5D
levels are observed but with much lower intensity
(see Fig. 3). Excitation of the Eu?* fluorescence can
occur by absorption to one of the excited f-levels
(above 5Dg), by excitation in the 2630A excitation
band (discussed earlier) or by excitation at (or
above) the band edge of the host. Population of the
"Dg state occurs by cascading (through various f-
electron states) largely by means of nonradiative
processes. A confirmation of this picture is provided
by the behavior of the fluorescence as the tempera-
ture is lowered. At liquid nitrogen temperatures
bottlenecks develop between adjacent 5D levels.
Fluorescence from °D; and *D, levels becomes cor-
respondingly stronger while the Dy — 7F, lines
weaken perceptibly.

At room temperature, the lifetime of the Dg state
is approximately 900 usec. A weak phosphorescence
having a much longer decay time (on the order of
seconds) is also observed.

The fluorescent efficiency of Y303: Eu remains high
even at elevated temperatures. The fluorescent out-
put (under high pressure mercury excitation) ac-
tually increases with temperature (see Fig. 5) up to
650°C and does not diminish again to the room tem-
perature level until a temperature of 850°C is
reached. The increase in fluorescence with tempera-
ture is caused in part by a pronounced shift of the
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principal excitation band of Y,0s:Eu to longer
wavelengths, the shift producing a better wave-
length match with the high pressure mercury radia-
tion. The point being made here is that pronounced
quenching is only observed at unusually high tem-
perature.

As expected on the basis of the introductory con-
siderations, the optimum europium concentration is
high, in excess of 5 mole 9% (regardless of means of
excitation) with strong luminescence observed for
concentrations as high as 20 mole %.

Although purity does not generally seem to be a
problem, certain rare earths are known to be capable
of quenching the europium fluorescence (8). In the
present studies, dysprosium (present in lower purity
grades of yttrium oxide) was particularly effective
in reducing the fluorescent intensity. For this reason,
we have generally worked with relatively high pur-
ity yttrium oxide.

The rare earth-yttrium oxide phosphors are
chemically stable and can be heated to fusion with-
out producing a noticeable change in performance.
In fact, many of the earliest samples were prepared
from crystals grown by flame fusion.

Europium in other oxide hosts.—A number of tri-
valent oxides are isostructural with yttrium oxide.
These include Mn,Oj3;, InyO;, ScyO3, and the majority
of the rare earth oxides at room temperature. Of
these compounds, only In,Oj;, Sc,03, and Gd,O3 ex-
hibit the characteristic europium fluorescence when
doped with europium, and of these materials only
Gd203:Eu is comparable with Y,03:Eu in bright-
ness. Measurements made by the Sylvania Labora-
tories have shown that Gd;O;:Eu (in the cubic
phase) is actually superior to Y»O3:Eu under low
pressure mercury excitation.

We examined a number of simple (divalent and
trivalent) metal oxides as hosts for europium, but
found none which were equal to Y.O3:Eu and
Gdy,03:Eu in luminescence efficiency under low
pressure mercury vapor excitation. However,
LayO3:Eu, which has the A-type hexagonal rare
earth oxide structure (9), is superior under high
pressure mercury excitation. (This compound is
stable in an inert atmosphere, but hydrolyses rapidly
in air, losing its luminescence in the process.)
LayO3:Eu does not exhibit the outstanding high
temperature performance of Y,0O;3: Eu.

A variety of mixed oxides of the trivalent metals
were examined as hosts. Several compounds were
formed which exhibited color and performance simi-
lar to Y,03:Eu and Gdz03:Eu, though brightness
was not as great,

In the general survey of hosts, characteristic dif-
ferences in the performance of Eu3+ in yttrium and
lanthanum compounds were noted. Yttrium com-
pounds often showed good performance under low
pressure mercury radiation and good performance
at high temperatures. Lanthanum compounds gen-
erally performed better under high pressure mer-
cury excitation and always showed poor perform-
ance at high temperatures. The same differences
had already been noted for the simple oxides acti-
vated with europium.
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The similarities in luminescent performance (de-
spite effects produced by structural differences) that
we observed among the various lanthanum com-
pounds as contrasted with the behavior of the vari-
ous yttrium compounds suggest that site size and de-
tails of bonding may be as important as site sym-
metry in determining the character of rare earth
luminescence. Van Uitert, Linares, Soden, and Ball-
man (10) have suggested that the mixing of f-elec-
tron and valance electron wave functions and the
subsequent overlap of these wave functions with the
p-orbitals of neighboring oxygens could play an im-
portant role in the quenching of rare earth fluores-
cence in the oxides. Although this point was made
with specific reference to concentration quenching,
the same mechanism could (depending on the de-
gree of oxygen overlap) generally control the rela-
tive importance of all nonradiative relaxation pro-
cesses. Thus, the characteristic difference in the
thermal quenching behavior of europium lumines-
cence in lanthanum and yttrium compounds might
reflect characteristic variations in such a mechanism.

Excitation characteristics are likely to be even
more dependent on details of bonding. If, for ex-
ample, the principal excitation bands of europium
(and certain other rare earths) are charge transfer
bands or excitations to mixed d-electron ligand
orbital states, the frequencies of these bands will
certainly depend on proximity and arrangement of
oxygen neighbors. Thus, europium in yttrium com-
pounds might characteristically have its excita-
tion bands at higher energies (shorter wavelengths)
than in lanthanum compounds.

Concluding Remarks

We have used Y;03: Eu and Gd,O3: Eu as examples
of a new class of potential phosphor materials. Ac-
tually, the behavior of these europium-activated
compounds is not typical of the entire class. Of the
remaining rare earth activators, only terbium shows
much chance of being sufficiently efficient to be
useful in (visible) photoluminescent applications.
Y203: Gd should be a very efficient phosphor but its
emission is at short wavelengths (=~ 3150A) and, be-
cause of the absence of strong excitation bands, per-
formance is not expected to be good under mercury
excitation. Cerium and ytterbium have some possi-
bilities as ultraviolet emitters (via broad band
transitions), but their performance in Y,0; has not
been investigated in detail. Clearly, many (perhaps
most) of the rare earths have potential as laser acti-
vators in yttrium oxide.
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While much has been made of the brightness of
Y,03: Eu, little mention has been made, except with
respect to laser performance, of the sharp line char-
acter of the emission. Advantages and disadvantages
of this feature of the europium (and other rare
earth) emission suggest themselves and any prac-
tical phosphor application will have to take into
account the monochromaticity of the emission.

We should remark that Van Uitert et al. (10)
have also reported extensive studies of rare earth
fluorescence in the garnets and orthoaluminates.
Likewise Rosenberger (11) has examined the fluo-
rescence of erbium in yttrium oxide and lanthanum
oxide using crystals grown by flame fusion.
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Iron Activated ZnS Phosphors
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ABSTRACT

Iron can serve as an activator in ZnS phosphors, giving a 660 mu-peaked
red emission. Previous difficulties with the preparation of reproducible samples
are overcome with the use of Cl, Br, I, Al, Ga, or In coactivators. The red
emission is always accompanied by a 460 mu blue emission attributed to Cu
impurity and/or (more likely) to Zn vacancies. Detailed luminescence charac-
teristics of ZnS:Fe,I phosphors under ultraviolet (u.v.) and EL excitation are
presented. A model of the Fe center showing the transitions leading to lumi-
nescence and killing, which may occur in the same center, is given.

The killing effect of iron, cobalt, and nickel on
the luminescence of ZnS phosphors is well known.
Less known are their intensification effects (1-4).
In several cases both killing and intensification are
present simultaneously depending on the particular
combination and concentration of activator [Cu, Au
(2,3) or Ag (4)] and killer. In addition to killer
and intensifier action, there are also reports of iron
(4-7), cobalt (4,8), and nickel (4) acting as true
activators, i.e., originators of luminescence, having
red and near and far infrared emission, respectively.

Because these phosphors have weak emissions and
are difficult to reproduce no previous detailed study
has been reported. In the case of ZnS:Fe phosphors,
it has been found that the use of coactivators (Cl, Br,
I, Al, Ga, or In) resulted in reproducible samples.
This, coupled with the use of modern instruments,
allows a study of the ZnS:Fe system to be made.

The Fe activated phosphors were studied under
cathode-ray, u.v. (365 mp) and a-c field (EL) ex-
citation, but the cathodoluminescence will not be re-
ported here since it was similar to the photolumi-
nescence.

Phosphor Preparation

Phosphors were prepared from RCA ZnS(33Z19).
Iron, Cu (when used to make EL phosphors) and
halogens were added from stock solutions of the
nitrate, sulfate, and ammonium salts, respectively.
Al was added as a solution of NH4A1(SO,),, and Ga
and In were added as the sesquisulfides.?* After ad-
dition of the appropriate amounts of the compo-
nents, the raw mixes were slurried and dried at
110°C. The dried powders were remixed and placed
in a loosely capped silica test tube which was then
put into a larger silica firing tube having one end
closed and a gas inlet and outlet at the other end.

1 Present address: General Precision, Inc., Aerospace Research
Center, Little Falls, New Jersey.

2 Consultant, Research Department, Lamp Division, Westinghouse
Electric Corp., Bloomfield, New Jersey.

3 Kindly supplied by A. Wachtel of these laboratories.

4Iodine was the coactivator used in most of the experimental
work since it resulted in the brightest samples., Experiments with
the other coactivators were limited to checking brightness and
emission color.

Prior to firing, 5 weight per cent (w/o) of purified
sulfur® was added to each sample. The sulfur aids
in removing oxygen from the phosphor; this is more
important with EL phosphors, but the addition was
made to all samples for the sake of consistency. Sim-
ilar results were obtained with and without the ad-
dition of sulfur. The samples were fired for 1 hr at
950°C in a flowing nitrogen atmosphere. After fir-
ing, the samples were treated with boiling deionized
water to disintegrate the lightly sintered powder,
rinsed with alcohol and dried at 110°C. The wash
water from the I-coactivated phosphors was tested
for iron and iodine, with negative results. The
phosphors containing Cu were also washed in a
NaCN-NaOH solution to remove free copper sul-
fides. All the phosphors prepared here were essen-
tially cubic as indicated by their x-ray patterns.
Representative samples containing variable addi-
tions of Fe and iodine were analyzed for -their
residual Fe and iodine content as follows: The sam-
ples were dissolved in 4N HNO;. Iron was deter-
mined in one portion by preparing the orthoferrous
phenanthroline complex and comparing the colors
photometrically against standards. No loss of any
initially added Fe was found. It was found, however,
that the finished phosphors contained an additional
1-5 ppm iron. Part of this came from the raw ma-
terials and part from the post-preparative handling.
The additional Fe was confirmed by spectroscopic
analysis. Since the exact amount of Fe present in the
unfired samples was not known, and since the pres-
ence of the “impurity” Fe has little effect on the re-
sults and conclusions, all Fe concentrations will be
reported as the amounts added to the raw mix. The
iodine in another portion of the solution® was found
by adding silver nitrate, and determining the iodine
concentration by turbidimetric comparison with
standards, with an accuracy of *75%. Over the
range of iodine concentration added to the phosphor

S Obtained from the General Chemical Div., Allied Chemical and
Dye Corp., New York, N. Y.

¢ Tests showed that in this concentration range no iodine was lost
during dissolution of the sample.
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raw mix, the iodine content was approximately 0.013
atomic per cent (a/0) and is apparently independent
of the amount added to the raw mix.

Experimental Results

Role of coactivator.—From the results of earlier
workers it was known that luminescence due to iron
could only be obtained with iron concentrations of
about 0.001-0.01%7 (4,5,7,9). In the present in-
vestigation, the preparation of ZnS samples con-
taining 0.01Fe or 0.03Fe,0.3Cu by firing in N,
resulted in nonluminescent samples.? Addition of a
coactivator such as halide (Cl, Br, or I) or a tri-
valent cation such as Al Ga, or In (at least to the
ZnS:Fe,Cu phosphors) resulted in luminescence.
(The samples with the trivalent cations were fired
in HyS to ensure sulfide formation.) The phosphors
containing the cation coactivators had weak red plus
blue luminescence for field or u.v. excitation. In
addition, there was very weak emission due to the
Ga and In.

One role of a coactivator is that of a charge com-
pensator (10). With I coactivation, there could be
two possible ways for compensation to occur if iron
has a valence other than two. The iodine can be
located interstitially if iron is 34, which seems
rather unlikely due to the large size of the I~ ion.
Alternately, iron as Fe* could be compensated by
I~ located substitutionally for S2—. This latter possi-
bility is very doubtful since Fe' would be unstable.
It is therefore believed that iodine is not present as a
charge compensator for iron. However, Fe3* could
also be charge compensated by a monovalent cation
such as Li, Na, or K according to scheme: Fe3* +
M replacing 2Zn2?*. Samples were prepared con-
taining 0.01Fe and 0.01M, where M was Li, Na, or
K (added as the carbonate and fired in H,S). These
samples were nonluminescent under u.v. or cath-
ode-ray excitation.

From these results it appears that a coactivator
must be present for red emission to occur and that
apparently Fe is divalent. Concurrently with the
red emission there is always blue emission.

Photoluminescence

Reflectance spectra.—Reflectance spectra were
taken with a Beckman Model DU spectrophotometer
with diffuse reflectance and photomultiplier attach-
ments. The standard technique for powder samples
was used. For measurements below 400 my, a Corn-
ing No. 5840 filter was placed in front of the photo-
multiplier to eliminate emission from the sample.

Reflectance spectra were measured for a series
of phosphors in which the iron additions were varied
over the range of 0-1%. The absorption [=(100-9,
reflectance) ] characteristics of this series are shown
in Fig. 1. The absorption edge was around 340 mg
(3.65 ev) which agreed with the results reported in
the literature (11). Increasing the iron additions
resulted in an over-all increase in absorption plus
the appearance of three new absorption bands. These

7 All activator and coactivator concentrations are in atom per cent.

8 All samples without copper were examined under 365 myg u.v.
and representative samples were also examined under cathode-ray
excitation. The samples with copper were examined for electro-
luminescence.
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Fig. 1. Absorption spectra of ZnS:xFe, 1.0l as a function of the
Fe concentration. x, 0 and 0001 Fe; +, 005 Fe; 0, 001
Fe; [],0.05 Fe; A, 0.1 Fe; V, 1.0 Fe.

bands peaked around 425 mu (2.9 ev), 600-650 mpu
(2.1-1.9 ev) and 825 mg (1.5 ev).

Fine structure in the absorption spectra was
looked for by taking absorption data at much smaller
wavelength intervals, 20A, but none was found. This
is quite different from ZnS:Mn phosphors which do
show fine structure consisting of four small absorp-
tion bands located between 390 and 500 mu (12).

Absorption spectra for ZnS:Fe samples containing
the monovalent cations lithium, sodium, or potas-
sium were identical with those of phosphors con-
taining no coactivators. The presence of the mono-
valent cation apparently had no effect on the oxida-
tion state of iron, since a change in the oxidation
state of Fe would be expected to result in some
change in the absorption spectra.

Excitation spectra.—Excitation spectra for the red
and blue emissions were obtained with the aid of a
500 mm Bausch and Lomb grating monochromator
equipped with a grating drive. The exciting source
was a stabilized 100w xenon lamp. The phosphors
were deposited from an alcohol suspension on the
composite blue or red filters. The red filter was
Corning No. 2404 plus Baird V-3-507 interference
filter, and the blue one was Corning No. 5543 +
Wratten No. 47, The red filter combination passes a
line around 658 mu. The photocurrent was recorded
on a Model AW Esterline-Angus recorder. All spec-
tra are given relative to a 0.2% fluorescein solution
which has unit quantum efficiency over the range
250-500 mp (13).

The excitation spectra were measured for three
different iron additions: 0, 0.001 and 0.1%. The ex-
citation spectra of the blue emission show a strong
peak at 340 mu (3.65 ev) with a shoulder on the long
wavelength side which indicated a second peak
around 375 myu (3.33 ev). Addition of 0.001% Fe re-
sulted in a large decrease in the intensity of the blue
excitation band while a further Fe increase de-
creased the intensity of the excitation band almost
to zero. For the red emission, all three samples
showed a primary excitation peak at 340 mp with a
secondary peak (shoulder) near 375 mg. The inten-
sity of the primary peak increased by approximately
a factor of 2 as the Fe addition was increased from
0 to 0.001%, but the secondary peak was only
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Fig. 2. Excitation spectra of the red and blue emissions from
ZnS:0.001Fe, 1.01.

slightly affected. Increasing the Fe addition to 0.01%
resulted in a decrease of the primary peak and a
proportionate decrease in the secondary peak (by
a factor of 1.7-1.8). Figure 2 shows the excitation
spectra of the red and blue emissions from the phos-
phor with 0.001 Fe.

Irradiation into the three iron absorption bands
al 405, 600-650, and 821 my, did not result in any de-
tectable luminescence in the visible region of the
spectrum.

Emission spectra.—Spectral distributions were
taken with a Gaertner constant deviation spectrom-
eter which had been fitted with a prism drive. The
photomultiplier output, after amplification by a
Keithley Model 210 Electrometer, was recorded on
an Esterline-Angus Model AW recorder. All dis-
tributions were corrected for spectral sensitivity of
the detector and dispersion of the prism. Excitation
was by 365 my radiation obtained from a 400w high-
pressure mercury lamp equipped with Corning No.
9863 plus No. 5860 filters. This lamp and filter com-
bination was used in most of the measurements in-
volving 365 myu excitation.

The effect of increasing iron additions on the emis-
sion spectra was examined over the range of
0-0.01% Fe; at higher iron concentrations, the in-
tensity was too low for measurement. No effect on
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Fig. 3. Photoluminescent emission spectrum from Zn$:0.005Fe,
1.01 and electroluminescent emission spectra of ZnS:0.01Fe, 0.3Cu,
0.71. Excitation by 365 my ultraviolet and by 400 and 4000 cps,
respectively.
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the peak positions of the blue and red emission bands
was found, only an alteration of their peak heights.
The emission spectrum from ZnS:0.005FeI is shown
in Fig. 3.

Fluorescence intensity as a function of Fe and I
additions.—The effects of Fe and I variations on the
intensity of the ZnS:Fe,I luminescence were meas-
ured with a 1P22 photomultiplier and a Keithley
Electrometer.

The concentration of Fe added to the raw mix was
varied over the range 0-0.01% for iodine additions
of 0.01, 0.1, 1, and 10%. The results are shown in
Fig. 4; also shown is the corresponding EL behavior
for ZnS:xFe,0.3Cuy,l. Increasing the Fe addition from
0 to 0.0019% results in an increase in the red emis-
sion. In the range 0.001-0.007% Fe the behavior of
the red emission varies depending on the I addition
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Fig. 4. Intensity of the (A, top) red emission and (B, bottom)
blue emission from ZnS:xFeyl and ZnS:Fe,0.3Cu,0.71 as a func-
tion of the amount of Fe added to the phosphor raw mix. Excitation
by 365 my ultraviolet and 2000 cps, 1200v rms, respectively; ,
photoluminescence; — — —, electroluminescence.
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(Fig. 4A) which shows that there is a variation of
the residual I concentration, at least within the limits
of the I analysis of =75%. For increasing cohcen-
trations above 0.007 % there is a progressive decrease
in the red luminescence. The samples are essen-
tially quenched for iron additions between 0.05-
0.08%. For the blue emission, with all but the lowest
iodine addition of 0.019%, increasing amounts of
iron resulted in a rapid decrease in intensity with
complete quenching at Fe additions of 0.03-0.05%
(Fig. 4B). In samples containing 0.019% iodine, the
blue emission had essentially constant intensity for
increasing Fe additions from 0.001 to 0.003%, and
then decreased rapidly with further increases in
iron.

Temperature dependence of fluorescence.—Based
on a method proposed first by Mott and Gurney (14)
and further developed by Klasens (15), the energy
difference between the top of the filled band and the
ground-state level of an excited center (in the
Schon-Klasens model) may be calculated from the
variation of the emission intensity with temperature
during excitation. The basis of this method was the
assumption that the cause of the decrease of lumi-
nescence at high temperatures is filling of excited
centers by the raising of electrons from the valence
band to the excited center.

According to Klasens’ formulation the tempera-
ture dependence of the emission is expressed by
the equation

L/L,=1/[1+4 Aexp (—E /kt)] 1]

where L is luminescence intensity at temperature
T°K, L, is a constant which varies from sample to
sample and may correspond to the intensity of the
maximum observed emission, A is a constant, k is
Boltzmann’s constant, and E4 is the thermal quench-
ing energy. This equation can be applied to both
the red and blue emissions.

Temperature dependence measurements of the red
and blue emissions were made on a series of phos-
phors having increasing additions of iron. The iron
additions used and the temperature breakpoints, T},
are listed in Table 1.

A typical temperature dependence curve is shown
in Fig. 5. There are several things to be noted in
these curves: (e) the blue emission starts to in-
crease with increasing temperature at a lower tem-
perature than the red emission; (b) the red emission
starts to increase rapidly near the temperature at
which the blue emission has its maximum; (c) the
blue emission has decreased considerably at the tem-
perature at which the red emission has its maximum.

Table 1. Apparent thermal quenching energies, Eq, and temperature
breakpoints, T}, as a function of Fe additions

Blue Red
ZnS:xFe,
1I Eq ev Tp, °C Eq, ev Th, °C
x=0 0.40 = 0.02 —16 0.38 = 0.02 46
0.001 0.41 —28 0.41 +42
0.003 0.36 —30 0.31 +20
0.005 0.27 —30 0.27 +8
0.01 0.25 —39 0.27 410
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Fig. 5. Temperature dependence of the red and blue emissions
from ZnS:0.001Fe,1.01. 365 mu excitation.

Using Klasen’s equation, the apparent thermal
quenching energies for the red and blue emissions
from the ZnS:Fe,I phosphors were calculated. These
are also listed in Table 1. For both emissions E, de-
creased with increasing iron additions.’ For a given
phosphor, E; had the same value for both emissions.
The temperature breakpoints of the two emissions
moved to lower temperatures as the iron additions
increased; this had also been observed by Klasens
(15) for ZnS:Ag,Ni phosphors. The red Fe emission
appeared to shift slightly faster than the blue emis-
sion. The exact behavior of the temperature break-
point for the high iron additions is not known, owing
to possible thermoluminescence contributions in the
region of the lower T's.

Excitation-intensity dependence of fluorescence.—
The intensity of the red and blue emissions as a func-
tion of increasing iron additions was measured over
two decades of excitation intensity. The phosphors
were mounted on an optical bench and the distance
from the sample to the lamp varied by predeter-
mined amounts to give the required excitation in-
tensity.

The intensity of both emissions followed the equa-
tion L. = aI"® where a¢ and n are constants and I is
the intensity of the exciting source. It was found that
n has the same value for both emissions (1.2) and is
independent of the Fe concentration.

Thermoluminescence (glow curves).—The intro-
duction of Fe into ZnS:I phosphors results in the
appearance of several glow peaks, the most pro-
nounced being at —100, —75, —40, and +25°C which
are attributed to Fe; there is also a strong peak at
—140°C which is apparently due to halogen (16).
Increasing the Fe addition to 0.019% initially in-
creased the —75°C peak relative to the other peaks.
A further increase in Fe resulted in a rapid decrease
of the —75°C peak relative to the —140°C peak; at
0.05% Fe only the —140°C peak remained but of
very low intensity. Somewhat similar behavior for
ZnS:Cu,Ni has been reported by Hoogenstraaten
1.

Glow curves of the red and blue emission from a
ZnS:0.001Fe,I sample were measured and found to
be essentially the same (Fig. 6).

? Klasens has observed similar behavior in ZnS:Ag,Ni phosphors
15).
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Fig. 6. Glow curves from ZnS:0.001Fe,1.01 for observation of
the red and blue emissions. 365 mu excitation. Heating rate was
10°C/min.

Decay of phosphorescence.—The phosphorescence
decay of the red and blue emissions as a function of
the Fe concentration was measured. The photocur-
rent from the detector was amplified by a Keithley
Model 210 Electrometer and the output fed into a
Sanborn Model 128 recorder. The sample was first
allowed to reach equilibrium under excitation; then
the exciting source was cut off by a fast-acting
shutter.

The blue emission always built up and decayed
faster than the red emission. Analysis of the decay
curves showed that the red emission consisted of two
components, an initial fast decay which was ex-
ponential and a slower decay which followed a
power law of the type L ~ Lyt~ The blue emis-
sion, except from samples having no added Fe, de-
cayed according to an exponential law. The blue
emission from the samples containing no added Fe
had both the initial exponential decay and the
slower power-law tail. The values of n (exponent in
the power law decay) and - (the life-time) are:
red r = 0.13 = 0.02, n = 1.0 = 0.05; blue + = 0.05
=+ 0.01, n = 1.35.

Photoconductivity.—Photoconductivity was meas-
ured in a demountable cell having one electrode
transparent!® and the other aluminum; the cell spac-
ing was 3 mils. The phosphor was mixed with castor
oil in the weight ratio 1.5:1. Two 45v batteries in
series were placed across the cell; the transparent
electrode was always kept at the same polarity. The
photocurrent was measured with a Keithley Model
200A Electrometer. The exciting source was a 100w
Hg lamp. Various combinations of filters were used
to isolate bands at 365, 405, 658, and 821 mg, cor-
responding to the observed absorption peaks.

Photoconductivity was sought in samples having
increasing additions of iron. Excitation by 365 mpu

th Made from tin oxide-coated glass having a resistance of 100
ohms.
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Table H. Light-to-dark-current ratio, vy, of ZnS:xFe,1! as a
function of the excitation wavelength

v for irradiation by

Fe con-

centration 365 my 405 my 658 my 821 my
x=0 2.6 2.78 1.00 1.00
0.001 2.3 1.65 1.00 1.00
0.01 1.55 1.03 1.00 1.00
0.03 1.46 1.05 1.00 1.00

resulted in weak photoconductivity. Increasing the
iron concentration resulted in a decrease in the
photoconductivity.

The reflectance spectra for ZnS:Fe,I discussed
previously showed the presence of three new ab-
sorption bands which are apparently due to iron
(Fig. 1). The same samples used in the previous
photoconductivity measurements were irradiated
with radiation lying near the three absorption peaks.
The results are shown in Table II which gives the
light-to-dark current ratio, v, as a function of the
exciting wavelength. Only radiation lying in the
short wavelength absorption band resulted in photo-
conductivity. This photoconductivity also decreased
with increasing iron additions.

Bube (18) has reported that self-activated ZnS
has very little photoconductivity at wavelengths
greater than 390 mu while ZnS containing Cu is
quite photoconductive under excitation by radiation
up to 500 mu. The ZnS phosphors prepared here are
known to contain trace amounts of Cu (~ 1 ppm)
so that in all probability the photoconductivity ob-
tained by 405 mu irradiation is due to the presence
of the Cu impurity.

Electroluminescence

Experimental results—The EL characteristics
were measured using castor oil as the dielectric, a
Hewlett-Packard Model 200 wide range oscillator, a
Lafayette Model PE75 100w amplifier, and a UTC
Model CVP5 audio transformer. The voltage across
the cell was measured with an RCA Senior Volt-
Ohmyst which had been calibrated against an elec-
trostatic voltmeter. The intensity of the EL was
measured with a Photo Research Corporation Spec-
tra Spot Brightness Meter using the built-in filters.
EL waveforms were observed on a dual beam oscil-
loscope.

Emission spectra—The emission spectra of ZnS:
0.01Fe,0.3Cu,0.7I were obtained at 400 and 4000 cps,
Fig. 3. Both spectra contained a short and long
wavelength band. Increasing the frequency made the
short wavelength band (peak) shift from 490 to 458
mu. The peak wavelength of the red emission was
unaffected by a change in frequency and was at the
same wavelength as that obtained with u.v. excita-
tion.

EL intensity as a function of Fe additions.—The
influence of increasing Fe additions, at constant Cu
(0.3%) and I (0.7%), on the red and blue EL was
determined at 2000 cps, 1200v rms. Results were
similar to those obtained with 365 mu excitation
(Fig. 4).

Voltage dependence—The voltage dependencies
of the red and blue EL were determined at 2000
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Fig. 7. Build-up and decay of the red and blue electrolumi-
nescence of Zn$:0.1Fe, 0.3Cu, 1.0I.

cps as a function of increasing iron additions. Both
emissions were found to follow the well known
equation (19) L = L, exp [—(V/V)1/2] where L is
EL intensity at voltage V, L, is the EL at infinite
voltage, and V, is a constant, approximately 5.3 x 10*
for both the red and blue emissions.

Frequency dependence—The frequency depend-
encies of the red and blue emissions were determined
between 100 and 10,000 cps at a constant voltage of
100v rms. The emission increases with increasing
frequency from 100 to 1000 cps, and begins to ap-
proach saturation for higher frequencies. The slopes
n of the curves (for a log-log plot of EL wvs. fre-
quency) for the red and blue emissions as a function
of the iron additions are constants and independent
of the Fe concentration: red n = 0.72; blue n = 1.16.
No variation in slope as a function of frequency was
observed, in contrast to Goldberg’s results for
ZnS: Cu phosphors containing cobalt or nickel (7).

Build~up and decay.~—The build-up and decay of
the red and blue EL were measured for one sample,
ZnS:0.01Fe,0.3Cu,0.7I, at 400 cps, 450v rms. They
were similar to those obtained with ZnS:Fe,I excited
by 365 mg u.v., i.e., the blue emission builds up and
decays faster than the red emission (Fig. 7). The
decay of both emissions was primarily exponential
with 7 = 0.05 sec for the blue emission and = = 0.49
sec for the red emission. The time constant of the
blue EL was essentially the same as that obtained
with the blue photoluminescence, but the time con-
stant of the red EL was approximately four times
larger than that for the red photoluminescence.

Waveforms.—The effect of increasing Fe concen-
tration on the waveforms of the red and blue emis-
sion from ZnS:xFe,0.3Cu,0.71 was examined over
the range 0.01 to 0.129% Fe at 400 cps, 400v rms
(Fig. 8). The EL waveforms, except for the blue
emission from high Fe samples, consisted of a pri-
mary and a secondary wave per half-cycle of the
applied field; the minima of the waveforms are
above the zero base line, These two components are
generally called the a-c¢ and d-¢ components of the
emission, respectively (20).

The waveforms of the red and blue emissions from
the sample containing the lowest iron concentration
(0.01%) showed strong primary peaks. The sec-
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Fig. 8. Electroluminescence waveforms of the red and blue
emissions from ZnS:xFe,0.3Cu,0.71. Excitation ot 400 cps, 400v
rms. In each picture the top set of curves is for red emission,
bottom for blue. Top curve of each trace is waveform of applied
field, lower curve the corresponding emission waveform. Horizontal
traces are zero base lines, i.e., no field.

ondary peak of the red emission was well developed,
but that of the blue emission was barely perceptible.
There was a strong d-c level for both emissions. In-
creasing the Fe concentration caused a progressive
decrease in the d-c level of both emissions, with the
d-c level of the blue emission decreasing faster.
Increasing iron content also caused a progressive
decrease in the amplitude of the primary and sec-
ondary waves, again with the blue decreasing faster.
The secondary wave of the blue emission completely
disappeared for iron concentrations above 0.015%,
but for the red emission it was still discernible in the
phosphor containing the highest iron concentration,
0.129,.

The effect of increasing the frequency, at constant
voltage, on the behavior of the waveforms of the
blue and red emissions was also examined. Figure 9
shows the waveforms for the sample with 0.01% Fe
at 100, 300, and 3000 cps at a constant voltage of
150v rms; the behavior of the other samples was
similar., At 100 cps, the amplitude of the primary
wave was much larger than that of the secondary
wave for both emissions. Increasing the frequency
caused a small progressive increase in the amplitude
of the blue secondary wave relative to the primary.
However, the primary blue wave was still the pre-
dominant one even at 3000 cps. The situation was re-
versed in the case of the red emission. Here, an in-
crease in frequency to 300 cps resulted in a large
increase in the secondary wave, the amplitude of
the two waves being approximately the same. A
further frequency increase, to 3000 cps, made the
secondary wave larger than the primary. For both
emissions there was an increase in the d-c level with
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Fig. 9. Effect of increasing frequency on the electroluminescence
waveforms of the red and blue emissions from Zn$:0.01Fe,0.3Cuy,
0.71. Data taken at 150v rms.

increasing frequency, the increase for the red emis-
sion being larger.

Discussion and Conclusions

Identity of the red emission.—Because of the simi-
larity of the emission peaks of the ZnS:Cu ‘“red”
and the ZnS:Fe red phosphors, there was some
question whether these were really different emis-
sions. It is possible that Fe can intensify the Cu
emission (due to the trace Cu impurity, ~1 ppm, in
the ZnS: Fe phosphors). However, comparison of the
optical properties (21-23) of the two phosphors
shows them to be different systems. For example:

(a) The “red” Cu emission has the same tempera-
ture dependence as the blue “self-activated” or blue
Cu emission and is almost completely quenched at
about 40°C while the Fe red emission is quenched
well above 100°C.

(b) The Cu “red” emission band is much wider
than the Fe band. Because of its larger width the
Cu emission looks orange, while the Fe emission
looks red, in spite of the fact that the two emissions
peak at the same wavelength.

(¢) The Cu “red” emission is destroyed if a co-
activator is present, but the Fe red appears only if
there is a coactivator.

(d) There is no quenching or stimulation of the
Fe red on irradiation with infrared, but the Cu “red”
emission is stimulated by infrared.

(e) The ZnS:Fe phosphors always have two emis-
sion bands but ZnS:Cu phosphors can be prepared
showing only the Cu “red” emission.

General.—The Iluminescence characteristics of
iodine coactivated ZnS:Fe phosphors are similar re-
gardless of whether the excitation is by u.v. or al-
ternating electric fields. This means that the lumi-
nescent centers in the EL phosphors (coactivated
ZnS:Fe,Cu) are similar to those in the photolumi-
nescent phosphors (coactivated ZnS:Fe) and that
the transitions leading to luminescence are also
similar, only the excitation mechanism differing.
Therefore, data obtained by these two modes of ex-
citation may be used to elucidate the nature of the
iron centers and the transitions involved in lumin-
escence and quenching.
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The introduction of iron into ZnS containing a
halide or a trivalent cation, i.e., Al, Ga, or In, gives
rise to the appearance of a new red emission which is
due to iron. Unless there is a coactivator present
there is no luminescence (red or blue).

The need for a coactivator in ZnS:Fe or ZnS:
Fe,Cu in order for the red luminescence to occur is
surprising. Iron is apparently divalent in ZnS up to
its limit of solubility (24). Further, Title (25) using
electron spin resonance techniques, found that iron is
divalent in the unexcited phosphor but is trivalent
during excitation.!! Therefore, there is no need for a
coactivator on departure from bivalency for iron to
be incorporated into ZnS. It is significant that when
these ions are present, there is also a blue emission in
addition to the red emission. Many of the lumines-
cent characteristics of the two emissions are similar,
indicating that there is a relationship between these
emissions, For example:

(a) The excitation spectra of the red and blue
emissions are essentially the same.

(b) The thermal quenching energies, E,, of the
red and blue photoluminescence are the same for a
given iron concentration and decrease similarly as
iron is added. The temperature breakpoints, T}, also
decrease in a similar manner with increasing addi-
tions of Fe,

(¢) The slope of the curves of the red and blue
emission intensities as a function of the u.v. exciting
intensity or the strength and frequency of the ap-
plied electric field are the same for a given mode of
excitation.

(d) The glow peaks of the red and blue emis-
sions are almost identical.

Further indication of a relationship between the
two emissions can be seen in Fig. 5, which gives the
temperature dependence of the red and blue emis-
sions. The red emission intensity begins to increase
at the temperature at which the blue emission starts
to decrease. Klasens (26) and Tolstoi (8) have found
that this behavior generally occurs for emissions
that are related. From the data shown in Fig. 5, the
apparent activation energy for the rise of the red
emission was calculated and found to be the same as
the thermal quenching energy of the blue emission;
this is the same sort of relationship found by Tolstoi
for the red and blue emissions from ZnS:Co (8).
However, the results with the ZnS:Fe,I phosphor are
somewhat open to question since not all the points
on the rising red curve fit the equation. A similar
relationship between the fall and rise of the blue
and orange emissions in ZnS:Mn has also been ob-
served (27).

The need for a coactivator and the similarity in
luminescence characteristics can be explained if the
assumption is made that, regardless of the mode of
excitation, the blue centers (‘“self” or Cu) are ini-
tially excited, followed by a transfer of energy from
these centers to the iron centers, which may then
emit. This transfer of energy may occur by a reso-
nance transfer process or by the transfer of charge
(28).12 In view of Title’s results on the valence

11 Actually only 309% of the iron becomes trivalent in Title’s
samples.

12 We are ruling out cascade and exciton transfer.
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change of iron from 2+ to 3+ on excitation (25), it
appears most likely that the energy transfer occurs
by movement of charge, which would also result in
photoconductivity. However, there still may be some
energy transfer by a resonance mechanism, as indi-
cated by the similarity of the thermal quenching en-
ergies of the red and blue emissions, a fact that can-
not be explained by a charge transfer process. In
the discussion to follow it will be assumed that the
predominant mechanism is that of charge transfer.

If Fe is divalent in the unexcited phosphor, and
if charge transfer does occur, then there would
be a valence change of the Fe2* center since an
electron is removed from this center; i.e., the Fe2+
center captures a hole. The capture of an electron
from the conduction band by the Fe3* center re-
sulting in an excited Fe?* center (Fe®**), and its
subsequent return to the ground state returns the
Fe2** center to the 24 ground state. The photocon-
ductivity that is observed is thus due to the move-
ment of both electrons and holes. This change in va-
lence of the Fe centers indicates the location of this
center with regard to the band gap. If the Fe center
were located in the valence band as postulated for
Mn (12), there would be no valence change on ex-
citation (29).1% A valence change can only occur if
the center is located in the forbidden energy gap
(29).

In addition to the iron luminescence center there
are killer centers, apparently also due to iron. This
is indicated by the behavior of the luminescence as
a function of the iron concentration: the blue emis-
sion decreases rapidly with increasing Fe while the
behavior of the red emission for iron concentrations
below 0.0079, is rather unusual. With activators such
as silver, copper, or manganese, a progressive in-
crease in the concentration results in a progressive
increase in the emission intensity to a maximum,
followed by a decrease in the intensity for further
increases in the activator concentration. This de-
crease in intensity is called “concentration gquench-
ing” and occurs at concentrations that are higher
than the 0.007% Fe concentration required for
dquenching of the iron emission, For silver, copper,
or manganese the approximate concentrations re-
sulting in maximum luminescence are (30): Ag =
0.03-0.1%, Cu = 0.05-0.1%, and Mn ~ 2%, Ap-
parently in the region of low iron concentration
there are two simultaneous effects occurring, red
luminescence and killing. This dual behavior of the
“killer” has been observed by Arpiarian (3) and
Gergely (4). If the iron center has a very high cap-
ture cross section for electrons and holes, then the
quenching of the blue emission can be explained,
but one would not expect quenching of the red
emission at such low iron concentrations. Instead,
the quenching should occur at higher iron concen-
trations, of the order of 1%, as it does with Mn, i.e.,
“normal” concentration quenching (12).

The model shown in Fig. 10 illustrates the transi-
tions that are assumed to occur in excitation, lumi-
nescence and killing. The same iron ion can act both

13 We have assumed here that the Fe center is similar to a Mn
center in that luminescence involves transitions from an excited
state of the center to the ground state. That this is the case will be
shown later.
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Fig. 10 Configurational coordinate model (schematic) of ZnS:Fe,
coactivator, showing transitions leading to both luminescence and
killing which may occur in the same center.

as a luminescent center and as a killer center. Tran-
sition AB corresponds to excitation of an electron
from the ground state (valence band, or “self-acti-
vated” or blue Cu center) to the conduction band.
Transition AJ results in the transfer of a hole from
the ground state (valence band or blue center) to an
Fe?* center, resulting in an Fe®* center. The Fe?*
center has a positive charge relative to the lattice and
so can trap an electron from the conduction band
forming an excited Fe?*t state, transition CD. The
electron may be returned to the conduction band,
transition d.c., or the center may rearrange itself to
its equilibrium position by losing some of the energy
(as phonons) imparted to it by the capture of the
excited electron, i.e., the electron moves from D to
H. Luminescence occurs when the electron makes
the transition HI. As the excited electron moves to
its equilibrium position in the excited level of Fe2t,
it may make transition EFG which returns it to the
Fe2* ground state without the emission of visible
radiation.

If p. is the probability that the excited electron
will make transition HI resulting in luminescence
and px the probability that the electron will make
the radiationless transition EFG, then the probability
of the electron returning to its ground state is
p = pe + pr = 1. From the behavior of the red iron
emission as a function of increasing iron additions
(Fig. 4A and B) and the temperature dependence of
the fluorescence (Fig. 5), it appears that px is a
function of, and increases with, increasing iron con-
centration and ambient temperature. These rela-
tionships together with the well known Schon-
Klasens model are sufficient to explain most of the
experimental data.

The iron luminescence center is apparently of
the “Mn” type in that luminescence transitions oc-
cur within the center, that is, from an excited state
of the Fe2*t ion to the ground state; i.e., among the
3d electrons. Evidence for these transitions comes
from the electroluminescence emission spectra as a
function of frequency. Increasing the applied fre-
quency from 400 to 4000 cps results in a shift of
the short wavelength emission toward shorter wave-
lengths, but the iron emission is invariant. This in-
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variance with a change in frequency also occurs with
ZnS:Cu,Mn phosphors whose emission is known to
involve transitions between the excited and ground
states of the Mn ion (12, 30, 31).

The effect of iron on the blue emission can readily
be understood in terms of the model presented in
Fig. 10.}* Excitation of the phosphor by 365 mu u.v.
excites an electron from a blue (Cu or self-ac-
tivated) center to the conduction band, the hole
remaining in the activator center. While the elec-
trons are in the conduction band, the holes in the
blue centers may be filled by electrons from the
valence band if the necessary (thermal) energy is
available. If this happens, the hole may move
through the valence band and be trapped by an-
other blue center or by a red center. Which center
traps the hole is determined by the ratio of the cap-
ture cross sections of the two centers. The electron
in the conduction band may return to a blue center,
giving rise to blue emission, or be captured by an-
other Fe®* center.!> Since the blue emission de-
creases rapidly with increasing Fe concentration, it
is apparent that the Fe center has the larger hole
capture cross section,

The thermal quenching energies, E,;, of the red
and blue emissions from a phosphor with a given
iron concentration are the same, decreasing with
increasing Fe. The temperature breakpoint, Ty, of
the blue emission is lower than that of the red, and
increasing iron additions cause a progressive de-
crease in T}, for both emissions. These results can be
explained as follows: At a low temperature the
holes are localized in the blue centers, except for
statistical ‘“leakage,” so that the luminescence is
predominantly blue. As the temperature increases
the intensity of the blue emission increases to a
maximum while the red emission is still weak. This
increase in the intensity of the blue emission occurs
because electrons, that were in shallow traps and
thus removed from the luminescence process, are
being returned to the conduction band, from which
they return to the blue centers. However, above a
certain temperature, T;, holes start to leave the blue
centers and are transferred to the red centers be-
cause of their greater capture cross-section; red
emission commences and the blue emission starts to
decrease. As the temperature increases, more and
more holes are transferred to the red centers. This
transfer is at the expense of the blue emission and
depends on the temperature in an exponential man-
ner, exp (—E./kT), as discussed by Klasens (15).
Tolstoi has found this to be the case in ZnS:Co
phosphors (8). Finally, at a temperature T, almost
all the holes from the blue centers are transferred
to the red centers, and the blue center is essentially
quenched. At a still higher temperature, T3, the
red emission also starts to decrease because the Fe
quenching mechanism, which is simultaneously op-
erative and increases exponentially with temper-
ature, becomes the dominant mechanism. An ex-

14 Assuming that charge transfer is the predominant process.

}5 Whether the electron trapped by the Fe center makes a radi-
ative or radiationless transition depends on the respective probabili-
ties pe and px as discussed previously.
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planation is still lacking for the red and blue emis-
sions having the same thermal quenching energies
unless we assume that there is resonance transfer
of energy from blue to red centers as mentioned
earlier.

The apparent decrease in thermal quenching en-
ergy, E,, with increasing Fe additions can be ex-
plained in one of the following ways: If E; repre-
sents the energy necessary to raise an electron from
the valence band to an excited blue center, then a
decrease in E; with increasing Fe could mean a de-
crease in the distance between the blue center and
the top of the valence band. If this were due to a
movement of the blue level toward the valence
band, there should be a change in the wavelength of
the blue and/or red emission peak by an amount
equal to the change in E,. The maximum change in
E, is about 0.15 ev, Table I, which should shift the
blue emission from 460 to 440 mu and the red emis-
sion from 600 to 620 mu. These shifts are not ob-
served. A decrease in height of the blue level with
no emission shift could occur if the band gap were
decreasing while maintaining the separation be-
tween the conduction band and the blue level. How-
ever, no such shift in band gap is observed. The
most likely reason for the variation of E; with iron
concentration is that the constant A in Eq. [1] is
not a constant but is a function of the Fe concen-
tration. For this reason, the values of E, calculated
from the equation have been called “apparent
thermal quenching energies.”

Thermoluminescence measurements show that
Fe introduces several new glow peaks into the
phosphors. No identification of the trapping levels
leading to these glow peaks has been made. Elec-
trons released from these traps return to both red
and blue centers, presumably via the conduction
band, as shown by the similarity of the glow curves
made through red and blue filters (Fig. 6).

Generally, the transition of an electron from an
excited state of a transition metal ion to its ground
state (or the reverse), as in the case of manganese,
is considered to be “forbidden” (12, 14, 30). That
this is the case for the ZnS:Fe,I and ZnS:Fe,Cu,l
phosphors is indicated by the relatively long life-
times, , of the red EL and photoluminescence, 0.49
and 0.13 sec, respectively.

In the voltage dependence of the red and blue
EL V, is the same for both emissions as discussed
earlier. This behavior is expected if energy trans-
fer occurs. Similar behavior has been observed at
low fields for ZnS:Cu,Mn (32).

A possible explanation for the variation of the
brightness waves as a function of the Fe content is
that on reversal of the field, electrons which had
been swept away from the ionized centers in the
previous half-cycle now return; the (primary) elec-
trons that were free or in shallow traps first, fol-
lowed by those (secondary) which had either been
released from deeper traps or had been retrapped,
thus leading to primary and secondary waveforms,
respectively. The returning electrons are divided
up between the blue and red centers, leading to
primary and secondary output waveforms for the
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two emissions;!® it should be noted that these wave-
forms are in phase with each other. Since the sec-
ondary waves are due to delayed return of the
secondary electrons, a decrease in the number of
trapped and retrapped electrons will result in a
decrease in the amplitude of both output waveforms
but will affect the secondary waves more strongly.
It was shown earlier that iron results in “leaky
traps” whose number increases with increasing Fe
concentration, i.e., there is a decrease in the con-
centration of effective traps. The decrease in the
d-c emission component is also due to the return of
electrons to the ground state via radiationless tran-
sitions in the iron centers.l” An explanation for the
effect of frequency on the brightness waves of the
red and blue emissions is lacking.
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Studies of the InSb Crystal-Melt Interface

N. Albon

Battelle Memorial Institute, Columbus, Ohio

ABSTRACT

The InSb interface was studied by microscopical examination of crystals
decanted from the melt. Crystals which had been allowed to approach equi-
librium at a curved isotherm showed facets on which the features could be
correlated with crystal growth mechanisms. On the curved areas of the inter-
face, lines having a regular spacing were observed, which previously have been
assumed to be growth steps. The lines were shown to be grooves without a
definite crystallographic orientation and evidence against their origin during

the crystal growth process was obtained.

When crystals of InSb are grown from a melt
containing Se or Te the existence of facets at the
growth interface results in a high concentration of
impurity locally in the crystals (1-3). This effect

results from adsorption of the impurity on the grow-
ing crystal and differences between the topography
and growth kinetics of the facets and the remainder
of the growth surface.
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This type of problem was discussed theoretically
by Cabrera and Vermilyea (4). Application of their
theory requires, however, a detailed knowledge of
the growth surface and of the behavior of growth
steps.

The methods of direct observation of growth steps
which have been applied to this problem in other
crystal growth systems cannot be applied directly
to the growth of indium antimonide from the melt.
Another method of approach was used to study the
surface of growing indium antimonide crystals. This
provides information which can be used as a guide
for application of the Cabrera-Vermilyea theory, al-
though it is lacking in the detailed results required
for precise calculations.

Considerable experimental difficulties arise in at-
tempting to examine a crystal/melt interface in an
opaque system. Many such systems have been
studied by the procedure of decanting excess melt.
Fine detail such as growth steps may be obscured by
a residual film of the melt which freezes on the sur-
face. When studying crystals growing from a highly
concentrated transparent medium, Albon and Dunn-
ing (5) found that steps observed on growing crys-
tals were obscured on removal unless special pro-
cedures were adopted. However, the properties of
the InSb melt are more favorable, and a thinner ad-
hering layer would be expected. Allred and Bate
(3) had observed well-defined, evenly spaced lines
on the growth surfaces of decanted indium anti-
monide crystals which were assumed to be growth
steps. The experimental approach adopted in the
present work was to grow crystals under conditions
such that the surface topography would be known
and to examine these crystals after decanting from
the melt. For example, crystals were allowed to
equilibrate in a thermal gradient so that they were
neither growing or melting before being removed
from the melt. The starting material was high-pur-
ity InSb (extrinsic carrier concentration less than
1016 em %), and undoped melts were employed.

Experimenal Procedure

The apparatus employed was similar to that nor-
mally used for the Czochralski process with a graph-
ite crucible having a thermocouple for observing
temperature changes placed on the axis close to the
bottom of the melt, which was approximately % in.
deep. The crucible was heated by RF power, using a
separate thermocouple for control.

The procedure was to insert a seed, approximately
5 mm in diameter, into the melt. After wetting the
seed the temperature was reduced slowly without
rotating or pulling the seed. When the crystal had
grown to a convenient size (1-3 cm in diameter) a
constant temperature was maintained for 2-31 min.
The crystal then was rapidly pulled from the melt
for examination of the growth surface. Both manual
and mechanical lifting were employed, with no de-
tectable change in the features being noted.

The growth surface was assumed to represent the
shape of the melting point isotherm when sufficient
time had been allowed for equilibrium. When a seed
of 5 mm diameter was used, the isotherms were
roughly hemispherical and centered on the point
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where the seed touched the surface. Thermal gradi-
ents in the melt were measured in this way by ob-
serving the final positions of a solid/liquid interface
at different temperature settings. These gradients
varied from about 10°C/cm to 100°C/cm, depend-
ing on such factors as the distance of the interface
from the seed and the cross sectional area of the
seed.

Growth interfaces on crystals growing in the
usual manner by pulling (without rotation) were
also examined. These crystals were pulled clear of
the melt while growing.

Experimental Observations

Crystal shape.—Under the conditions used, when
the temperature is held at a constant value, the rate
of growth of the crystal diminishes as its interface
approaches the melting point isotherm. In areas
where the interface is not a close-packed plane,
growth can proceed to within a few interatomic dis-
tances from the isotherm, giving a macroscopically
smooth hemispherical shape. On close~-packed
planes, facets form inasmuch as growth may stop
before the isotherm is reached. The supercooling at
the facet center, when this occurs, will depend on
the growth mechanism.

Both curved areas and facets of 111 and 111 orien-
tation were visible on all erystals grown. The facet
size and supercooling at the facet center varied con-
siderably, supercooling being calculated from facet
diameter and thermal gradient, with the maximum
value of supercooling observed for a smooth facet
being 0.4°C. This variation in calculated supercool-
ing indicates that growth on the facets under these
conditions is not dependent on a surface nucleation
process. Etching experiments revealed dislocations
at facet boundaries, and facet size appeared to be
determined by the distribution of screw dislocations.
As growth of the crystal proceeds, the facet area
diminishes until there are no longer any dislocations
terminating within the facet, when growth will
cease. Determination of the critical supercooling for
surface nucleation on a facet, which may be possible
by this procedure, thus requires a crystal of low dis-
location content.

Surface features on facets.—When the system was
held at constant temperature for a long period be-
fore removing the crystal, any facets present were

Fig. 1. Smooth facet and grooves on curved interface. Mag-
nification X600.
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Fig. 2. Facet and groove intersection pattern on curved inter-
face. Magnification X150,

expected to be completely smooth with steps having
grown out. The experimental results confirmed this
and indicated that any surface film adhering to the
facet as a result of the decanting process is without
surface structure. Smooth facets were consistently
observed on crystals which had been left to equi-
librate for 30 min and portions of such facets are
visible on Fig. 1 and 2.

Crystals removed after having equilibrated for
shorter times (2-20 min) showed facets on which
steps were visible. The observations described in the
preceding paragraph indicate that these are true
growth steps, although they may have been modified
during decanting.

The spacing and regularity of these steps varied
considerably even between faces growing on the
same crystal. Groups of steps of even height and
spacing were frequently observed. Step-height
measurements indicated average values of 300A. On
a few crystals, step sources could be identified as
dislocations. These sources included incoherent twin
boundaries and jogs on twin lines. A regular step
pattern on a facet is shown on Fig. 3 and also on
Fig. 4.

Surface features on curved areas.—The areas
where the surface is not a close-packed plane should
reach the melting point isotherm rapidly, as only a
low supercooling is required for growth, and pro-
duce a smooth surface. The experimental observa-

Fig. 3. Steps on facet (upper half of photograph). Magnifica-
tion X600.
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Fig. 4. Facet and also smooth and striated curved interface
areas. Magnification X150,

tions made were that some of the curved areas were
smooth, but adjacent areas were covered by grooves
or striations of remarkably even spacing. The char-
acteristic appearance observed on all crystals ex-
amined is illustrated by Fig. 4 which shows an un-
usually small facet. Both smooth and striated areas
are visible and these usually appeared in the same
relation to a facet. A line intersection pattern al-
ways associated with the facet can be seen in Fig. 4
and also in Fig. 2.

Examination with an interference microscope
shows that the lines are grooves about 0.2x deep.
The spacing between grooves is 2-3x and the shape
of the surface except for the grooves is identical
with the shape in the smooth areas. As the figures
readily show, the grooves are not steps parallel to
the facet and do not seem to be oriented with respect
tc any low index surface.

A probable explanation of these features is that
they are formed during the process of removal from
the melt. This leaves open the questions of how such
a regular structure is produced, why it does not ap-
pear on the facets, and why it appears on some parts
of the curved areas and not on other parts of equiva-
lent orientation. Possibly a critical thickness of sur-
face film which freezes shortly after decanting is
necessary for the structure to form.

The formation of the grooved structure by a
growth process seems unlikely under the experi-

Fig. 5. Features characteristic of a facet and of a curved in-
terface during growth of an InSb crystal. Magnification X150.
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mental conditions. Rates of growth and concentra-
tions of impurities are quite different from those re-
quired to form structures by segregation processes.
However, when steps are present on the facets, these
often seem to join with the grooves without any dis-
continuity. This is illustrated in Fig. 3 and 5.

Surface features on growing crystals.—Examina-
tion of growth surfaces on a crystal which was de-
canted while being pulled (without rotation) in the
usual manner revealed features which were quite
similar to those already described. More bunching
and irregularity of the lines was apparent, as is
shown on Fig. 5.

Conical growth hillock.—On the curved region of
the growth surface a few small features of distinc-
tive appearance were observed on every sample ex-
amined. Examples are shown on Fig. 6. There is a
small facet and two black dots of unequal size joined
by a line. At lower magnification, termination of a
group of the grooves in this area is apparent. These
features have some similarity to conical hillocks ob-
served on gallium arsenide and other materials of
similar structure (7). The appearance and mode of
preparation indicate that these hillocks differ con-
siderably from those observed by Haneman (8).

Discussion
A number of features have been observed on de-
canted interfaces of indium antimonide. Similar
features have been reported on metals during elec-
tropolishing (9) and crystal growth (10). In the
latter case, the possible formation of such structures

Fig. 6. Small protuberances on InSb growth interfaces as ob-
served on two different crystals. (a) Top; (b) bottom. Magnifica-
tion X600.
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by the adhering film was discussed. A thin film of
melt which remains on the crystal surface after
decanting may modify the existing surface when it
solidifies.

When fine parallel evenly spaced lines are visible
on surfaces prepared by similar methods, they usu-
ally have been interpreted as growth steps (11). The
experiments described here show that such features
are visible on crystals which were not growing when
decanted. Some modification of the appearance was
noted on crystals growing when decanted. Our ob-
servations support the view that a surface film is re-
tained on the crystal surface and that this gives rise
to an appearance similar to a crystal growth surface.
Caution in the interpretation of structures on de-
canted interfaces is necessary. The way in which
such a regular structure is formed remains unex-
plained. Possibly an instability arises in the molten
surface film, and this may occur because of the
changes in contact angle, resulting from surface ten-
sion, between liquid and solid indium antimonide in
the vicinity of the melting point.

For the reasons given in the section on Experi-
mental Observations, the observations made on
facets indicate that at low supercooling, growth is
proceeding by the screw dislocation mechanism. Al-
though the supercooling required for growth of a
facet by a surface nucleation process was not meas-
ured, it was established to be larger than 0.4°C.
Growth on the facets was shown to proceed by the
movement of multiple steps. However, a quantita-
tive application of the theory of Cabrera and Ver-
milyea (4) requires more information on the spac-
ing and heights of steps on the surface.
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Impurity Content of Germanium Crystallized
from the Liquid Ternary Alloy Ge-In-Sb

K. Lehovec and A. Slobodskoy
Sprague Electric Company, North Adams, Massachusetts

ABSTRACT

The compositions of the liquid ternary alloys Ge-In-Sb, which coexist with
either solid germanium or solid indium antimonide, are calculated with em-
phasis on indium-rich alloys. Activity coefficients for the three components in
the liquid ternary systems are derived by assuming that the integral molar
excess free energy for the ternary system is a linear combination of those for
the three binary systems, which are taken from data of Thurmond and Kowal-
chik for Ge-In and Ge-Sb and of Schottky and Bever for In-Sb. Data
of Glasow and Tschishewskaya on the solubilities of Ge in liquid InSb
are discussed. Using the activity coefficients of indium and antimony in the
ternary liquid alloy in conjunction with the mass action law for the transfer
of neutral impurities into the germanium, and expressing the heat energy
change by the distribution coefficients of impurities in the binary alloys Ge-In
and Ge-Sb at the melting point of the germanium, the concentrations of neutral
antimony and neutral indium in the crystallized germanium are calculated. The
total concentrations of antimony and indium are then obtained by taking into
account the ionization equilibrium in the semiconductor. The ionization equi-
librium in a semiconductor containing two kinds of impurities is discussed in
the appendix from a more general viewpoint considering impurities of equal
and of opposite types and degenerate and nondegenerate conditions, assuming,
however, that the impurities have energy levels which coincide with the bound-
aries of the forbidden band. The solid solubilities of antimony and indium in
germanium crystallized from a liquid ternary alloy measured recently by
Zemskov et al. differ significantly from the experimental data for binary sys-
tems by Thurmond and Kowalchik and by Trumbore and from our calculated

data for the ternary system.

The importance of certain impurities for the elec-
tric properties of semiconductors is well-known.
There exists a great deal of empirical information
on solidus and liquidus lines of binary semicon-
ductor-impurity systems particularly for the semi-
conductors germanium and silicon (1, 5). More
recently, ternary systems involving a semicon-
ductor and two types of impurities have be-
come of interest, e.g., an important process to
prepare transistor structures, the so-called post-
alloy diffusion process (6, 7), utilizes a region in
a semiconductor containing two types of impurities
promoting p- and n-conductivities. The two types
of impurities are incorporated into the semiconduc-
tor by crystallization of the semiconductor from a
ternary liquid alloy containing the two impurity
elements. In this paper the composition of the solid
and liquid phases at crystallization is analyzed the-
oretically for the case Ge-In-Sb, assuming quasi-
thermal equilibrium conditions.

In the section on Crystallization of Germanium
from a Ligquid Alloy Ge-In-Sb the chemical inter-
action of the three components in the liquid ter-
nary alloy is discussed in terms of activity coeffi-
cients, derived approximately from data of the three
binary systems. Using these activity coefficients,
the alloy composition coexisting at a given tem-
perature with either solid germanium or else solid
indium antimonide will be calculated.
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In the section on Concentrations of Antimony and
of Indium in the Crystallized Germanium the con-
centrations of neutral impurities in the erystallized
germanium are calculated, following the procedure
used previously by one of us (8) for binary semi-
conductor-impurity systems with miscibility gap in
the solid phase. Then the total concentrations of in-
dium and antimony in the semiconductor are calcu-
lated from that of neutral impurities by taking into
account the ionization equilibrium in the semicon-
ductor. The procedure is similar to that of Reiss
and co-workers (9) for the cases of Ge containing
Ga and Li, and Si containing B and Li. However,
while Reiss et al. derive the added lithium concen-
tration in terms of the total p-type impurity con-
centration (Ga or B) already present in the crystal,
for our purpose the total impurity concentrations
must be expressed in terms of the neutral impurity
concentrations. An appendix contains the derivation
of the pertinent equations as well as the discussion
of the ionization equilibrium from a more general
viewpoint, including the cases of degeneracy and
nondegeneracy, and of the presence of two kinds of
impurities of the same conductivity type as well as
of opposite conductivity types.

Crystallization of Germanium from a Liquid Alloy
Ge-In-Sb
The composition of the liquid alloy Ge-In-Sb
will be characterized by the mole fractions of its
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components, xge, X and xsp, of which only two are
independent in view of the identity

Tge + T + xsp = 1 [1]

We shall be concerned particularly with indium-
rich liquid alloys since these are of practical inter-
est in making some types of transistors (6, 7). In a
certain temperature range solid germanium may
crystallize if xg, is sufficiently large, and solid InSb
may crystallize from an indium-rich melt if xs), is
sufficiently large. We need not be concerned about
the crystallization of solid antimony since we shall
not be interested in the Sb-rich corner of the ternary
system. When crystallizing a small portion of a
ternary melt into solid germanium, the ratio

T = Tsp/Tn [2]

in the liquid phase remains constant (neglecting
the traces of In and Sb incorporated in the solid
Ge). Thus it is practical to introduce xg. and r as
the independent parameters, from which

xm = (1—xge) /(1+7) [3]
and

Tsp = (1—xge) /(14+1/7) [4]

Next we shall discuss the temperature T at which
the composition (xge, r) coexists with solid ger-
manium. Considering that (i) the partial vapor
pressures of germanium above solid germanium and
above the coexisting liquid alloy are the same,
Plge = PSge, (ii) the partial vapor pressure above
solid germanium is practically not influenced by
traces of indium and antimony, (iii) the vapor pres-
sures above pure liquid (P°g.) and pure solid ger-
manium differ by an exponential factor involving
the heat of fusion of germanium AHy% (we neglect
differences in specific heats) and are equal at the
melting point of pure germanium, Ty, and finally
(iv) the definition of the activity coefficient, yge, by

Plee = yge Te PH0ge [5]
we obtain the well-known equation
AHgGe /1 1
YGe TGe = €XP [“‘ 7 (?— Tote )] [6]

Given yge as a function of xge, 7, and T, for each
composition (xge, r) we may calculate from [6]
the temperature T at which the liquid alloy is co-
existing with solid germanium.

The dependence of the activity coefficient yge (and
of the corresponding coefficients s, and ym;m) on
composition and on temperature will be estimated
as follows: Assuming that the three binary systems
can be characterized by the following simple ex-
pression for the integral molar excess free energies

E, _ X .
FEig = A1pXixe; FEi3 = AjsXiX3; FPay = AggXoxy [7]

we may approximate the integral molar excess free
energy of the ternary system by (10-12)

FE = AppX1Xs + AygxiXs + AssXoxy [8]

The partial molar excess free energy FE, is obtained
in a well-known manner (13)
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Xo/X3 = constant

F® =FF + (l_xl)(

= AyXo(1—x%y) + A1sx3(1—x;) — AzXoxs [9]
and is related to the activity coefficient by
v1 = exp (F{®*/RT) [10]

The coefficients A;» (Ge-In) and Az (Ge-Sb)
were taken from an interpretation of the liquidus
lines of these binary systems by Thurmond and
Kowalchik (1), who find that

A = ag3 + byoT [11]
Az = a3 + bpsT [12]

with ay2 = 1570 cal/mole, by, = —0.56 cal/mole°K,
a3 = 2540 cal/mole, and b;z = —1.98 cal/mole °K.
Values of A2 and A;; at several temperatures are
listed in Table I. Note that A;; (Ge-In) depends
comparatively little on temperature, while A3 (Ge-
Sb) shows a significant temperature dependence.
For an interpretation of this temperature depend-
ence the reader is referred to Thurmond and Ko-
walchik (1). Empirical data on the eutectic tem-
perature and composition of the Ge-Sb binary sys-
tem agree well with data obtained from the nu-
merical values above (1). Empirical data (5) of
the Ge-rich solidus of the binary systems Ge-In and
Ge-Sb agree well with s, and ymn as derived
above (8).

Schottky and Bever (2) have analyzed the li-
quidus of the In-Sb binary system by a method of
Wagner (14) and find over a wide temperature
range A, = dg3 = —3960 cal/mole. As expected
from the partially ionic interaction between In and
Sb, the value of as3; is negative. Accordingly, the
activity coefficients of indium and antimony become
substantially smaller than unity in a liquid alloy
rich in the other element. On the other hand the
values Ay, and A;; are positive indicating repulsive
type of interaction between Ge and In or Sb. Ac-
cordingly, the activity coefficient of Ge in ternary
alloys Ge-In-Sb may exceed unity considerably.

Introducing [11] and [12] into [10] with [9],
one obtains

vee = eXp {[ (1—xce)2/RT1[ a2+ azr—aszsr/(1+7) +
T(biz + bisr)1/(1+7)} [13]

The liquidus compositions coexisting with solid ger-
manium at temperatures of 600°K, 700°K, 800°K,
900°K, and 1000°K were calculated by Eq. [6] with
[13] using AHp% = 8100 cal/mole, Ty% = 1210°K
and R = 2 cal/mole °K, and are shown as nearly

Table 1. Coefficients A19 for Ge-In and A3 for Ge-Sb as
functions of temperature

T, °K Aiz, cal/mole Aia, cal/mole
600 1234 1452
700 1178 1254
800 1122 1056
900 1066 858

1000 1010 660
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Fig. 1. Ternary phase diagram Ge-in-5b showing: 1. the lines
where the liquid alloy coexists with solid germanium at the tem-
peratures (in °K) indicated along the Ge-In-side; 2. the lines
where the liquid alloy is coexisting with solid indium antimonide
at 787°K, 700°K, and 600°K. The dashed part of the line at
700°K is hypothetical since liquid alloy cannot exist due to
formation of solid germanium. At 600°K the figure shows only
the section of the line which limits the region (shaded area)
where liquid alloy can occur at 600°K. The dotted line separates
the regions of crystallization of n-type and p-type germanium.
The line r = 0.28 from point A to B is an example of an glloy-
ing cycle to germanium, discussed in the text.

solid lines in the ternary phase diagram of Fig. 1.
The intersections of these lines with the sides Ge-In
(xsp = 0) and Ge-Sb (xyn = 0) are the liquidus
compositions of the binary systems Ge-In and Ge-
Sh, respectively. The intersections of these lines with
the line x, = xg, indicate the solubilities of ger-
manium in liquid indium antimonide. There is good
agreement of our calculated lines with the liquidus
compositions of the binary systems Ge-In and Ge-
Sb, since we have used the empirical coefficients A,
and Ai; derived by Thurmond and Kowalchik (1)
from these liquidus compositions.

On the other hand, there are substantial discrep-
ancies between the calculated solubilities of ger-
manium in liquid indium antimonide and the em-
pirical values of Glasow and Tschishewskaya (3).
These authors have interpreted their experimental
data, curve 1 of Fig. 2, in terms of the activity co-
efficient of germanium in a binary system consisting
of germanium and of indium antimonide. Curve 2
is the ideal liquidus of a binary germanium system,
which differs considerably from the empirical data.
Curve 3 is the ideal liquidus of the ternary system
Ge-In-Sb, which agrees much better with the ob-
served liquidus than curve 2. The deviations be-
tween the ideal liquidus of the ternary system and
the empirical data are such that in Fig. 2 the ideal
curve is too high near the melting point of ger-
manium and too low at lower temperatures. The lat-
ter could be attributed to an activity coefficient
vge > 1. The discrepancy near the melting point is
not understood at present since, according to Raoult’s
law, yge = 1 for xge > 1. The discrepancy may thus
point to a systematic error in the empirical data,
these data indicating a solubility of germanium,
which is too high at a given temperature. If this
were the case along the entire curve the discrep-
ancy between the empirical data and the ligquidus

O 6

800—A2A %
7005 2 4 .6 .8 10
——
Ge

Fig. 2. Solubility of germanium in liquid InSb expressed in mole
fraction of germanium, xge(T’, in the ternary system Ge-In-Sb.
[(T) for “ternary’” and (B) for “binary”.] 1. Empirical data by
Glasow and Tschishewskaya (3). 2. Ideal liquidus of a binary sys-

tem (Eq. [6]) with
2 xge(™ )

1+ xge!™
3. ldeal liquidus of a ternary system (Eq. [6]) with
(T

Yee = 1,XGe = xgeB) =

YGe = 1, XGe = XGe
4. Actual liquidus of a ternary system (Eq. [6] with [13]).

curve 4 in Fig. 2, which was calculated by [6] with
[13] and » = 1, would be decreased.

Figure 3 shows the activity coefficient of germa-
nium in the liquid alloy calculated by Eq. [13] for
various ratios r, and for temperatures at which solid
germanium coexists with the alloys of composition
Zge, T. Since in Fig. 1 the lines for crystallization of
germanium at constant temperature are almost
parallel to the lines of constant xg. near Tm = Xsb,
the curves vyg. at xge = constant coincide with
curves yg. at constant T in the vicinity of » = 1.
Note that the activity coefficient of germanium
reaches values large compared to unity at small
germanium concentrations and thus plays an im-
portant role in Eq. [6]. For xce z 0.6 the activity
coefficient of germanium becomes almost independ-
ent of r, approaching unity. The temperature of
coexistence with solid germanium depends then only

7
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. /; — T
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Fig. 3. Activity coefficient of germanium in the liquid ternary
alloy as function of the Sh:In ratio, r, and of the germanium
mole fraction, xge, (indicated along the curves), and at the
temperature at which the liquid alloy is coexisting with solid
germanium.
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on Tge, but not on 7, and the lines of constant tem-
perature coincide closely with the straight lines
Zge = constant in Fig. 1. The maximum change in
crystallization temperature along a line xg. = con-
stant occurs near r =~ 1, where yge has its maximum.
This temperature change can be estimated by com-
paring the liquidus temperature of the germanium-
indium binary system with that of curve 4 in Fig.
2, pertaining to the same value of xge.

At a given temperature the range of composition
of the liquid ternary alloy can be limited not only
by crystallization of solid germanium but also by
crystallization of solid indium antimonide. Solid in-
dium antimonide coexists with the ternary liquid
alloy at temperatures and compositions related by

Ainnsp 2AHg1nSP
2R T yInSb R

(- ) e

where Aj,g, is the excess heat of solution of solid
InSb in the liquid alloy, AHg!"SP the heat of fusion
of InSb and Ty!™™S? the melting point of indium an-
timonide. Equation [14] arises from the ideal li-
quidus of the binary system In-Sb by multiplying
the left side by the product of the activity coefficients
(7inYsb) T.xn.zsn, and the right side by

4y1nyspTinTsp = €Xp [

Arnsh

2RTMInSb )
as found from [8], [9], and [10] for y3 = vyg, and
v2 = vmn. Using the values AHg™S* = 6100 cal/mole,
Ty™® = 798°K and Ams, = —3960 cal/mole in Eq.
[14] for xge = 0, the empirical liquidus of the in-
dium-antimony system (15) is well reproduced by
Eq. [14] in the range x, z 0.5.

Lines (or sections thereof) indicating compositions
of the liquid ternary alloy, coexisting with solid
indium antimonide are plotted in the phase diagram,
Fig. 1, for T = 600°K, 700°K, and 787°K. These
lines intersect with the In-Sb side of the phase tri-
angle at the compositions of the In-Sb liquidus. We
are primarily interested in the shape of these lines
in the region of small germanium concentrations. For
an ideal case (activity coefficients of unity), such a
line would be given by xm - xsp = f(T), i.e., the
compositions of the ideal ternary liquidus coexisting
with solid indium antimonide at a given tempera-
ture should lie on a hyperbola. However, the strong
deviations from ideality in the In-Sb system re-
flect in activity coefficients for Sb and In which
differ strongly from unity. Their dependences on
concentration have a significant influence on the
shape of the liquidus lines coexisting with solid in-
dium antimonide. The importance of the activity
coefficients in Eq. [14] can be appreciated from Fig.
4, where ys, and vy, are plotted pertaining to tem-
peratures of 600°-1000°K and compositions of the
liquid alloy coexisting with solid germanium at
these temperatures. Note that these activity co-
efficients are generally smaller than unity and that
vsp becomes quite small for Sb-poor alloys.

The lines of the liquid alloy coexisting with solid
germanium and with solid indium antimonide, per-

(y1nysb) T=TpmInSb; z1p=zgp=1/2 = €XD (
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Fig. 4. Activity coefficients of indium, v, and of antimony,
vsb, for liquid Ge-In-Sb alloys coexisting with solid germanium as
functions of the Sb:ln ratio and of the temperature in °K indi-
cated along the curves.

taining to the same temperature T, intersect for
T = 787°K. Thus for T = 787°K (and of course
T > Tu™) the line pertaining to coexistence with
solid indium antimonide at the same temperature
is the boundary of a region of liquid ternary alloy,
which extends from the indium corner of the phase
diagram. For T = 600°K this region has been in-
dicated by the shaded area. The corner of the region
marks a composition where the liquid ternary alloy
is coexisting with both solid germanium and solid
indium antimonide. The highest temperature where
this is possible is 787°K and the composition of the
liquid alloy is then xge = 0.05; x1n = 0.475; xsp =
0.4'75. This alloy may be considered as the eutectic
cf the pseudobinary system Ge-InSb.

Let us consider the crystallization from a Ge-
In-Sb alloy on cooling. Suppose we have an alloy
of the composition indicated by point A in the
ternary diagram, Fig. 1, at a given temperature ex-
ceeding 1000°K. On cooling solid germanium will
crystallize at 1000°K since the composition chosen
lies on the line where solid germanium is coexisting
with liquid alloy at 1000°K. Since germanium is
removed by crystallization from the liquid alloy but
practically all indium and antimony remain in the
liquid phase,! the composition of the liquid phase
shifts along the line of constant r indicated by an
arrow. This line prolonged beyond the point A would
go through the Ge corner and is the locus of all
alloys of r = 0.28. When cooled to 900°K, the com-
position of the liquid alloy is xge = 0.17; x1n = 0.65;
Zsp, == 0.18. On further cooling a temperature is
reached where not only solid germanium but also
indium antimonide crystallize. In the example
chosen, this occurs at 700°K and at the composition
B. When cooling further, the composition of the
liquid alloy changes by simultaneous crystallization
of germanium and of indium antimonide along the
line marked by an arrow and leading toward the
indium corner of the phase diagram. The line in
question connects the points where the liquid alloy
is coexisting with both solid germanium and solid
indium antimonide.

In the cooling range where only solid germanium

1The traces of In and Sb, which are incorporated with the solid

girmanium, are not significant for the composition of the liquid
phase.
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crystallizes, the thickness Z of the crystallized layer
at a temperature T is given by
L, 1— xGe/xoGe

Z = [15]
ANGe 1 — XGe

where x°. is the initial mole fraction of germanium
in the liquid alloy, xg. that after crystallization of
the layer of thickness Z and area A; L, is the num-
ber of germanium atoms in the initial liquid alloy
and, Ng, is the number of atoms per unit volume in
the crystallized germanium.

Concentrations of Antimony and of Indium in the
Crystallized Germanium

By applying the mass action law to the transfer of
neutral antimony from the liquid alloy into the semi-
conductor, one obtains

C*gp = ysp Tgp N, TSP exp (—USP/RT) [16]

where USP is the energy (heat content change) re-
quired to transfer one mole of impurities from the
liquid alloy into the germanium crystal and Irs® is
the ratio of the partition sums of antimony in the
solid semiconductor and in the liquid alloy which
will be approximated by the corresponding expres-
sion for pure solid antimony and pure liquid anti-
mony

'St = exp (—

AHgSP ) [17]

RTyS?

The energy USP can be expressed (8) in terms of the
segregation coefficient, KyuSP, of antimony at the
melting point of germanium and of the electric pa-
rameters n; (intrinsic carrier concentration) and
N, (partition sum for electrons in the conduction
band) of the semiconductor
1 N,
USP = RTyS¢ In [(1 + ————) YSh I‘Sb/KM] [18]
2 KO TMTe
In the case of p-type impurities, such as indium, N,
must be replaced by N,, the partition sum for holes
in the valence band.

Table II contains values of I' and U for several
important doping impurities in germanium and sili-
con calculated by Eq. {177 and [18] using empirical
data of the distribution coefficients, activity co-
efficients, and the electric parameters n;, N, Ny, dis-
cussed elsewhere (8).

Table Il. Activity coefficients of impurities, ~, for binary
semiconductor impurity systems at the melting point, TS, of
the semiconductor; partition sum ratios, T, (Eq. [17]); and
heat content changes, U, (Eq. [18]) for several impurities in
germanium and silicon

Impurity v T U, cal/mole
Germanium
As 0.79 0.048 4,510
Al 0.53 0.25 3,510
Ga 0.94 0.11 2,510
Sb 1.1 0.073 10,960
In 1.46 0.40 16,820
Silicon
As 3.9 0.048 4,180
Al 0.54 0.25 17,650
Ga 0.7 0.11 14,120
Sb 6.0 0.073 15,680
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Fig. 5. Concentrations of neutral antimony and of neutral indium
in germanium crystallized at the temperatures indicated along
the curves (in °K) from a ternary alloy Ge-In-Sb of the Sb:In
ratio shown as abscissa. CXsp are the rising curves and C*, are
the descending curves.

The concentrations of neutral indium and anti-
mony have been calculated by Eq. [16] utilizing the
activation energies, U, and the values of I' of Table
11, the composition of the liquid alloy coexisting with
solid germanium (Fig. 1) and the activity co-
efficients of indium and antimony in the liguid alloy
at the crystallization temperature from Fig. 4.

Figure 5 shows that the concentration of neutral
indium in the crystallized germanium decreases with
increasing concentration of antimony in the liquid
alloy. There are two causes for this decrease: (i)
increasing antimony concentration in the liquidus
decreases its indium concentration at a fixed crystal-
lization temperature (cp. Eq. 3), and (ii) increasing
antimony concentration decreases the activity co-
efficient of indium in the liquid alloy. The same is
true, of course, for the concentration of neutral anti-
mony in germanium as function of the indium con-
centration in the liquid alloy.

The total impurity concentrations (neutral and
ionized impurities) are obtained from those of the
neutral impurities by taking into account the
ionization equilibrium in the semiconductor. Perti-
nent equations will be derived in the appendix from
a general viewpoint considering impurities of the
same and of opposite conductivity types, and non-
degenerate as well as degenerate conditions.

In the present case, where we deal with impurities
of opposite conductivity types and with nongenerate
conditions, it will be shown in the appendix that

Csp = C¥p
(1 +iex (G/2) [
ﬁL g &XP

C*m + 2N exp (—G) ]”2*
C*s, + 2N, exp (—G) J
[19]
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CIn = C%pp
1 Cx ZNV —G 1/2
1+ —exp (G/2) [ s» + 2N, exp (7G) ]
2 C*n + 2N exp (—QG) ]
[20]

G designating the forbidden band gap divided by kT,
which is related to n; by

n2 = N Ny exp (—G) [21]

The “1” in Eq. [19] and [20] is found to be small
compared to the other expression in the parenthesis
indicating that Cg, >> C%s, and Ci >> C¥,. Thus
the concentration of antimony is increased due to the
effect of the indium on the ionization equilibrium
by about the factor \/1 + C*,/2N. exp (—B), and
that of indium due to the presence of antimony by
about the factor \/1 + C*g,/2N, exp (—B). Numeri-
cal values for 2N, exp (—B) and 2N, exp (—B)
have been listed in Table III and can be compared
with the concentrations of neutral antimony and in-
dium plotted in Fig. 4. For the range of composition
and temperature covered by the data of Fig. 4, it is
found that the increase in the antimony concentra-
tion resulting from the effect of the indium on the
lonization equilibrium is appreciable in all cases,
ranging from about a factor 2 at 600°K and small
antimony concentration to about 1.5 at 1000°K and
small antimony concentration, and decreasing only
slightly with increasing antimony concentration. The
effect of the antimony on the indium concentration
by means of the ionization equilibrium is less pro-
nounced since Fig. 4 covers mainly indium-rich,
antimony-poor alloys; i.e. small r. However, the
effect of antimony on the indium concentration due
to the ionization equilibrium is by no means negli-
gible for r z 0.2.

The total concentrations of indium and of anti-
mony in the crystallized germanium have been cal-
culated by Eq. [19] and [20] using the concentra-
tions of neutral impurities shown in Fig. 5, and the
numerical values of the electric parameters, n;, N,
and N, as used in ref . (8), which come from a review
paper by Conwell (16). Figure 6 shows Cgy and Cyn
at several crystallization temperatures as a function
of the ratio r = xs,/x1n. Note that with increasing r
at a given crystallization temperature the crystal-
lized germanium changes from p-type to n-type. The
compositions of the liquid alloy at which this transi-
tion occurs, i.e, at which the germanium is compen-
sated, have been marked by the dotted line in Fig.
1. At 600°K the Sb:In ratio required for crystalliza-
tion of n-type germanium is not accessible because
of formation of solid indium antimonide. Using the
liquid alloy of r = 0.28, p-type germanium would

Table 111, Numerical values-of certain parameters
occurring in the Eq. [19] and [20]

Temp, "K 2N. exp (—B) 2N~ exp (—B)
600 405 x 1015 cm—3 2.23 x 1015 cm—3
700 2.50 x 1018 1.37 x 1016
800 1.44 x 1017 7.97 x 1016
900 6.23 x 1017 3.44 x 1017

1000 2.02 x 1018 1.11 x 1018
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Fig. 6. Total concentrations of antimony, Csp, and of indium, Cpy,
in germanium crystallized at the temperatures indicated along
the curves (in °K) from a ternary alloy Ge-In-Sb of the Sb:ln
ratio shown as abscissa. Csy, are the curves which rise almost
linearly with r. The intersection points of the two families of
curves correspond to impurity-compensated germanium.

crystallize above 750°K and n-type germanium be-
low 750°K. For T > 800°K the values of r corre-
sponding to compensation are close to r = 0.3 which
is the ratio of Sb to In if the segregation coefficients
at the melting point of Ge for the binary systems
Sb-Ge and In-Ge would apply to the ternary sys-
tem at various temperatures, and if there would not
be any interaction between Sb and In. This surpris-
ing agreement is a consequence of compensation of
the effects resulting from the activity coefficients and
from the ionization equilibrium.

The p-type conduction of the germanium crystal-
lized at a given temperature depends on the Shb-
concentration in the liquid alloy for the following
reason: (a) Increasing xs, decreases xj, at a given T.
(b) Increasing xg, decreases ym. (c) Presence of Sb
in the germanium increases the ratio Cin/C*n. (d)
Presence of Sb in the germanium partially com-
pensates the presence of In with respect to con-
ductivity.

The relations (a), (b), and (d) tend to suppress
the p-type conductivity while the relation (¢) en-
hances the p-type conductivity. The influence of the
relations (a) and (b) is clearly recognizable in Fig.
5 regarding the concentration C*p,. Figure 6 shows
that the influence of the relations (a), (b), and (c¢)
on the total indium concentration just about compen-
sates at 900°K for xsp/xm < 0.5 and at 1000°K for
Tsb/Tin f 0.2. At 800°K, 700°K, and at 600°K the

influence (¢) dominates over (a) and (b) already at
comparatively small ratios xgp/®p.

The concentration of antimony increases almost
linearly with xsp/xm for any temperature between
600°K and 1000°K up to the ratio xsw/xin where
change from p-type to n-type occurs. The concentra-
tion of indium in germanium in the limit of zero
antimony agrees fairly well with experimental data
by Lee (17) as discussed in ref. (8).
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Fig. 7. Distribution of antimony in germanium crystallized from
a saturated ternary alloy Ge-Sb-In when cooling from 1000°K, for
the Sb/in-ratios r = 0.2, 0.15, and 0.1. The abscissa is the
position in the crystallized layer expressed in dimensionless units
by multiplying with the area (A), the concentrations of atoms in
solid germanium (Nge) and dividing by the number of Ge atoms
in the liquid alloy at the start of crystallization (L,).

For the post alloy diffusion process (6,7), it is
important to control the distribution of antimony in
the recrystallized germanium as the initial condi-
tion for a subsequent diffusion. Of particular im-
portance is the total concentration of antimony per
unit area in the recrystallized layer

Ngp/A = f’;o/ANGe CgpdZ [22]
which can be calculated for various alloy cycles by
combination of Eq. [15], Fig. 1 to provide T (xge),
and Fig. 6 to provide Cg, (T). Examples are found
in Fig. 7.

In producing the emitter region of a transistor
by an alloying process it is customary to add small
amounts of Al and Ga to In in order to increase the
p-type conductivity of the crystallized germanium,
i.e., using a quaternary system,? e.g., Ge-In-Ga-Sb.
The substitution of less than 1% of Ga for part of
the In will not affect the activity coefficient of anti-
mony significantly, or the temperature of coexistence
with solid germanium. However, if the concentration
of gallium in the solid germanium exceeds that of
indium the concentration of antimony would be af-
fected because of the ionization equilibrium.

Comparison with Experimental Data of
Zemskov et al. (4)

Zemskov et al. (4) have determined the concen-
trations of antimony and of indium in germanium
crystallized from liquid ternary alloys of the compo-
sitions xg. = 0.867, 0.71, and 0.412, and various anti-
mony to indium ratios r. The antimony content was
determined by using the isotope Sb'?* and the indium
content was then derived using Hall effect data at
room temperature. The crystallization temperatures

2 In some cases Pb is added.
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and the solidus concentrations of Zemskov et al. (4)
for the two binary systems Ge-In (r = 0) and Ge-Sb
(r = o) differ considerably from the data of Thur-
mond and Kowalchik (1) and of Trumbore (5). The
discrepancy in the solidus concentrations cannot be
explained by the discrepancy in the liquidus tem-
peratures and is particularly strong for Ge-Sb at
Tce = 0.412 and for Ge-In at xge = 0.867, where so-
lidus concentrations of Zemskov (4) are higher by a
factor 2.5 and 2, respectively, than Trumbore’s
values. The germanium compositions investigated
corresponded to crystallization temperatures of
1143°K, 1085°K, and 945°K, respectively. While
these temperatures differ significantly from the tem-
peratures for the binary systems of equal germanium
concentrations according to Thurmond and Kowal-
chik (1), this discrepancy is not important for the

‘following discussion. The two higher temperatures

are in the range beyond the curves plotted in Fig. 6,
but we may infer from the trend of the curves that
no maximum of Ci, with increasing r is expected.
This is in contrast to Zemskov et al., who observe a
maximum by a factor 1.2 (at xg.= 0.867) and 2
(at xge = 0.71) higher than Cy, at » = 0. At the com-
position xg. = 0.412, there is a significant change in
the crystallization temperature with composition r
(compare the curvature of the line T = 1000°K in
Fig. 1, showing the change of composition xg. with 7
at a constant crystallization temperature). By using
the data of Thurmond and Kowalchik (1) and of
Fig. 2, curve 3, we find that T,=1 — T,=¢ = 52°K at
Tge = 0.412, Thus the indium concentration in solid
germanium as a function of r at xge = 0.412 would
not correspond to a constant temperature curve, but
should change from the curve T = 978°K to T =
1030°K in Fig. 6 in the range between r = 0 and r =
1. While this might lead to a shallow maximum of Cin,
this maximum would certainly not be as pronounced
as the factor 3 observed by Zemskov et al. The shape
of the curves in Fig. 6 arises in part from the devia-
tions from ideal behavior as expressed by activity co-
efficients differing from unity and in part from the
ionization equilibrium. If we would have used ac-
tivity coefficients of unity throughout, taking only
into consideration the ionization equilibrium, curves
would have been obtained which still would not
exhibit the pronounced maximum of Ci, with r ob-
served by Zemskov et al. (5). It is interesting to
note that compensation, Cg, = Ciy, is found to occur
by Zemskov et al. at r =~ 0.3, for the two higher ger-
manium concentrations, roughly in agreement with
Fig. 6. However, at the lowest germanium concen-
tration compensation is found at r = 0.1, while we
would expect it still around 7= 0.3.

Since the ionization equilibrium cannot account
for the observations of Zemskov et al., formation of
neutral InSb molecules in the solid germanium has
been considered by us as a tentative explanation.
The maximum concentration of these molecules may
be expected to occur at the ratio r = 1, correspond-
ing to the maximum of C*;, « C*sp =~ Ty, * Xgp (ignor-
ing effects arising from the activity coefficients as
second order ones). However, the maximum of Cy, as
found by Zemskov et al. (4) occurs at r =~ 0.3, 0.3,
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and 0.1, respectively, for the three germanium con-
centrations. Thus the data of Zemskov et al. cannot
be explained by means of the ionization equilibrium
or by means of neutral (InSb) molecules. It appears
desirable to examine additional experimental data,
particularly in view of the serious discrepancies
with existing experimental data (1, 5) on the
binary systems.

Summary and Conclusion

The concentrations of two electrically active im-
purities (indium and antimony) in a semiconductor
(germanium) have been discussed, which arise un-
der thermal equilibrium conditions of doping assum-
ing that the two impurity types interact in the semi-
conductor only through their combined influence on
the ionization equilibrium. For convenience it has
been assumed that the impurities have energy levels
coinciding practically with the bottom of the con-
duction band or the top of the valence band, re-
spectively. The case where the semiconductor is
crystallized from a ternary melt has been investi-
gated in detail taking into account the interaction of
the semiconductor element with the two impurity
elements in the liquid phase by activity coeffi-
cients which were obtained approximately from a
linear combination of integral molar excess free
energies of the three binary liquid phases.

The concentrations of the liquid ternary Ge-In-Sb
alloy coexisting with (a) solid germanium, or (b)
solid indium antimonide have been derived, and the
concentrations of indium and antimony in solid ger-
manium crystallized from alloys of composition (a)
have been computed. There are ranges of concen-
trations and temperatures where p-type and others
where n-type germanium crystallizes. Under cer-
tain conditions InSb crystallizes simultaneously with
germanium,

Our computed data agree well with the liquidus
of the three binary systems Ge-In, Ge-Sb, and In-Sb
(for xmm i 0.5) due to the choice of the energies in-

volved in the activity coefficients.

The solubility of germanium in liquid indium
antimonide was measured by Glasow and Tschi-
shewskaya (3). Treating this as an ideal ternary
system, fair agreement with the empirical data is
achieved except near the melting point of Ge, where
a systematic error in the empirical data is indicated
since Raoult’s law is violated. Incorporating our ac-
tivity coefficients the agreement is generally not
improved, the correction being of the correct sign
but too large.

The experimental solidus data by Zemskov et al.
(4) exhibit serious discrepancies with experimental
data (1,5) for the two binary systems Ge-In and
Ge-Sb. For the ternary systems, Zemskov et al. find
a prominent maximum of Cy, at a finite antimony
concentration. The maximum is much higher than
accounted for by the ionization equilibrium. Forma-
tion of neutral (InSb) clusters is not a satisfactory
explanation because the maximum occurs at much
smaller r-values than the r =~ 1 expected for cluster-
ing.

While the quantitative values computed in this
paper may require some modification in the light
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of new empirical data, it is believed that the quali-
tative features present a valuable survey of the
problems and possibilities encountered in crystal-
lizing a semiconductor from a liquid ternary system
containing two impurity elements, and that pre-
cise data of this kind should prove valuable for
certain industrial transistor processes (6, 7).

In our considerations the chemical interaction of
the two impurity types in the solid, consisting of
formation of molecules, has been neglected. This
interaction need not concern us here if these mole-
cules are inactive as donors or acceptors of con-
duction electrons. The “total” impurity concentra-
tions as used in this paper are then the concentra-
tions of neutral and ionized single impurities ex-
cluding molecules. However, the degree of associa-
tion of molecules will generally vary with tempera-
ture, so that the concentration of impurity molecules
at the crystallization temperature T, will not be
equal to that at the temperature To (<T;) where
electric measurements are performed. In this sense
the molecule formation may become significant for
the electric properties of the semiconductor. For
further discussion see Reiss and co-workers (9).
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APPENDIX

Ionization equilibrium of two impurities in a semi-
conductor——When considering the crystallization of
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germanium from a liquid ternary alloy, the total con-
centration of neither impurity type can be considered
as given a priori, but the concentrations of the neutral
impurities are fixed by mass action laws (section on
Concentrations of Antimony and Indium in the Crystal-
lized Germanium). Therefore, we require the total
concentration of either type of impurity in terms of the
neutral concentrations of the impurities, i.e., the
ionization equilibrium.

Let us designate the two types of impurities by “C”
(domnors) and “W” (donors or acceptors). C and W will
be used for the concentrations of these impurities.

The ionization equilibrium is fully characterized by
the Fermi level, which is determined by the zero space
charge condition in the bulk of a homogeneously doped

semiconductor
CtxW*=4+p—n=20 [1]

where C*, W= are the concentrations of ionized im-
purities and p, n are the hole and electron concen-
trations in the semiconductor. Expressing the four
terms in Eq. [I] by the Fermi energy, Er, assuming
for the moment nondegenerate electron and hole as-
semblies, and identifying the energy levels of the im-
purities with the boundaries of the conduction (Ec)
and valence (Ey) bands one obtains

C
Ct = —4 0 ——— [11]
14+ 2expnt
w
Wt = [II1]
14 2expn™
p= Nvexpn™ [IV]
n= Ncexpn* [Vl
nt = (Er — Ec) /KT [VI]
and
1~ = (Ev— Er) /kT [VII]

Using  these equations the concentrations of ionized
impurities expressed in terms of concentrations of non-
ionized impurities (Cx = C — C* etc) become

C+ = Cx/2 expn?t [VIII]
W+ = Wx/2expn* [IX]

Introducing the Eq. [IV], [V], [VIII], and [IX] into
Eq. [I] and considering that

Nt —n" = (Ec—EV/kT =G [X]
we obtain in the case that “C” and “W” are donors
expnt = /[Cx 4+ Wx 4 2Nvexp (—G)1/2N¢c [XI]

C = Cx{1 4+ /Nc/[2(Cx + WX + 2Nvexp (—G) 1}
[XII]

W = Wx{1 + \/Nc¢/[2(Cx + WX + 2N exp (—G) ]}
[XIII]

IMPURITY CONTENT OF Ge FROM Ge-In-Sb 73

while in the case that “C” are donors, “W”’ are acceptors
exp n+ = exp (—G/2)

V[C* -+ 2Nv exp (—G)1/[Wx 4 2Nc exp (—G) ] [XIV]

and Eqg. [19] and [20] of the text.

Presence of impurities of the same type decreases the
total impurity concentration, while presence of impuri-
ties of the opposite type increases the total impurity
concentration.

Our considerations were limited so far to the case of
nondegenerate electron or hole assemblies by the use of
Eq. [IV] and [V]. The case of a degenerate electron (or
else hole) assembly will be discussed now briefly using
the function f(C/Nc¢, ni/Nc) of ref. (8).

In the case that both “C” and “W” impurities are of
the same type (e.g., donors) with energy levels at the
boundary of the band, one has

Cx _ Wwx _ f[(W + C)/Nc,ni/Ncl
- (W 4 C)/Nc

IXV]

C w
and therefore

C(W) _ fIC(O)/Nc,ni/Nc}
C(0)  fL(W + C)/Nc,ni/Nc]

If the “C’ and “W” impurities are of opposite types
and if C << W, the ionization equilibrium of the “C”
impurities expressed in terms of the ionization equi-
librium of the dominant “W” impurities is

Cx/C = 4(W/W=x— 1) ni?/ (NcNv)

This equation was obtained by elimination of exp n*¥,
exp w~ from the Eq. [II], [III], and [VIII], which are
all valid for degenerate and nondegenerate conditions,
by considering that Cx/C << 1 if the Fermi level is
determined by the dominant “W” impurities, and by
using Eq. [21] of the text.

Expressing the ionization equilibrium of the “W?»
impurities by the f-function, mentioned previously, one
obtains

(W4 C)

XVI
CO) [ !

[XVII]

C(W) { NN¢ [ W/N+ l]ﬂ}
co) | 4n2 f(W/Nvn/Nyv)
C(O i
f[C(0)/Nc¢,mi/Nc) XV
C(0)/Nc

The term in parenthesis is C(W) /Cx, which has been
assumed to be large compared to unity. The other
factor on the right is Cx/C(0O). The concentration
C(O) can be calculated by the equations of ref. (8) for
solid-gas and solid-liquid equilibria. Using the multi-
plication factors [XVI] or [XVIII], respectively, the
concentration of “C” impurities in presence of pre-
valent “W” impurities can be derived.
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VIIi. Behavior of Benzyl Halides and Related Compounds
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ABSTRACT

Polarographic studies of benzyl chloride, benzyl bromide, benzyl iodide,
benzylmercuric iodide, dibenzylmercury, mercuric iodide, ethyl chloroacetate,
and ethyl bromoacetate have been made in acetonitrile and dimethylformamide
containing tetrabutylammonium salts. Benzyl chloride and ethyl chloroacetate
were found to undergo a facile displacement reaction with bromide ion. Benzyl
chloride and bromide react with iodide ion to form benzyl iodide which reacts
rapidly with mercury and forms benzylmercuric iodide. The latter compound,
on standing, slowly forms mercuric iodide.

Large-scale electrolytic reduction with uncontrolled potential of benzyl
chloride in the absence and presence of carbon dioxide gave toluene. The semi-
controlled potential electrolytic reduction of benzyl chloride in the presence

of carbon dioxide gave phenylacetic acid.

The unusual polarographic behavior reported for
the reduction of benzyl halides in aqueous medium
(1) in which monovalent negative ions and free
radicals are postulated as intermediates suggested a
further study of these compounds in dimethylfor-
mamide and acetonitrile. Previous work (2) in these
solvents had indicated that stable carbanions and
anion free radicals are formed in the reduction of
certain unsaturated hydrocarbons. Data obtained for
the halides in these solvents would therefore aid in
the formulation of a reduction mechanism.

Experimental

The solutions were studied in cylindrically shaped
cells fitted with side arms for the anode connection
and for the admission of nitrogen. The anode was a
pool of mercury, and measurements were made in a
water thermostat at 25° == 0.1°.

The electrolytic cell was similar to the cell used
in previous studies (2). The bath temperature of the
cell was maintained at 0°

The Sargent Model XII polarograph was used to
obtain the polarograms. The polarograph had a cur-
rent-scale calibration of 0.005714 pa/mm at a sen-
sitivity of one. The gas chromatograph was a Per-
kin-Elmer Model 154 and used helium as the carrier
gas.

Three dropping mercury electrodes were used in
this study, and all the data listed in the table are for
capillary one unless stated otherwise in the table.
Capillaries one and two operated with a mercury
head of 48 c¢m, and capillary three operated with a
mercury head of 54 cm. Capillaries one, two, and
three had a drop time of 3.82 sec, 4.12 sec, and 3.30
sec, respectively, and had m?/3 t/¢ values of 1.91
mg?? sec™1/2 1,88 mg?3 sec Y2, and 1.95 mg?/3
sec~1/2 respectively.

The acetonitrile and dimethylformamide were
purified by the methods given in an earlier paper
(3). Tetrabutylammonium bromide, tetrabutylam-
monium iodide (3), benzyl bromide (4), benzyl-

mercuric chloride (5), and dibenzylmercury (6)
were prepared by methods given in the literature.
Benzyl iodide was prepared from benzyl chloride
by a modification of the directions of Kumpf (7).
Sodium iodide and acetone were substituted for po-
tassium iodide and alcohol. Benzyl chloride, ethyl
chloroacetate, and ethyl bromoacetate were purified
by distillation. Reagent grade mercuric iodide was
used without further purification.

Benzylmercuric iodide.—A solution of sodium
iodide (7.8g) in acetone (25 ml) was shaken with a
solution of benzylmercuric chloride (17g) in acetone
(150 ml) for 1 hr. The resulting suspension was fil-
tered, and the filtrate was evaporated to dryness.
Extraction with ether gave a quantitative yield of
benzylmercuric iodide. Recrystallization from eth-
anol after treating with decolorizing carbon gave
benzylmercuric jodide melting at 115°-117°. The
literature (8) reports a melting point of 117°.

Electrolysis of Benzyl Chloride

A solution of 350 ml of dimethylformamide con-
taining 22.6g of tetrabutylammonium iodide and 10
ml of benzyl chloride was electrolyzed in an H-cell
(2) containing a mercury pool cathode (45 cm?) and
a platinum screen anode. Both anode and cathode
compartments were fitted with glass exit tubes.
Gases given off during the electrolysis were passed
through a dry ice trap, a 109 hydrochloric acid solu-
tion and ascarite and anhydrone tubes and then col-
lected over water.

Direct current using a line voltage of 85v was
passed through the cell after degassing with puri-
fied nitrogen for 2 hr. The current started at 0.3 amp
and fell to less than 0.15 amp after 24 hr.

Approximately 600 ml of nitrogen was passed
through the system after completion of the elec-
trolysis and combined with the gases formed during
the electrolysis. The gas mixture was transferred to
100 ml serum bottles and capped with a combination
rubber and steel stopper. The contents were ana-
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lyzed by vapor phase chromatography using an acti-
vated charcoal column at 28° and carbon monoxide
and methane were found in a ratio of 25:1. Other
gases present in smaller amounts were n-butane and
the butenes (traces) and were determined on a di-2-
ethylhexyl sebacate column at 33°.

The hydrochloric acid trap contained no dimethyl-
amine.

The catholyte and anolyte were combined, and a
small sample was analyzed by the v.p.c. method us-
ing a Silicone oil D.C. 200 column at 123°, and con-
tained toluene; the yield was 75%. Distillation of
the anolyte and catholyte under reduced pressure
(5 mm), and collection of the volatile materials in
a dry ice trap was followed by v.p.c. analysis using
a tetramethylene glycol dimethyl ether column at
63°. Compounds identified were n-butane, butenes,
isopentane, and toluene. The ratio of n-butane to the
butene was approximately 8:1, and the ratio of n-
butane to isopentane corresponded approximately to
7:1. No dimethylamine was found in this distillate.

A similar reduction when carried out while car-
bon dioxide was passed through during the elec-
trolysis gave no phenylacetic acid.

Modification of the last electrolysis by using a
voltage of 13v and a solution of dimethylformamide
(250 ml) containing 0.15M tetrabutylammonium
bromide and benzyl chloride (10 ml) gave a current
of 0.035 amp. This current remained constant for 48
hr. The resulting solution was stripped of di-
methylformamide under reduced pressure (2 mm),
and the residue was treated with dilute aqueous
potassium hydroxide. Extraction of this solution
with ether was followed by acidification of the aque-
ous layer. The acidified solution on extraction with
ether gave phenylacetic acid (0.1g). Identification
was made by comparing the infrared spectrum and
NMR spectrum with those of an authentic sample.

Results
The polarographic data for the reduction of vari-
ous benzyl halides in dimethylformamide (DMF)
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and acetonitrile are listed in Table 1. Data are also
listed for ethyl chloroacetate and ethyl bromoacetate
since these compounds represent halogen compounds
of comparable reactivity to that of the benzyl hal-
ides.

To elucidate the mechanism of reduction of benzyl
iodide, the behavior of benzylmercuric iodide, di-
benzylmercury and mercuric iodide was also studied
and the results are given in Table I. The polaro-
graphic curves for benzylmercuric iodide and mer-
curic iodide in acetonitrile containing tetrabutyl-
ammonium iodide changed with time and are shown
in Fig. 2-5.

To determine the mechanism of reduction of ben-
zyl chloride and the stability of the benzyl anion,
large scale electrolytic reductions were carried out
in the presence and absence of carbon dioxide. Gases
collected in the latter were examined by vapor
phase chromatography to determine how the sol-
vent, dimethylformamide, was involved in the elec-
trode reaction.

Discussion of Results

Examination of the results in Table I indicates
that the polarographic behavior of benzyl chloride
depends on the supporting electrolyte employed. In
solutions containing tetrabutylammonium bromide
benzyl chloride gives two waves whose heights
change with time; the first wave grows at the ex-
pense of the second wave. The half-wave potential
of the first wave approximates that found for benzyl
bromide and would point to the formation of benzyl
bromide from benzyl chloride.

CsHsCH,Cl 4+ Br— - CsH;CH,Br + Cl1™

A similar behavior was found to occur with ethyl
chloroacetate in bromide solution. The first wave
had approximately the same half-wave potential as
that found for ethyl bromoacetate. No dip in the dif-
fusion current was observed in agreement with the
work in aqueous and methanolic medium (1). Both
waves based on the diffusion current constant (I4)

Table I. Polarographic behavior of benzyl halides and related compounds in dimethylformamide and
acetonitrile containing 0.175M tetrabutylammonium salts

Compounda; b Salt Solvent El, (vs. Hg pool) Iqc EYa (vs. Hg pool) Ia¢
CsHsCH:C1 Br DMF —0.84 0.50 —1.82 2.174
CsHsCH:Br Br DMF —0.83 2.58¢
CsH5CH:Cl Br CH;CN —~0.83 1.58 —1.88 3.10
CsH;CH:Br Br CHsCN —0.84 418
CICH2COOC:Hsf: 9 Br CHsCN —0.39 0.83 —1.74 2.38
BrCH2COOC:H; Br CH;CN —0.43 3.70
CsHsCHoIM Br CH3CN —0.24 18.1
CeHsCHaC1 I CH;CN —0.12 (—1.04)% 2.99 —1.89 3.22d
CsHsCHBro.i I CH3;CN —0.19 (—0.87)k 20.0
CeHsCH,lI I CHsCN —0.27 (—0.92)k 18.7
CeHsCHzHgls I CHsCN —0.31 (—0.92)k 17.8
(CsHs5CHz) oHgt I CH3CN —1.64 4.78
Hgl» 1 CH;CN —~0.06 (—0.19)* 20.0

¢ The concentration is 0.001M unless otherwise noted.

» The solution was deoxygenated for 1 hr unless otherwise noted.

ta
elg = —
Cm2/3f1/e

4 Capillary 2.

¢ Capillary 3.

7 Concentration 2.56 x 10-3M.

¢ The solution was deoxygenated for 30 min,

* The solution was deoxygenated for 60 min prior to the addition of benzyl iodide and an additional 10 min following the addition.

* Concentration 5 x 10-4¢M.
i Deoxygenated for 12 min.
® Voltage at which the wave dropped to normal.
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for the benzyl halides would correspond to a reduc-
tion of these compounds to toluene. The reduction
is irreversible since a slope analysis of the benzyl
bromide wave gave a value of 0.11.

A similar displacement reaction with iodide ion
occurs for benzyl chloride and benzyl bromide in
solutions containing tetrabutylammonium iodide;
the reaction with benzyl chloride is, however, much
slower since a wave for benzyl chloride appears at
—1.89v. Benzyl iodide once formed, reacts rapidly
with mercury and forms benzylmercuric iodide since
the waves obtained for these two compounds are
quite similar (Fig. 1 and 2). The slight difference is
probably caused by the formation of some mercuric
iodide in the reaction of benzyl iodide with mercury.
This formation of a benzylmercuric derivative would
occur more rapidly in agueous medium because of
the higher dielectric constant and may be responsi-
ble for the observation that benzyl bromide and
benzyl iodide are reduced at the same point (1).

The curve found for benzylmercuric iodide is un-
usual in appearance; a broad maximum is obtained
which then drops to the reduction wave (Fig. 2).
This maximum changes with time and splits into
two maxima (Fig. 3 and 4); the maximum in the
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Fig. 1. Polarogram of 10—3M benzyl iodide in acetonitrile con-
taining 0.175M tetrabutylammonium iodide after 12 min.
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Fig. 2. Polarogram of 10~3M benzylmercuric iodide in acetonitrile

containing 0.175M tetrabutylammonium iodide after 1 hr.
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zero volt region resembles the maximum found for
mercuric iodide (Fig. 5).

The change in the polarographic curve with time
would suggest that the following reaction may be
occurring
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Fig. 3. Polarogram of 10— 3M benzylmercuric iodide in acetonitrile
containing 0.175M tetrabutylammonium iodide after 3 hr.
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Fig. 4. Polarogram of 10— 3M benzylmercuric iodide in acetonitrile
containing 0.175M tetrabutylammonium iodide after 72 hr.
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Fig. 5. Polarogram of 10—3M mercuric iodide in acetonitrile con-
taining 0.175M tetrabutylammonium iodide after 90 min.
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2CH;CH,Hgl 2 (CeH;CH,),Hg + Hgl,

The wave (I = 1.06, Fig. 3), occurring at the point
where dibenzylmercury is reduced (—1.70v) indi-
cates that this reaction occurs to the extent of about
40%. The reversibility of this system was demon-
strated by starting with equimolar concentrations of
dibenzylmercury and mercuric iodide in dimethyl-
formamide and studying the reaction polarographi-
cally. After 5 hr the curve approximated the curve
shown for benzylmercuric iodide after 3 hr (Fig. 3).

Other possibilities for the production of mercuric
iodide are shown below and were checked by al-
lowing a solution of benzyl bromide,

2CGHSCH2HgI‘—> CsHsCHy;CH,CgHy + Hgsl,
CeHsCH-HgI + CsHsCH,l —
C6H5CH2CH2C6H5 + HgIz

tetrabutylammonium iodide, and mercury in ace-
tonitrile to stand for two days and checking the
products by gas chromatography. The poor yield of
bibenzyl obtained eliminated this reaction as a
major contributor. The above reaction or a Wurtz
type condensation may be the source of the bi-
benzyl reported in the large scale electrolytic reduc-
tion of benzyl bromide in 509 methanol (1).

The possibility exists that the reduction of ben-
zylmercuric iodide occurs in a manner similar to
that observed for phenylmercuric halides in aqueous
media (9). The first wave would involve the fol-
lowing reaction

CsH;CH,HgI + e > CeH;CHoHg - + 1™

Superimposed on this wave is a maximum brought
about possibly by the adsorption of the reduction
product on the surface of the drop. This phenome-
non apparently has little effect on the electrocapil-
lary curve in this solvent since the curve is the same
as that found for a solution without the benzylmer-
curic iodide.

The second wave which occurs after the drop of
the maximum would correspond to the further re-
duction of the intermediate.

CGH5CH2Hg~ +e— C6H5CH2M + Hg

Both reduction steps are modified with time by
the mercuric iodide and dibenzylmercury present.
Mercuric iodide not only gives a maximum in its re-
duction but also modifies and shifts the maximum
for the benzylmercuric iodide to more negative
potentials. The wave for mercuric iodide is no doubt
caused by the reduction of mercurous ions formed
by the equilibrium (10)

Hgtt + Hg<=2Hg*

Large scale electrolytic reduction with uncon-
trolled potential of benzyl chloride in dimethylform-
amide containing tetrabutylammonium iodide gave
toluene as the principal product. The same type of
reduction in the presence of carbon dioxide gave
toluene as the main product and no phenylacetic
acid.

POLAROGRAPHIC STUDIES IN ACETONITRILE (i

Reduction with a controlled potential was difficult
to carry out since it was not possible to find a stable
reference electrode. Silver-silver halides dissolved
slowly in dimethylformamide. By using a lower ap-
plied potential it was possible to obtain semicon-
trolled conditions. Under such conditions the reduc-
tion of benzyl chloride in dimethylformamide con-
taining tetrabutylammonium bromide gave in the
presence of carbon dioxide a small yield of phenyl-
acetic acid.

The above results confirm the two-electron re-
duction of benzyl chloride to a benzyl carbanion

C¢H;CH,Cl + 2e - CeH;CH,~ + C1™

The carbon dioxide converts the carbanion to the
acid isolated.

In the absence of carbon dioxide the benzyl-car-
banion would be expected to add to dimethylform-
amide and form an intermediate which

CGH5CH2_ + HCON (CH3)2 —> CGH5CHQCHN (CH3)2

|

O —

should yield phenylacetaldehyde on hydrolysis. An
electrolysis carried out under such conditions was
tried but no aldehyde was isolated probably because
of the sensitivity of this compound to condensations.

When uncontrolled potentials are used, deposition
of the supporting electrolyte occurs and produces
butyl radicals which can either react with the

(CHy) N*t + e~ CiHy- + (C4Hy) 3N
benzyl carbanion
C4Hy- + CeHsCH,~ —» CyHy: + CeH;CHp-
abstract hydrogen from the solvent
C4Hy- + HCON(CHj)~
C4H;o + -CON(CHj3), + HCONCH;

|
CH,-
or disproportionate.

2 C4Hy- - CHyo + CiHg

The benzyl radical thus produced can abstract
hydrogen from the solvent and form toluene. The
latter compound could also be formed by the reac-
tion of the benzyl carbanion with traces of moisture
in the dimethylformamide.

The possibility of a reaction between the benzyl
carbanion and the supporting electrolyte mentioned
earlier (11) cannot be eliminated as a source of
toluene.

The butyl carbanion generated in the above re-
action probably adds to the dimethylformamide. No
effort was made to isolate this product.

Abstraction of hydrogen from the solvent by butyl
radicals is apparently one of the main reactions
since the ratio of butane to butenes found was 8:1.

The carbon monoxide and methane produced
probably comes from the dimethylcarbamoyl radi-
cal. In earlier work (2) the methane was errone-
cusly identified as hydrogen. The radicals produced
from dimethylformamide and peroxides are re-
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ported to dimerize (12 )and to react with fragments
cf the peroxide (13). No mention of the formation of
carbon monoxide is made in any of these studies.

Decomposition of dibenzoyl peroxide in dimeth-
ylformamide carried out in this laboratory gave a
small amount of carbon monoxide in the gaseous
products. These results suggest that the dimethyl-
carbamoyl radical decomposes into carbon monox-
ide and the dimethylamino free radical. The latter
may be the source of the methane found since this
gas is reported to be found in the photolysis of di-
methylamine (14).
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The Crystal Structure and Polarity of Beryllium Oxide

Deane K. Smith, Herbert W. Newkirk, and J. S. Kahn

Lawrence Radiation Laboratory, University of California, Livermore, California

ABSTRACT

New x-ray intensity data from synthetic beryllium oxide crystals have
verified the distorted wurtzite-type structure previously reported by Jeffrey,
Parry, and Mozzi. The oxygen z parameter obtained from the refinement is
0.3786 == 0.0005 compared to 0.375 for the undistorted structure. The resulting
structure has a Be-O bond distance of 1.659 = 0.003A parallel to the c-axis and
three distances of 1.645 =+ 0.003A completing the tetrahedral coordination. The
difference of 0.014A appears statistically significant and indicates that the long
bond has slightly more ionic character than the other three. Measurement of
the signs of the piezoelectric and pyroelectric charge and the shape and rate of
etch pit formation were correlated with the internal crystal structure to
identify the crystallographic polarity. On crystals showing a hemimorphic
habit, consisting principally of a hemipyramid, a prism and a dominant pedion,
the dominant pedion has been shown to be terminated by oxygen atoms. In
oxidizing etching media the {00.1} surfaces are much more reactive than the
{00.1} surfaces. The differences in surface reactivity are consistent with a modi-
fied version of the Warekois-Gatos hybrid orbital bonding model for Aji-Bv
and Ap-Byr compounds. A discussion is presented relating the crystalline
structure of beryllium oxide to its mechanical properties and mechanism of

crystal growth.,

The successful application of beryllium oxide as a
moderator in high-temperature, gas-cooled nuclear
reactors has stimulated considerable research into
the properties of this compound (1, 2). An accurate
knowledge of the structure, bonding relationships,
and polarity in beryllium oxide would prove invalu-
able in interpreting results from crystal growth
studies and electrical, mechanical, and optical prop-
erty measurements.

The present study was undertaken to verify the
reported structure of beryllium oxide, in particular,
to verify the inequality of the symmetrically non-
equivalent bonds reported by Jeffrey, Parry, and
Mozzi (3), and to relate the erystallographic polar-
ity to the measurements of polar properties such as
the piezoelectric and pyroelectric effects, crystal
morphology, growth phenomena, and surface effects.

Crystal Structure of Beryllium Oxide

Previous work.—Beryllium oxide is one of several
binary compounds crystallizing with the wurtzite-
or zincite-type (hexagonal ZnS or ZnO) structure.
The structural arrangement of wurtzite was origi-
nally determined by Bragg (4), and was shown to
be related to the structure of sphalerite, cubic ZnS
(5). McKeehan (6) first reported the isostructural
relationship of the natural mineral bromellite, BeO,
to zincite. Aminoff (7) made a more thorough in-
vestigation of bromellite to differentiate between the
structure reported by McKeehan and NaCl-type
structure reported by Gerlach (8). Using single-
crystal x-ray data, Aminoff showed that the inten-
sity measurements agreed closely with intensities
calculated for the wurtzite-type structure. The most
recent structure determination on beryllium oxide,
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Fig. 1. Models of the zinc blende (a) and the wurtzite (b} struc-
tures. The white spheres are nonmetal atoms and the black spheres
metal atoms. The corresponding cubic and hexagonal symmetries
are clearly illustrated.

(00.1} SURFACE
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made by Jeffrey, Parry, and Mozzi (3), indicated
that the ideal tetrahedral configuration was prob-
ably distorted so that the bond lengths were not all
equal.

General features of the wurtzite-type structure.—

The relationship of the wurtzite~-type structure to
the cubic sphalerite~type structure is illustrated in
Fig. 1 and can be described in many ways; it is prob-
ably clearest to depict both structures as two sepa-
rate, identical, and interpenetrating arrays of metal
and nonmetal atoms. In the wurtzite-type struc-
tures each array is hexagonal close-packed with the
metal atom array shifted along the c-axis with re-
spect to the nonmetal array so that the atoms of one
array fit into the tetrahedral interstices of the other
array. The sphalerite-type structures may be de-
scribed in the same manner except that the arrays
are cubic close-packed. Both structures are non-
centrosymmetric. In the wurtzite-type structures,
the tetrahedra of one atom type all point in the
same direction along the c-axis. The tetrahedra of
the other atom type point in the opposite direction.
In the sphalerite-type compounds the four 3-fold
axes are polar. In each structure the outermost atom
layer in the basal surface consists of either all metal
atoms or all nonmetal atoms. This condition results
from the fact that the {00.1} surfaces in the wurtz-
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ite-type structure and the {111} surfaces in the
sphalerite-type structure can be created only by
cuts between planes where adjacent atoms are
singly bonded across the cut (such as between AA
and BB in Fig. 1). A cut between AA-B'B’ would
create an unstable surface configuration containing
atoms singly bonded to the structure and three
dangling or disconnected bonds (9-11). These crys-
tal faces are not necessarily planar, but any steps
that exist must be diatomic or some multiple of
two atoms. These relations give rise to properties
in these compounds which depend on vectorial dif-
ferences, i.e., piezoelectricity, pyroelectricity, and
chemical etching.

If the wurtzite-type structures were made up of
undistorted, hexagonal close-packed spheres, the
¢/a ratio would be 1.633. Actually, very few of the
compounds have ratios which are close to this value.
Among the Ap-Byr and A -By compounds, only ZnS
has a ratio greater than 1.633; all the other known
wurtzite-type structures have ratios less than the
“jdeal.” Beryllium oxide has a ratio of 1.622. Previ-
ous workers have not been able to correlate the de-
partures from the 1.633 ratio with any characteristic
of the elements. However, when the compound exists
in both the sphalerite and wurtzite-type modifica-
tions, the hexagonal ¢/a is close to 1.633.

The crystal symmetry of the wurtzite structures
is Ceyt-P6; mc. There are two molecules per unit
cell. All the ions are on sites 2b), 1/3, 2/3, z and 2/3,
1/3, 1/2 + z. The z parameter is not fixed for either
atom, so it is customary to define z as zero for one of
the atoms. In the ideal wurtzite-type structure, the
z parameter of the other atom would then be 0.375
if the atom is to be at the center of the coordination
tetrahedron. Very few of these compounds have had
their structures worked out with sufficient accuracy
to determine departures from the 0.375 position. It
was for this reason that Jeffrey et al. (3) undertook
to refine the crystal structures of AIN and BeO. They
found that in these structures, in which the c¢/a
ratios are 1.600 and 1.622, respectively, the z param-
eter is greater than 0.375. They were able to show
that the parameter was somewhat larger than would
be predicted by assuming all four bond lengths
equal in the distorted tetrahedral configuration de-
termined from the c/a ratio. Their values are 0.378
for BeO as compared to a predicted 0.375 and 0.385
(as compared to 0.380) for AIN. Thus they found
the interatomic distances parallel to the c-axis are
longer than the other three. In BeO the difference
was reported to be only 0.008A. Whether or not this
difference is truly significant was not determined by
Jeffrey et al., but they noted its analog to the devia-
tions found in AIN.

Redetermination of structure.—It was considered
worthwhile to re-examine the structure reported by
Jeffrey et al., because new intensity data using the
high-quality synthetic single crystals of BeO now
available might yield more information on the sig-
nificance of the difference in bond distances. The
crystal used in this investigation was grown by a
hydrothermal technique similar to that used to grow
ZnO crystals (12). The major impurities shown by
spectrochemical analysis were silicon, 100 ppm; iron,
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Table 1. X-ray and optical properties of beryllium oxide

Crystal symmetry P6smc
Morphological point group 6mm (dihexagonal-pyram-
idal)
Cell constants
ao 2.6979 + 0.0002A*
Co 43772 = 0.0002A*
Molecules per unit cell 2

Theoretical density 3.0100 g/cc*

Optical sign Positive
Indices of refraction n, 1.719

n, 1.733
Birefringence (n, — n,) 0.014

* Bellamy, Baker, and Livey (13).

10 ppm; and boron, 7 ppm. Morphological forms
which are present on the crystal were identified by
two-circle goniometric measurements (discussed in
a later section) and include the prism {10.0} and the
pyramid {10.1}. Neither form is perfectly developed
and other forms may also be present. The base
pedion, {OO.T}, is not developed because the crystal
was attached at this point. The crystal is dominated
by the prism and is 0.10 mm in diameter by 0.38 mm
in length.

A resumeé of the x-ray cell data and optical prop-
erties of BeO crystals is given in Table I. The cell
dimensions are those reported by Bellamy, Baker,
and Livey (13).

The x-ray intensities were measured using a Gen-
eral Electric single-crystal orienter and Zr-filtered
MoK, (» = 0.7107A) radiation. Each reflection was
counted for a fixed time interval of 40 sec with the
crystal stationary. The position of the peak was
checked before most measurements to be sure the
calculated position corresponded to the intensity
maximum. Except for a few low-order reflections,
the differences were less than 0.02° on all settings.!
Measurable intensities were obtained for all non-
extinct reflections with (sin 4) /A less than 1.40A—1,
A total of 244 reflections were measured, giving
duplicate values for all intensities except the 00.1’s
and the hh.l’s. Background was measured as a func-
tion of 24 at several y settings. The intensities were
corrected for background and the Lorentz and po-
larization effects but not for absorption. For BeO,
p = 3.24 em~1; thus ur for this crystal varies from
0.32 to 1.21. This absorption was considered small
enough to ignore, although slightly more accurate
data would be obtained by making the correction.
All 244 measurements were considered as independ-
ent reflections during the subsequent least-squares
refinements.

Because the structure was already well estab-
lished, the only calculations considered necessary to
refine estimates of the z parameter were those in-
volving a least-squares analysis. Two routines were
used, a recent version in FORTRAN language (14)
of the Bushing and Levy (15) program, and a pro-
gram written by Gantzel, Sparks, and Trueblood
(16), henceforth referred to as ORLS and LALS, re-
spectively. The first refinements were made using

1 All settings for the single-crystal orienter were calculated using
the cell constants reported by Bellamy, Baker, and Livey. Other re-
ported cells were tried, but the high angle settings showed larger
setting errors and were thus discarded.

January 1964

isotropic atomic temperature factors and z = 0.375.
The ORLS routine yielded z = 0.3786, Bp. =
0.613A-2, Bo = 0.477A~2, and R = 3||F,|—|F.||/2|F,|
= 0.043. The values obtained from the LALS routine
are z = 0.3788, Bp, = 0.526A72, Bo = 0.398A~2, and
R = 0.046. Although the temperature factors are not
in close agreement, the z parameter agreement is
very good. If the final parameters from the ORLS
calculation are used in an LALS refinement, the pro-
gram still refines to the same parameters with the
R-factor showing a corresponding increase from
0.042 to 0.046. The differences in the temperature
factors are somewhat surprising, considering the
fact that the same data are used for both routines.
One difference between the programs is in the in-
terpolation technique for determining the atomic
scattering factor from the input f-curves. It is ob-
served that the calculated structure factors for iden-
tical reflections are not the same for each routine
using the identical input data. Any systematic de-
viation in atomic scattering factors would be com-
pensated by changes in the scale factor and tem-
perature factors. Differences in the scale factors
were also obtained. The divergent results of the two
programs may be due to the interpolated scattering
factors or to other differences or errors existing in
the routines. The observed structure factors are
compared with the values calculated by the ORLS
routine in Table II.

Further refinements were carried out using aniso-
tropic temperature factors. The ORLS routine uses
T = exp [— (h?By; + k2B + 12Bs; +

2th12 + 2h1B13 + 2k1B23)]
as the temperature factor expression. The LALS
routine does not contain the factor 2 associated with
the cross terms. The refinements were carried out

00)
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AND SCFTER)

| _—10.0
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REACTIVE)

GROWTH DIRECTION IN MOLTEN FLUXES

@ GOl {CHEMICALLY
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Fig. 2. Relationship between the internal crystal structure and
the crystal morphology and properties. The principal faces ob-
served on BeO crystals are shown. White spheres are oxygen atoms
and black spheres are beryllium atoms.
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Table 11. Observed and calculated structure factors for BeO
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using 1/6 of an atom distributed over each of the
twelve general positions. Table III shows the final
parameters determined from these refinements. The
bond distances and angles in the structure are
shown in Fig. 2. Although both z parameters are
essentially identical within the limits of error, the
temperature parameters again do not show good
agreement.

Accuracy of the structure determination.—The
question of the deviation from equal bond lengths
in the coordination tetrahedra for beryllium oxide
is still not unequivocally resolved. A difference of
0.014A has been found in this study. To evaluate the
significance of this difference, it is necessary to con-
sider the relationship of the measured z parameter
to the z parameter predicted assuming all bond
lengths to be equal. This comparison is required
because the bond lengths are both dependent on
the single position parameter. The value of z found
in this study is 0.3786 = 0.0005. If the bonds were
of equal lengths the value of z would be 0.3765. The
difference between the z parameters is 0.0021. When
this difference of 0.0021 is compared with the stand-~
ard deviation of the measured z, which is 0.0005, a
significant difference of four standard deviations is
observed. A more intuitive argument for real dif-
ferences may be made using the parallelism of the
results of this study with the work of Jeffrey et al.
(3). The z parameter of 0.379 is identical within
one standard deviation to their value of 0.378. It is
important to remember that the structure of alu-

Table 1. Crystal structure parameters of beryllium oxide

Be (o]
ORLS LALS ORLS LALS
Coordinants
x 0.333 0.333 0.333 0.333
y 0.667 0.667 0.667 0.667
z 0.000 0.000 0.3786 = 05 0.3789
Temperature
factors
Bu 0.0243 == 19 0.0227  0.0202 =+ Os 0.018¢
Ba2 0.0243 0.0227  0.020¢ 0.018¢
Bss 0.0091 == 0s 0.0077  0.005¢ = 02 0.005¢
Big* 0.0121 0.0227  0.010: 0.0186
Bis 0.000 0.000 0.000 0.000
Bas 0.000 0.000 0.000 0.000

R (ORLS) = 0.042; R (LALS) = 0.046.

Bond distances and bond angles: Be—O([| to c¢), 1.6594;
Be — O’, 1.645A; O — Be — O’, 108°47"; O’ — Be — O’, 110°51'
* For ORLS, Bi» = 1/2Bn; for LALS, B;z = Bu. See text.

minum nitride also shows deviations in the bond
lengths which are in the same direction as in beryl-
lium oxide.

The anisotropy of thermal vibration of the beryl-
lium and oxygen atoms is also of interest. Using the
parameters obtained from the ORLS routine, the
anisotropy of the beryllium atom appears to be
real, but small, when compared with the standard
deviation (reported in Table III). On the other
hand, the anisotropy of the oxygen atom is negligi-
ble. However, the disagreement between the ther-
mal parameters obtained from the ORLS and LALS
routines indicates that the precision is somewhat
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Fig. 3. A synthetically grown beryllium oxide crystal (dihexagonal
hemimorphic class). The habit is apparent: hexagonal prism
elongated along the c-axis. The presence of the hemipyramid indi-
cates the lack of a center of symmetry. The small hemipyramid at
the center of the large negative basal complex is the visible portion
of another crystal having reversed polarity but in optical continuity
with the crystal surrounding it (25X).

questionable. Consequently the question of anisot-
ropy of thermal motion is still open to discussion.

Polarity of Beryllium Oxide

Crystal morphology.—Natural bromellite and
synthetically grown crystals of beryllium oxide crys-
tallize in the dihexagonal hemimorphic class, 6 mm.
The habit of the natural crystals is prismatic with
one end terminated by a large pedion and the other
end by a hemipyramid modified by a small pedion.
The habit of the synthetic crystals is varied and
depends on many factors (12). Prismatic, hemipyra-
midal, and tabular habits have been observed, de-
pending on the flux or the growth technique. Figure
3 shows the hemimorphic habit of a crystal grown
in a lithium molybdate flux. The presence of the
hemipyramid indicates the lack of a center of sym-
metry and demonstrates that the opposite pedion
faces are crystallographically different.

The identification of the crystal faces was made
by measuring the interfacial angles using a two-
circle optical goniometer. To determine the Miller
indices these angles were compared with angles cal-
culated from the cell constants determined by x-
ray methods. In general, the crystals are bounded
by the second-order prism {10.0}, the positive hemi-
pyramid {10.1}, and the negative pedion {00.1}.
These forms are in agreement with those reported
for natural crystals (7). The minor forms corre-
sponding to {00.1}, {10.1}, and {11.1} are also ob-
served to be present. Several other forms in which
the faces are not planar are common. The positive
and negative nomenclature agrees with the crys-
tallographic polarity determined in this work.

Polarity identification.—In some noncentrosym-

metric crystals the polarity can be uniquely deter-
mined and the kinds of atoms in the idealized sur-
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Fig. 4. A double exposure, showing no piezoelectric resonance
(upper trace), and one of many piezoelectric resonances (lower
trace) exhibited by a single crystal of beryllium oxide. The reso-
nance abave occurred at a frequency of 2.22 megacycles and was the
strongest one observed in this crystal. In both exposures the verti-
cal sensitivity was 1 mv/cm and the sweep speed was 5 msec/cm.

face layers identified (17, 18). One technique (19,
20) is to determine the variation in the x-ray peak
intensity of a reflection using wavelengths close to
the absorption edge of one of the atoms present. In
the case of beryllium oxide, however, the K absorp-
tion edge for beryllium atoms lies at 110.68A and
for oxygen atoms at 23.301A. These wavelengths
would be difficult to generate and sustain in any
apparatus currently available. An alternate tech-
nique is to determine the sign of the charge devel-
oped under stress on the pedion faces by sensitive
electrical methods utilizing the piezoelectric and
pyroelectric effects and to relate the sign to dis-
placements of the crystal structure. Supporting
evidence can be obtained from etching studies. The
crystal morphology will then serve as a useful
criterion for future determinations of the polarity.
All findings should be consistent with the results
obtained for zinc oxide, cadmium sulfide, and cad-
mium selenide, whose absolute identifications have
been obtained by Warekois et al. (17) and Mariano
and Hanneman (18).

Piezoelectric effect.—The piezoelectric effect was
determined on flux-grown crystals 3-6 mm in
length along the c-axis. The crystals examined had
either a prismatic or pyramidal habit. A typical
spectrochemical analysis of these crystals showed
the impurities and their concentrations to be: lith-
ium, 0-400 ppm; molybdenum, 0-500 ppm; boron,
C-15 ppm; iron, 0-55 ppm; and silicon, 0-25 ppm.

Figure 4 shows one of the piezoelectric resonances
exhibited by a synthetically grown crystal and de-
monstrates the lack of a center of symmetry in the
crystal structure. The resonance was determined
using a differential transmission type of detector
(21). This resonance, measured parallel to the c-
axis, occurred at a frequency of 2.22 megacycles
and was the strongest one observed in this crystal.

The sign of the polarization charge on the basal
faces developed under stress was determined using
a static method. The equipment consisted of two
silver electrodes, connected in series with a sensi-
tive electrometer. The electrode assembly permitted
a known load to be applied slowly to the crystal
placed between them. A dozen crystals were tested
by applying a compressive stress parallel to the
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c-axis.? In all cases, the negative end of the crystal
had the better developed pyramidal faces.

In order to relate the sign of the polarization
charges to the atoms in the surface layers, the dy-
namics of the direct piezoelectric effect must be
correctly understood. If a compressive stress is ap-
plied parallel to the c-axis, then the tetrahedral
configuration about an atom will be distorted. The
bonds not parallel to the c-axis are easily bent,
whereas the bonds parallel to the c-axis are not
easily compressed. The result is that the hexagonal
close-packed array of metal atoms is shifted with
respect to the similar array of nonmetal atoms, al-
though neither array is significantly distorted. The
centers of the charge distributions, which were
coincident before stress, are separated so that a
momentary electric field is developed within the
crystal parallel to the c-axis. The direction of the
field causes charges to develop on the parallel basal
surfaces which are opposite in sign to the type of
atom on that surface. The piezoelectric polarization
is weak because of steric hindrance arising from
the close packing of atoms due to the relative
atomic radii. Thus the polarity can be established
by determining the sign of the charges which ap-
pear on the basal pedions.

The relationship between the relative positions
of the beryllium and oxygen atoms of the crystal
structure and the crystal morphology is shown in
Fig. 2. Thus the pedion opposite the hemipyramid
is the oxygen surface. These results are analogous
to the results obtained on ZnO by Hutson (22).

Pyroelectric effect.—The pyroelectric effect was
observed on the same crystals used in the piezo-
electric tests. The equipment consisted of a silver
electrode system, which permitted the crystal to
expand freely, and a thermocouple for measuring
temperature. The assembly could be conveniently
raised or lowered into a Dewar flask filled with
liquid nitrogen. Measurements were made parallel
to the c-axis with the crystal connected in series
with a sensitive electrometer.3

In all cases, the end of the crystal with the better
developed pyramidal faces became positive on cool-
ing and negative on heating. Accordingly, the pyro-
electric coefficient is negative, since an increase in
temperature causes a pyroelectric polarization in
that direction which was adopted as positive for
the crystal.

In contrast to the piezoelectric effect, the pyro-
electric effect is difficult to relate to the crystal
structure. Besides causing a primary charge separa-
tion, any change in temperature in an unconstrained
crystal causes a deformation of the structure. This

2 Separate experiments were carried out to determine the piezo-
electric_constant for the crystals. Polarization charges developed by
slowly lifting a known weight from a compressed hexagonal platelet
were collected on a low-loss capacitor connected in parallel with
the crystal, and the voltage on the capacitor was read by means of
a vibrating-reed electrometer. The measured charge was then used
to calculate the piezoelectric strain constant in the usual way. The
average value for five crystals was determined to be dss = +0.623 x
10-12 coulomb/newton (at 24°C).

3 Separate experiments were carried out to determine the pyro-
electric coefficient for the crystals. Polarization charges from a hex-
agonal platelet were collected on a low-loss capacitor connected in
parallel with the crystal, and the voltage on the capacitor was de-
termined using a vibrating-reed electrometer. The measured charge
and dimensions of the crystal were used to calculate the pyroelec-
tric coefficient in the usual way. The average pyroelectric coefficient

(0P/3¢) r for five crystals was determined to be —3.55 x 10-32
coulomb/cm? —°C (—183° to +24°C),
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deformation develops a secondary polarization due
to the piezoelectric effect. Consequently, the ob-
served effect is the sum of the primary and secon-
dary contributions. In practice the secondary effect
is usually numerically greater than the primary ef-
fect, and in many cases the latter is too small to be
observed. Unless the elastic and piezoelectric con-
stants are precisely known (23), the primary and
secondary effects are difficult to separate.

Although the pyroelectric effects cannot at pres-
ent be separated in beryllium oxide, a qualitative
analysis can be made of the effect of temperature
on the crystal structure and the effect on charge
distributions. The thermal expansion is anisotropic
with the a-axis expanding at a faster rate than the
c-axis on heating (24). Consequently, on cooling,
the more rapid contraction of the a-axis will cause
distortions of the structure toward the “ideal”
wurtzite structure. Whether the pyroelectric effect
developed would be predominantly primary or
secondary is not clear, but the charge separation
would be opposite to that observed when a crystal
is stressed compressively along the c-axis as in the
piezoelectric measurements. Warming the crystal
would reverse the charge separation. These pre-
dicted signs are in agreement with the observa-
tions.

Etching studies.—The distinction of the A and B
surfaces* is based either on differences in rate of
attack involved in etch pit formation or in the den-
sity of etch figures. Crystals placed in boiling 85%
orthophosphoric acid developed etch figures which
allowed the surfaces to be unambiguously distin-
guished. Etching of the crystals was also obtained
using either steam at 1500°C or hydrofluoric acid
fumes, but rates were difficult to control.

Tests were made on single crystals grown from
flux or by hydrothermal methods. The crystals
were ground, polished, and then etched for varying
periods of time from a few seconds to 10 min. The
crystals were examined microscopically before and
after etching.

The dissolution rate of the A surface (i.e., the
beryllium surface as identified by the piezoelectric
and pyroelectric effect) was observed to be much
slower than that of the B surface (oxygen surface),
although the difference was not measured quanti-
tatively. The prism faces, which we will call C sur-
faces, appeared to be attacked at the slowest rate.
This anisotropic etching behavior undoubtedly ac-
counts for the observed variation in etching ratio
of individual crystals in polycrystalline BeO com-
pacts. Figure 5 shows the microstructure of the A
and B surfaces after etching. The A surface etches
nonuniformly, producing well-formed hexagonal
etch figures only after 10 min. The hexagonal out-
line parallels the prism cross section. The B sur-
face, on the other hand, etches more rapidly and
uniformly with characteristic hexagonal etch fig-
ures developing after only 10 sec. The etch figures
on the C surfaces are irregular triangles with

4Tt is customary to designate the Group II atoms (beryllium) as
A atoms, and the {00.1} surfaces terminating with A atoms as A sur-
faces. Similarly the eroup VI atoms (oxygen) are designated as B
atoms, and the {00.1} surfaces terminating with B atoms as B
surfaces,
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Fig. 5. The A (beryllium) (top) and B (oxygen) (bottom) surface
of a beryllium oxide crystal etched in boiling phosphoric acid
solution. The beryllium surface (A) is less reactive and develops
regular hexagonal etch figures only after 10 min. The oxygen sur-
face (B) develops characteristic etch figures after a 10-sec etch.
After 10 min, the surface is nondescript, flat, and grainy. The well-
defined etch figures reflect the six-fold symmetry on the {00.1}
surface (900X).

bases normal to the c-axis, and the apex pointing
toward the positive end of the crystal. These results
are analogous to results obtained on ZnO by Mari-
ano and Hanneman (18).

Discussion

The variation in bond lengths present in the
beryllium oxide structure and the determination of
several of its polar properties raise several ques-
tions, three of the more important being:

1. What relationship exists between the inequal-
ity of the symmetrically nonequivalent bonds and
the degree of ionic and covalent character of the
bonding?

2. Can a plausible bonding model be devised that
explains the difference in surface reactivity?

3. Can such a model be used to predict other
asymmetric properties?

Unfortunately, the available data are too limited
to permit the development of quantitative answers
to these questions. However, it is possible to dis-
cuss these questions qualitatively, considering some
of the data obtained in this study and other recent
research.
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Bond length and bond character—The crystal
structure refinement has increased the certainty of
differences in the symmetrically nonequivalent
Be-O distances (3). The symmetry of the wurtzite
structure, unlike its cubic counterpart, does not
require the interatomic distances to be all equal
and the coordination tetrahedra to be regular.
However, the equality and regularity could still
exist if all the bonds were of equal character. The
fact that neither condition is true for beryllium
oxide suggests that the degree of ionic and covalent
character for nonequivalent bonds is different; the
departure from the undistorted wurtzite structure
is an indication of this difference.

For the purpose of this discussion 1009 covalent
character is defined as the state wherein the eight
valence electrons are shared equally by both atom
types. The formal representation for complete co-
valency is therefore (Be~—2, O*2). Measures of the
degrees of ionic character of the bonds in beryllium
oxide can be estimated in several ways. Prelimi-
nary optical measurements indicate the band gap
to be around 14.5 ev (25). A value of this magni-
tude is normally associated with materials having
a high degree of ionic character to their bonding.
Electronegativity differences using empirical rela-
tionships (26-28) predict the degree of covalency
to be 46 to 639%, depending on which empirical re-
lation is used. Nuclear quadrupole resonance was
used by Hon (29) to give an estimate of 509%. The
validity of this estimate was questioned by Hon,
because the assumptions used to obtain some of the
necessary values were considered doubtful. The
results were best interpreted as indicating only that
beryllium oxide has more covalent than ionic
character. Another prediction can be made using
Pauling’s (30) covalent tetrahedral and ionic radii.
These radii are 1.54A for covalent tetrahedral co-
ordination and 1.71A for ionic bonding. The meas-
ured distances for beryllium oxide fall about mid-
way between these values, suggesting a 40-609%
ionic character.

These estimates have not considered the possi-
bility of differences in degree of ionic character of
different bonds. The fact that the bond lengths
show a 0.014A difference indicates that the ionic
character of the bonds is not the same. If Pauling’s
values are used as an indication of the slope of the
line relating bond distance to ionic character, the
difference of 0.014A found in the present study
corresponds to a difference of 8-109% in ionic char-
acter. The 50% covalent character indicated by the
above work on BeO would then correspond to the
electrically neutral condition. The neutral condi-
tion of a III-V compound is at 259% covalency.
Thus the ionic field around any particular atom site
is effectively screened by its nearest neighbors, and
long-range ionic effects are probably quite small.
Jeffrey et al. have pointed out that in wurtzite-
type structures there is one second nearest neigh-
bor at (5/8)c, whereas the nine next nearest are at
(1/33/8)c. They attribute some of the distortion of
the structure to the long-range ionic effect of this
second nearest neighbor. If, however, the sites were
effectively neutral, this long range effect would be
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negligible. Considering this fact, the bond distances
are most likely an indication that the ionic charac-
ter of the nonequivalent bonds differs significantly
from bond to bond.

The longer bond in the BeQ structure is parallel
to the c-axis (as shown in Fig. 2), and its length
indicates that it is 8-109% more ionic than the other
three bonds. No hypothesis is presently available
which will account for these differences. However,
it is interesting to see their effect on the surface
bonding model proposed (17, 31) to explain the
differences in relative surface reactivity of III-V
and II-VI compounds with the sphalerite and wurt-
zite structure.

Bonding model.—There are essentially two fun-
damental approaches to understanding the nature
of the polar surfaces. One is the quantum mechani-
cal or statistical treatment and the other the atom-
istic or chemical bonding concept. At the present
time, the quantum mechanical studies are in a state
of development and can be employed only in a few
special cases to interpret surface behavior (32). In
our present state of knowledge it is more meaning-
ful to consider the surface atoms as individual en-
tities bonded to the crystal framework, but with
fewer bonds than atoms in the interior. Surface
atom rearrangements and adsorbed impurities can-
not be ignored but for the present argument are
considered to be of second order importance.

Applying the Gatos and Warekois surface bond-
ing model to beryllium oxide and considering the
modification indicated by the present structure de-
termination, it can be seen that the surface atoms
are triply bonded, and the bulk atoms are tetra-
hedrally bonded. The three symmetrically equiva-
lent bonds resonate between covalent and coordi-
nate covalent bond types so that the average co-
valency is near 509%. The fourth bond also reson-
ates with the other three, but the average covalent
character would be 8-10% less: Referring to Fig. 1,
and considering a cut made perpendicular to the
[00.1] direction between planes AA and BB, it will
be seen that only one bond per unit cell is broken.
Making the cut between planes AA and B'B’ in-
volves breaking of three bonds, a process requiring
more energy. The B surface will then have two
electrons per atom in the cut bonding orbital (Fig.
6), whereas the A surface has no electrons which
are available for bonding. The more rapid dissolu-
tion observed on the oxygen surface suggests con-
trol by surface electrons and is in agreement with
this model. Conversely, the unfilled orbitals should
make beryllium atoms relatively unreactive toward
electrophilic reagents, and this has been observed
in the present etching studies. It would be instruc-
tive to verify the electrical behavior attributable
to the acceptor and donor properties of the A and
B surfaces by measuring surface conductivity,
photoconductivity, surface recombination velocity,
and thermionic or photoelectric emission.

Other asymmetric properties—The predicted
asymmetry in the electrophilic nature of the A and
B surfaces should create rather interesting struc-
tural modifications. For example, oxygen surface
atoms would have a sufficient number of electrons
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Fig. 6. Schematic representation of the electronic configuration
on the A and B surfaces in beryllium oxide. The beryllium atoms in
the A surface layer are pictured as being electron deficient and
acting as electron acceptors, whereas oxygen atoms in the B surface
layer have an excess of electrons and act as electron donors. Ad-
sorbed impurities and surfoce rearrangements are considered to be
second-order effects.

to retain their sp3 hybridized configuration, much
as nitrogen does in the ammonia molecule or phos-
phorus in the phosphine molecule. Only minor
deviations from the tetrahedral coordination are to
be expected. Conversely, beryllium surface atoms
would have only two L-shell electrons to form the
four tetrahedral orbitals, and sp?® type hybridiza-
tion could not be maintained. Consequently, the
three bonds to the crystal framework must be dis-
torted to satisfy a lower order hybrid, probably a
planar sp? type. The bonds cannot become com-
pletely coplanar, however, for two reasons: (i) the
tetrahedral configuration of the bonds underneath
the surface layers, and (ii) steric effects related to
the repulsion of neighboring oxygen atoms. The
over-all result is a strained structure with the
positive surface under compression, and the bond-
ing configuration between the sp® and sp? types.
Thus, if the structural strain is great enough and
the BeO thin enough, an observable bending of the
crystal should occur. Such spontaneous elastic
bending of thin wafers has not been observed as
yet in BeO, but has been reported in InSb (33), the
A surface being convex. The total energy associ-
ated with the bending distortion of the A surface
in beryllium oxide could undoubtedly be calculated
if one knew the elastic strain energy per mole of
surface atoms and the energy required to rearrange
surface atoms or create defect structures. Unfor-
tunately, these data are not available, but it is not
unreasonable to assume that the energy is a sub-
stantial fraction of the normal tetrahedral single-
bond energy of 36 kcal/mole.

The deviation of the c¢/a ratio from the “ideal”
wurtzite value of 1.633 may be an indication that
the bulk structure retains some of the predicted
strain energy. One would expect this strain energy
to be highest at the positive surface and decay ex-
ponentially within the crystal. The bulk strain
energy would not be zero because of the tendency
of the cations to form planar sp? hybrids, and of
the anions to form tetrahedral sp® hybrids in the
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manner already discussed. Thus the distortion in
the observed crystal structure would be a balanc-
ing of these tendencies into a state of minimum
free energy. The variable z parameter in the crys-
tal structures of beryllium oxide and aluminum
nitride shifts more rapidly from the ideal value of
0.375 than would be predicted considering only the
c/a ratio. Whether these deviations are true for
other wurtzite-type compounds remains to be seen.
Certainly, all configurations of free molecules tend
toward a condition of maximum symmetry and
consequently minimum free energy. Any deviation
from regularity leads to an increase in energy due
to the development of strained bonds. If this hy-
pothesis is to be applied to the distortions in wurt-
zite compounds, zinc oxide, with c¢/a = 1.600,
should show more strain than beryllium oxide. The
effect of atomic radius and charge complicates the
problem, however, and the hypothesis may require
modification before it can be applied to all the
wurtzite compounds.

The structural changes and the stored elastic
energy discussed above would be expected to create
pronounced differences in the structural (mechani-
cal) properties between the beryllium and oxygen
surfaces and in the mechanism of crystal growth on
these surfaces. Although our data are by no means
conclusive, findings to date are consistent with this
prediction: For example, differences in hardness
were found on the opposite pedions using a Knoop
diamond indenter; the A surface is 15% harder
than the B surface. The effect is apparently not
limited to beryllium oxide, since hardness asym-
metry has been observed in zinc oxide (34).

Although hardness has not been analyzed with
respect to the tensor properties of a crystal, some
aspects are already clear. The observed differential
hardness is the sum of the crystal or bulk structure
and surface contributions. The ecrystal structure
contribution is related to the elasticity, a fourth-
rank tensor, and is thus centrosymmetric. Any dif-
ferential hardness observed on opposite faces must
have its origin in additional properties of the crys-
tal structure, such as a gradient in dislocation den-
sity, or strains in the surface layers. The plastic de-
formation accompanying a hardness measurement
is undoubtedly a complex process involving the
generation, motion, and interaction of dislocations
largely controlled by internal electric fields set up
as a consequence of thermal and electrostrictive ef-
fects. Although we do not have a verification of
the one-to-one correspondence of dislocations and
etch pits, we have observed differences in etch fig-
ure density on the A and B surfaces. This finding
suggests a dislocation density gradient which is
compatible with predictable deformation systems
and crystal symmetry. For example, consideration
of an idealized model of the beryllium oxide struc-
ture shows that slip is most probable on {10.1}-
type planes and in the {11.0} (close-packed) direc-
tion. The dislocation axis in this structure is paral-
lel to the {10.1} and forms a 60° angle with the
Burger’s vector. Thus, edge dislocations can inter-
sect both the beryllium and oxygen surface. Elec-
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Fig. 7. An electron micrograph of a positive replica of the A
surface in beryllium oxide. The crystal was etched for 2 min in
boiling HF vapor. The etch figures are believed to correspond to a
line of 60° edge dislocation terminating at the basal surface
(10,000X).

tron microscopy examination of basal faces (Fig.
7) has revealed etch pits arranged in what appear
to be networks of dislocation half-loops which are
tilted at 60° from the surface. Thus, a possible ex-
planation for the observed asymmetry in hardness
arises: edge dislocations terminating at the A sur-
face are locked or pinned because of the strains
set up as a consequence of the departure from sp?
hybridization of the atoms. Conversely, edge dis-
locations terminating at the unstrained B surface
are not locked or pinned and are free to move.

Finally, some observations on the growth of BeO
crystals in various environments as they relate to
polar symmetry are worth mentioning. Crystals
grown by hydrothermal techniques or by vapor
deposition-decomposition are always untwinned
and found to be attached to the substrate at the
negative end. Conversely, crystals grown in molten
fluxes are attached to a substrate at the positive
end and are twinned. Figure 3 illustrates a typical
example of a hemimorphic or polar twin, which is
quite common in prismatic crystals grown from the
flux. A small hemipyramid appears within the cen-
ter of the large negative basal pedion. Etching
studies and hardness measurements reveal that this
pyramid has reverse polarity with respect to the
crystal surrounding it. In reality, this small hemi-
pyramid is a core in optical continuity with the
crystal within which it is situated.

Conclusions
1. The symmeftrically nonequivalent Be-O bonds
in beryllium oxide have been shown to have differ-
ent ratios of ionic to covalent character. No satis-
factory model has been proposed which can ac-
count for the differences in bond length and bond
character. However, the inequality does indicate
that the bonds normal to the basal surfaces are
more ionic than the other three bonds. This result
is not incompatible with the hybrid orbital bond
model used to explain relative surface reactivities.
Accurate structural data on other wurtzite com-
pounds to determine if unequal bonding is common
in these materials will be necessary before a satis-

factory theory can be devised.
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2. Crystal morphology is a useful criterion for
determining crystallographic polarity in beryllium
oxide.

3. The chemical reactivity of opposite polar sur-
faces in beryllium oxide can be related to the sur-
face bonding configuration of the beryllium and
oxygen atoms, as described by the hybrid orbital
model. However, to support this model, the electro-
philic nature of opposite polar surfaces in beryllium
oxide needs to be extensively investigated.

4. The differences in hardness and crystal growth
on opposite polar surfaces and deviations from the
“ideal” c/a ratio are a reflection of the strains in
the surface layers as well as in the bulk lattice.
These findings are consistent with proposed hybrid
orbital bonding model. However, critical experi-
mental tests of this model are still lacking,

5. The present studies have revealed only a few
cf the important roles played by crystalline struc-
ture and crystallographic polarity in surface phe-
nomena and crystal growth.
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Equilibrium Pressures of Oxygen over
Mn,0.-Mn,O, at Various Temperatures

Earl M. Otto
National Bureau of Standards, Washington, D. C.

ABSTRACT

The equilibrium represented by the equation 6MngO;s(c) = 4MnzO4(c, &) +
Oz has been studied by measuring the equilibrium pressures of oxygen over
MnyO3-MnsO4 From the data obtained in the 1132°-1247°K range studied AH°®
and AS°® were calculated for the reaction at 1200°K to be 41.2 = 1.2 kcal and 32.9
=+ 1.0 cal/deg, respectively. These constants can be used in the equation

—4.5758 log pOp (atm) == 41,200/T — 32.9

to relate log pO; and temperature of the system in the above-mentioned range
with no appreciable additional error. A slight extrapolation showed pOs; =1
atm at 1252°K. The above AH and AS values were converted to 298.15°K and
compared with those in the literature. A new entropy S°29s = 36.8 cal/deg for
Mn3O4 and a new heat of formation AHfzss = —228.7 kcal for MnyO3 are indi-
cated from analysis of data in the literature and the present data. This value of
entropy of MnzO, is higher by 1.3 cal/deg (roughly RIn2) than the value taken

from the literature.

Though the chemical literature has numerous ref-
erences to the dissociation of manganese dioxide to
form manganic oxide, confusing and contradictory
as some of them are, relatively few give original
observations on the further dissociation of the man-
ganic oxide to form manganous-manganic oxide.
Meyer and Rotgers (1) observed the temperatures
to which Mn;O3; had to be heated to cause it to lose
weight in air and oxygen gas, respectively, the at-~
mospheric pressure not being stated. Honda and
Sone (2) detected a change in the magnetic sus-
ceptibility of the Mn,O; at a definite temperature and
they assumed this temperature marked the change
from Mn;O; to MngO,. Saito (3) using a thermal
balance and increasing the temperature of the speci-
men 1-2° per minute reports the temperature at
which Mn;Oj; starts to lose weight. The atmosphere
is not described. Simon and Feher (4) heated Mn,Os,
possibly in a closed system, and report the tempera-
ture when oxygen reached 10 mm pressure. They
present a graph showing a plot of X in MnOx
against temperature. Kriill (5), by using a ma-
nometer to indicate any development of a differ-
ence in pressure between the atmospheres over
Mn,O3 and an inert material heated to the same
temperature, found, by frequently bleeding off the
evolved oxygen, the temperature to which the two
substances had to be heated for the oxygen evolution
to become complete. This was the temperature at
which no Mny;0O; remained. Ulich and Siemonsen
(6) determined heats of reaction and from these heats
and other thermodynamic data calculated oxygen
pressures at various temperatures. Tatievskaya et al.
(7) experimentally determined for MnyOj, from the
dissociation and oxidation approaches, the equilib-
rium pressures at low temperatures (up to 1100°K).
Also they calculated pressure-temperature equi-

librium values from heats of formation and en-
tropies. McMurdie (8), conducting a differential
thermal analysis of MnCQ; in air, gives as the
dissociation temperature of Mny;O; the temperature
at which there was a break in the curve. Probably
the three best values for pressure-temperature
equilibria were reported by Hahn and Muan (9).
Their experimental procedure consisted in passing
a gas of known oxygen content over heated samples
of Mn,O3; and Mn3O4. After a suitable time the sam-
ples were quenched and the phases present deter-
mined by x-ray methods. The temperature at which
no phase change in either sample was noted was
taken as the equilibrium temperature. Their second
method involved a thermal balance.

Pertinent thermodynamic constants of Mn,Og and
Mn3O,, with or without reference to calculated pres-
sure-temperature equilibria, have been reported by
Brewer (10), Coughlin (11), Vlasor (12), Dushman
(13), and others.

The references given above show that there is a
lack of precise experimental data giving actual
pressure-temperature relationships at equilibrium.
It was the object of this investigation to study these
relationships carefully.

Experimental

Mn,Os;, obtained by heating pyrolusite (99.5%
MnO,) at about 660°C in an atmosphere of air, was
found at 885°C to be 100% converted to MnzO,.
Cooling the product slowly in air to room temper-
ature resulted in a mixture of 349, Mn;O, and 66%
Mn;03, while cooling quickly in air gave 95% MngO,
and 5% Mn,0;. (Calculations were based solely on
weight changes.) Hence the dissociation of Mn,Og
to form MnzO, and oxygen appears to be readily
reversible.
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Fig. 1. Diagrammatic sketch of apparatus. C, Temperature con-
trolled cabinet; S, Yycor tube containing sample; M; and Mo,
manometers, Mo serves as leveling device; AYR, automatic voltage
regulator; LB, lamp bank; F, furnace.

The apparatus used in two much more precise ex-
periments is shown in diagrammatic form in Fig. 1.
The MnO, sample (S) was heated to 750°C and the
system evacuated and closed. The closed system con-
sisted of a Vycor bulb (containing the oxide) con-
nected by a graded seal to small diameter Pyrex
tubing leading to a manometer (M;). To extend
the versatility of the apparatus a second manometer
(M) comprising two straight glass tubes joined
by transparent plastic tubing, was attached through
a tee-tube to the first manometer. The tee-tube al-
lowed adjustment of the pressure of the air con-
fined between the two manometers thereby making
it possible to have a constant volume in the closed
system and possible to cause major pressure changes
of oxygen pressure over the manganese oxide. An-
other tee-tube was used in the apparatus, this sec-
ond one being between the graded seal and the
first manometer in order to permit evacuation of
or have more oxygen added to the system. The en-
tire apparatus, with the exception of the second
manometer, was kept in a thermostatted cabinet
(C) while the second manometer and the cabinet
were in a temperature controlled room.

The furnace (F) was heated to a controlled tem-
perature by maintaining a fixed voltage =*0.05v
across the heating element of the furnace. This was
accomplished by connecting the output of an auto-
matic voltage regulator (AVR) to the heating ele-
ment in series with a lamp bank (LB). The re-
sulting temperatures remained constant to within
+0.5°C. Oxygen pressure readings were taken to
within 0.2 mm mercury. During the investigation
twenty-one different pressure-temperature equi-
libria were observed.

Figure 2 shows by the left ordinate the oxygen
pressures at equilibrium, obtained at various tem-
peratures. The plotted points (lettered for run
No. 1 and numbered for run No. 2) allow one to
observe the nondependence of an equilibrium on
the preceding equilibrium. Figure 3 is a plot of
oxygen pressure against time for a part of one of
the two precise experiments. The temperature was
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altered, three times up and four times down. In ad-
dition the pressure was changed by suddenly alter-
ing the mercury level in the first manometer, four
times to a lower and three times to a higher pres-
sure. Sufficient readings were taken while equilib-
rium was being re-established to show that the
dissociation of Mn,O; definitely is reversible., After
sudden changes in pressure the equilibria could
again be established in 2-10 hr, apparently a little
more rapidly after decreasing the pressure than in-
creasing it. Sudden changes in temperature were
obviously impossible but required 2-4 hr. However,
raising the temperature disturbed the equilibrium
for about 20 hr and lowering it for about 100 hr.
Hence, in the reversible reaction 6Mn;O3; = 4Mn30,
4O, the dissociation is faster than the combination,
while equilibrium is being established.

Treatment of Data

The temperature and pressure data obtained in
the two runs are given in columns two and three of
Table I. In the range of pressures (0.18 to 0.92 atm)
the fugacity of oxygen differs from the pressure by
less than 0.05%, and hence the actual pressures may
be used to obtain the free energy by the relation:
AF° = —RTInpO, for the reaction: 6MnyOz(c) —>
4Mn304(c,a) + Oz(g)

From the plot (Fig. 2) of log pO;s vs. 1/T an ap-
proximate value of AH® may be calculated from the
slope of the straight line fitted to the points and
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Table |. Temperature and pressure data

—4.5758 “Correction™ AY°/T,
T, °K pO2, atm log p [0} cal/deg
A 1158.15 0.2303 429181 —0.0059 +2.9122
B 1205.15  0.4776 1.4686 —0.0004 1.4682
C 1165.15  0.2789 2.5375  —0.0041 2.5334
D 117415  0.2974 2.4099 —0.0023 2.4076
E 1179.15  0.3447 2.1166  —0.0015 2.1151
F 1205.15  0.5145 1.3206 —0.0004 1.3202
G 1205.15  0.5289 1.2658 —0.0004 1.2654
1 1132.15 0.1816 3.3902 —0.0159 3.3743
2 1183.15  0.3842 1.9010 —0.0011 1.8999
3 122515  0.6987 0.7125  —0.0022 0.7103
4 1227.15  0.7513 0.5683 —0.0026 0.5657
5 1228.15  0.7487 0.5751 —0.0028 0.5723
6 117215 0.3671 1.9915  —0.0027 1.9888
7 1228.15  0.6553 0.8399  —0.0028 0.8371
8 1231.15  0.6776 0.7735 —0.0035 0.7700
9 1230.15 0.7263 0.6355 —0.0032 0.6323
10 1230.15  0.7158 0.6645 —0.0032 0.6613
11 1247.15  0.9184 0.1692 —0.0071 0.1621
12 1243.15 0.9132 0.1804 —0.0060 0.1744
13 1164.15  0.2737 2.5750 —0.0044 2.5706
14 1162.15  0.2671 2.6235 —0.0048 2.6187

it will apply strictly for some temperature T.,
near the mean temperature of the experiments.
The entropy change AS°r,, may be obtained from
the intercept at 1/T = 0 or by the relation AS°r,, =
(AH’r,, — AF°1,,)/T,,- However, since C°, is avail-
able for the substances in the above reaction at the
temperatures of the experiments, the following
method suggested by Prosen (14) can be used to
convert the data to yield a theoretically straight
line plot of AY®/T ws. 1/T, where this line is the
tangent to the AF°/T curve at a selected temper-
ature. Furthermore, the slope and intercept of this
line give AH® and AS° at this specific temperature.
The temperature selected was 1200°K. The C°;, value
for the reaction, obtained from data given by Kel-
ley (15), is AC°, = —2.66 — 6.00 x 1073T 4 10.18 x
103/T2.

From the relations

AY°/T = (AH®1200/T) — AS 1300
and
AY°/T = — 4.5758 log pO, + C

where the correction
C=—A(H’r— H®1200) /T + A(S°1— S°1200)
= —l/TfAC"pdT + f(AC"p/T)dT

one obtains the corrections to be applied to —4.5758
log pO, to obtain AY°/T. For the 1200°K region the
correction is given by

C = 10.2135 — 0.003T — 8,360.33/T + 5.09 x 105/T2
—2.66InT /1200

In column 5 of Table I the corrections are listed
and in column 6, AY°/T for each equilibrium ob-
servation. Since the corrections shown in the table
are small, the straight line derived by the method of
least squares, relating AY®/T to 1/T, coincides in
Fig. 2 with the line obtained for log pOs wvs. 1/T.
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The constants of this straight line AY°/T =
(AH°1200/T) - Asolzoo, become

AHOIZ()() = 41.2+1.2 kcall

and
AS 1200 = 32.9+1.0 cal/deg

The uncertainties given above are the standard de-
viations obtained by the method of least squares.

If one adds to these constants 5.185 kcal, (Hyzp0 —
Hogs), and 4.75 cal/deg, (Siz00 — S208), calculated
from the tabulated heat content and entropy data
given by Kelley (15) for the substances involved,
the resultant constants become

AH°293 = 46.4%+1.2 kcal
and
AS°995 = 37.721.0 cal/deg

The above values may now be compared with
those given in the literature. From the data tabu-
lated by Rossini et al. (16) 67.0 kcal is calculated
for AH®59 for the reaction. The heat of formation
of Mn,Q; is very uncertain. From the heat of for-
mation of MnzO, taken to be correct as —331.4 kcal,
and the new heat of reaction given above, the heat
of formation of MnyO; (AH °fagg) is calculated to be
—228.7+0.2 kcal. This value is in fair agreement
with the —229.2 kcal given by Brewer (10) and
Coughlin (11) and the —228.4 kcal estimated by
Mah (17). However, these values differ widely from
the —232.1 keal given by Rossini et al (16).

The new entropy value of AS°ys may also be
compared with that given in the literature. Glassner
(18) gives the entropies at 298° for Mn,O;(c),
Mn304(c, ), and Os(g) as 26.4, 35.5, and 49.0 cal/
deg mole, respectively. These yield 32.6 cal/deg for
the dissociation reaction, which is 5.1 cal/deg lower
than the value resulting from the present study.
There is little doubt of the correctness of the en-
tropy of oxygen. The entropy of Mny,Osz(c) given
above was determined recently by King (19) and is
considered reliable, though the rather long ex-
trapolation from 51° to 0°K introduces some un-
certainty. On the other hand the entropy of
Mn3zO0,4(c, ) was determined by Millar (20) in 1928
and the measurements go down only to 70°K. Also
Kelley and Moore (21) have shown the measure-
ments of Millar contain some errors. Thus, the er-
rors can reasonably be ascribed to an error in the
entropy of MnzOs(c,a). When one fourth of the
5.1 cal/deg error is added to the old value of 35.5
cal/deg the new value is 36.8 cal/deg for
Mn304(c, a).

It should be noted that the heat capacity curve
obtained by Todd and Bonnickson (22) for MnO
shows a hump at 118°K with an entropy content
of 0.9 cal/deg; the curve by Kelley and Moore (21)
for MnO, shows a hump at 92°K with an entropy
content of 1.1 cal/deg; and the curve by Orr (23)
for Mn,O; shows a hump at 79°K with an entropy
content of 1.2 cal/deg. All of these oxides show a
hump with an entropy content approaching RIn2
(1.38 cal/deg). Millar’'s curve for MnsO, shows
no hump down to 70°K. It is interesting to suppose

1 One thermochemical calorie equals 4.1840 absolute joules.
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Table I1. Types of investigations of MnaO3-Mn3aQ04-0Os reaction
Range of pOz or Temper-
Reference Type of investigation temperature pO2, atm ature, °K
Meyer and Roétgers (1) Thermogravimetry 0.2 and 1.0 atm 1.0 1363
Honda and Soné (2) Magnetic susceptibility Assume 1 atm air 0.2 1200
Saito (3) Thermogravimetry Assume 1 atm air 0.2 1123
Simon and Feher (4) O2 pressure measured To 1573°K 0.013 1143
Kriill (5) Thermogravimetry 1173°-1223°K Unknown <1223
Ulich and Siemonsen (6) Calorimetry only — —_ —
Tatievskaya (7) Og2 pressure measured 1000°-1100°K 0.05 1100
Brenet (24) Thermogravimetry To about 1300°K Unknown 1143
Kulp and Perfetti (25) Differential thermal analysis To about 1300°K 0.2 1278
Hahn and Muan (9) X-rays, thermogravimetry 0.2, 0.46, and 1.0 atm 1.00 1241
Grasselly and Klivényi (26) Heat, then chem. analysis 733°-1323°K 0.2 1153
Foldvari-Vogl and Koblenz (27) Differential thermal analysis 373°-1273°K 0.2 >1223
McMurdie (8) Differential thermal analysis 373°-1573°K 0.2 1243
Present work Oz pressure measured 0.2-1 atm 1.000 1252
Brewer, Glassner (10, 18) Collation and computation 1 1620*

* In private communication to the author Dr. Brewer states the temperature should read 1350°K.

that the 1.3 cal/deg error in Millar’s value is due
to the fact that he did not carry his experiments to
low enough temperatures where a hump possibly
exists.

Table II lists various types of investigations per-
taining to the MnyOs;-Mn;0,-O, reaction reported
in the literature, showing the recorded temperatures
and pressures. It is to be observed that temperatures
required to produce a given pressure such as 1 atm,
are, with the exception of the one given by Hahn
and Muan (9), much higher than those obtained in
the present study. There might have been even
closer agreement with Hahn and Muan, if these
investigators had noted precise oxygen pressures.
(Apparently they released effluent gases to the air
at the prevailing atmospheric pressures.) Also the
MnO; specimens used may have been of a different
allotropic form and the nature of the resulting
Mny,O3; may have differed somewhat, even though
the alpha form would have been the stable one in
both investigations.

Figures 4 and 5 show the pressure-temperature
relationship derived from the present investigation
(curve 1) and extended by the use of the heat
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Fig. 4. Dissociation of Mn2Og3. Pressure-temperature relationship.
Curve 1, Present work, (heavy line is for the range of present
experimental investigation); curve 2, Meyer and Rotgers; curve 2A,
Tatievskaya; curve 3, Coughlin and Dushman.
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content and entropy data (15). Also shown are the
experimental points due to Meyer and Rétgers (1),
Hahn and Muan (9), and Tatievskaya et al. (7).
The dotted line represents the pressure-temperature
relation derived from the older data Coughlin (11)
gave.
Conclusions

A method has been developed for the precise and
very dependable control of temperature of a fur-
nace and for the precise measurement of oxygen
pressure in a closed system.

It has been learned in the study of the dissociation
of Mn,O; that a true equilibrium can be obtained.
Thus the equation is

6Mn203 = 4Mn304 + 02

A disturbance of the equilibrium by a change of
temperature of the oxide or a change of oxygen
pressure shifts the equilibrium to absorb the stress.
The reverse action has been found to be much slower
than the forward.

At an oxygen pressure of 1.000 atm the equilib-
rium temperature is 979°C (1252°K), while in air
at 1.000 atm it is 871°C (1144°K).

Based on the present data and the data in the
literature, the following thermodynamic constants
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are considered to be the most reliable ones avail-
able at present

S°208.15 AH{E 905 15,
cal/deg kecal
Mn,0s(c) 26.4 (19) 2287
Mn3Oq4(c, a) 36.8 —331.4 (16)
Os 49.0 (16) 0

For the reaction:
6Mn,03(c) & 4MngO4(c, @) + O2(8)
AH545 15 = 46.4 keal
AS 99515 = 37.7 cal/deg
AF® 2515 = 35.2 keal
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The Effect of Internal Oxidation on the Plastic Deformation of

Silver-Aluminum Single Crystals
M. J. Marcinkowski and Dorothy F. Wriedt

Edgar C. Bain Laboratory for Fundamental Research,
United States Steel Corporation Research Center, Monroeville, Pennsylvania

ABSTRACT

The critical resolved shear stresses for slip and twinning have been ob-
tained for a series of internally oxidized Ag-Al single crystals containing from
0 to 1.35 a/o Al It was found that both these stiresses increased with Al addi-
tions. The stress for slip, however, increased at a much more rapid rate, so that
twinning was often the preferred mode of deformation at the higher Al con-
centrations. Using the model of Wriedt and Darken for the oxide particles, a
theory has been developed which is in principle the same as that proposed by
Kelly and Nicholson. Specifically it involves the cutting of the oxide particles
by a highly flexible dislocation line. This theory leads to an equation of the
type

T = Tag + (Tox — Tag)fa.arl’?
The present experimental results are in satisfactory agreement with this rela-
tion. Also implicit in the above equation is that t is independent of either the
size or dispersion of the oxide particles for a fixed Al concentration, which is
also in agreement with experimental results.

The strengthening of metals by internal oxida-
tion was first demonstrated by Meijering and Druy-
vesteyn (1) and by Meijering (2) in 1947. In brief,

this technique consists of choosing a metal such as
Ag, Cu, or Ni in which oxygen diffuses very rapidly,
and which has very little affinity for oxygen. A
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per cent or more of a second element such as Al,
Si, Mg, Mn, or Ti for which oxygen has a strong
affinity is added; the alloy is annealed in oxygen
or air at a suitable temperature. Since oxygen dif-
fuses much more rapidly than the solute element,
a fine stable dispersion of oxide particles is formed,
which imparts a marked strengthening to the base
metal. Martin and Smith (3) have shown that a
large increase in creep resistance is obtained after
oxidizing polycrystalline Cu-Al and Cu-Si alloys.
These same investigators (4) have also studied the
effect of internal oxidation on the fatigue properties
of similar Cu alloys. In addition, Gregory and Smith
(5) have carried out a study of the tensile prop-
erties of polycrystalline Ag-Al and Ag-Si alloys
which were oxidized at various temperatures in
order to produce various degrees of oxide disper-
sion.

Whereas polycrystalline specimens, because of
intercrystalline brittleness, show little or no ductil-
ity, depending on the solute concentration and the
oxidizing temperature (1, 2, 5), single crystals have
been reported to be completely ductile (1, 2). How-
ever, no detailed investigation has been made of
the plastic behavior of internally oxidized single
crystals. The purpose of the present investigation,
therefore, was to undertake such a study. The metal
chosen was silver containing various amounts of Al
as solute. This choice was made because Ag,O is
unstable above 190°C at atmospheric pressure, while
the oxide of Al is one of the most stable known.
Furthermore, silver, which is one of the softest of
metals, is hardened by a dispersion of Al,O3, which
is one of the hardest substances known, so that the
strengthening effect should be optimized in this
alloy. A detailed investigation of the manner in
which the amount and dispersion of the oxide par-
ticles can be varied as a function of Al concentration
and oxidizing temperature has been made by Wriedt
and Darken (6), portions of which have been pre-
sented in Darken’s 1961 Campbell Memorial Lecture
(7). These results will be drawn on extensively in
the present study.

The format followed in this paper is to discuss
first the experimental results in a very general way.
The latter portion of the paper then attempts to
reconcile these results with the present theories of
dispersion strengthening, along with some new ones
which have evolved from the present investigation.

Experimental Procedure

The materials used in the present investigation
were 99.99999% Cominco Ag and 99.99% Alcoa re-
search Al. All melting was carried out in molds
fabricated from National Carbon Company’s ultra
high purity graphite grade AGKSP spectroscopic rod
in a horizontal zone purification unit under an at-
mosphere of purified hydrogen. Before alloying, the
Ag was first degassed by passing a molten zone
through it at a rate of 20 in./hr to remove traces
of dissolved oxygen.

Because of the large disparity in the densities of
Ag and A], and since homogeneity was a prime
requisite in the present investigation, the following
elaborate procedure was carried out in order to in-

DEFORMATION OF Ag-AlSINGLE CRYSTALS 93

sure a uniform distribution of solute element. A
master alloy containing the desired amount of Al
was first prepared from a portion of the degassed
Ag bar. This master alloy was rolled to the same
length as the unalloyed Ag bar and placed on top
of it; the two were then zone leveled at a rate of
12 in./hr in both the forward and reverse directions.
The resulting ingot was cold rolled into a sheet
0.080 in. thick and cut into a rectangular bar shaped
at one end with a nucleation point which was sepa-
rated from the main portion of the bar by a small
constriction. This bar was placed in an identically
shaped split graphite mold for the crystal growing
pass during which a horizontal zone was passed
through it starting from the point end at a rate of
Y5 in./hr. Although suitable crystals could be ob-
tained in this way, more than half the attempts
proved unsuccessful mainly because of the profuse
formation of growth twins and/or a lineage struc-
ture. Rectangular crystals 3 in. long by 3 in. wide
were cut from the larger crystal. Analysis of the
material adjacent to both ends of each four speci-
mens gave the average Al concentrations shown in
Table I where the corresponding variations from end
to end are also included. The composition variation
over the 1% in. gauge length was of course much
smaller. The oxidizing treatment for each of the
specimens as well as the atom ratio of O to Al result-
ing from each of these anneals are also given in
Table I. The difference in the oxidizing anneals is not
considered to be significant since Wriedt and Darken
(6) have shown that both the hardness and yield
strength of internally oxidized polycrystalline alloys
are practically independent of the oxidizing tem-
perature. In order to remove any possible steep
gradients in oxide concentration existing at the
surfaces of the specimen, 0.020 in. of metal were re-
moved from each face. Flat tensile specimens with
a cross section of 0.040 x 0.250 in. and a gauge length
of 1¥4 in. were then prepared. In order to eliminate
any deformation during the fabrication of the speci-
mens, all cutting and planing operations were carried
out with a Servomet electric spark cutting machine.
The samples were finally electropolished in a 9%
KCN electrolyte. All five specimens were pulled at
room temperature in an Instron tensile testing ma-
chine with the cross head speed set at 0.02 in./min.
The flat smooth ends of the specimen were ade-
quately held between flat grips to which was ce-
mented No. 240 emery cloth. Even at loads of up to
1000 1b (five times the maximum load encountered
in this investigation) no slipping in the grips was
detected.

Experimental Results and General Discussion

The initial tensile axis orientations of the five
single crystals used in the present investigation are
shown by the symbols with the identification 1 in
the unit stereographic triangle of Fig. 1. On the as-
sumption that slip took place on the primary sys-
tem (111)[101], the stress-strain curves for each
specimen were plotted as shown in Fig. 2 by using
the relation

F
= A 1
T Acos¢>cos [1]



94 JOURNAL OF THE ELECTROCHEMICAL SOCIETY
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Fig. 1. Points inside unit stereographic triangle show the manner
in which the tensile axes of the five single crystals rotated during
plastic deformation.
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Fig. 2. Stress-strain curves obtained from the five crystals listed
in Table I.

where r is the resolved shear stress, F the applied
load along the tensile axis, A the cross-sectional
area, ¢ the angle between the tensile axis and slip
plane, and \ the angle between the tensile axis and
slip direction. Because of the complexity of the de-
formation with increasing strain, no attempt was
made to plot true stress-strain curves in Fig. 2.
Specifically = for all strains is based on the initial
values of ¢, A, and A, while the strain is shown sim-
ply as per cent elongation. The simplification, how-
ever, does not affect the qualitative features of these
curves.

An analysis of the deformation markings during
the early stages of flow show that they were caused
by slip on the primary slip planes (111). As ex-
pected, the flow stress in general increased because
of work hardening in these early stages of de-
formation. On the other hand, after approximately
8%, 0%, and 82% elongation in the 1.03 atomic per
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cent (a/0) Al, 0.71 a/o Al, and 0 a/o Al specimens,
respectively, flow continued at a nearly constant
stress level until fracture occurred. In the case of
the latter two specimens, this stress was not quite
constant, but it oscillated between narrow limits
giving rise to a serrated plateau. These regions of zero
work hardening were all initiated by the formation
of very pronounced deformation bands which spread
from a single region and increased in thickness with
increasing strain as can be seen by the dark bands in
Fig. 3a, or else they formed discontinuously from a
number of different regions along the specimen
gauge length as in Fig. 3b. The fact that repeated
polishing and etching failed to remove these mark-
ings strongly suggested that they were deformation
twins.

Because of the large amount of distortion within
the lamellae, it was not possible to obtain a suitable
Laue back reflection pattern for positive identifica-
tion. However, since the twin lamellae were fre-
quently discontinuous and contained portions of un-
twinned and relatively undeformed crystal within
them, it was possible by using a very fine collimator
to obtain a Laue back reflection pattern from these
untwinned regions. As an example, a Laue pattern
was obtained from the untwinned areas 2, 3, 4, and 5
shown at the head of the arrows in Fig. 3a. The ten-
sile axes corresponding to these areas were plotted
stereographically in Fig. 1, from which it is seen that

the tensile axis rotates toward [211] which is the di-

Fig. 3a. Dark region near fracture is a twin band formed during
the deformation of an internally oxidized 0.71 a/o Al-Ag alloy.
Micrograph taken with oblique illumination at 4.5X.

Fig. 3b. Narrow horizontal discontinuous bands along specimen
guage length are twin lamellae which resulted from the plastic
deformation of an internally oxidized 1.03 a/o0 Al-Ag alloy. Micro-
graph taken with oblique illumination at 4.5X.
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rection for twinning. The change of orientation of
this axis is proportional to the amount of twinned
volume separating the untwinned regions.

In the case where only slip occurred, the slip di-
rection is easily determined from Laue back re-
flection patterns obtained along the length of the
specimen from the least deformed (and thus least
rotated) regions near the shoulders of the specimen
to the most highly deformed regions in the necked
down portions of the crystal. The direction of rota-
tion of the tensile axes for the five specimens ob-
tained in this manner is shown by the dotted lines in
the unit stereographic triangle of Fig. 1. Increasing
identification numbers in Fig. 1 correspond to re-
gions of increasing rotation along the gauge length.
It is apparent that the 0.71 and 1.03 a/o Al specimens
deform predominantly by twinning in the [511] di-
rection, while the remaining three crystals deform by
slip along [701]. Because of the small amount of de-
formation by slip in the two former specimens their
tensile axis rotation toward [T[)l] was not detected.
These data along with the slip or twinning planes
deduced from the deformation traces on the speci-
men surface are shown in Table 1.

The critical resolved shear stresses for both slip
and twinning are shown in Fig. 4. The critical re-
solved shear stress for twinning was determined as
accurately as possible by measuring the cross sec-
tional area as well as the values of ¢ and » immedi-
ately adjacent to the twin lamellae. Although the
twinning stress curve in Fig. 4 is based on results
obtained from only three crystals, it is believed that
the curve indicates the general relation between the
twinning stress and the stress required to initiate
slip. On the basis of Suzuki and Barrett’s (8) exten-
sive investigation of Ag-Au alloys it is alsc assumed
that a critical resolved shear stress for twinning is
valid for the present specimens. Blewitt et al. (9),
on the other hand, because of the wide scatter in
their values of the twinning stress for Cu single
crystals, have concluded just the opposite. According
to Blewitt et al. (9), twinning occurs only when the
tensile axis of the specimen rotates to the portion

of the dodecahedral plane lying between the [111]
and [1 13] directions. The present investigation, how-

Table 1. Deformation behavior of internally oxidized Ag-Al
alloys as a function of their O/Al ratio

Oxidizing

Al, ajo treatment O/Al Slip system* Slip system*

0 o (111 [1011P (111)[1211K

0.16 002 10hrat 1.7 (111)[101]1P None
800°C

0.71 +£0.04 191hrat 170 (111)[1011P (111)[211]P
600°C

1.03+0.10 21hrat 1.66 (111)[101]1P (111)[211]P
800°C

135+0.04 69hrat 1.78 (111)[101]P None
700°C

* The suffixes P and K refer to the primary and conjugate sys-
tems, respectively.
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Fig. 4. Critical resolved shear stress for both slip and twinning
in internally oxidized Ag-Al alloys as a function of Al concen-
tration.

ever, indicates that twinning occurs only after the
crystal has work hardened by slip to the stress level
where twinning can occur. Similar arguments have
been used by Suzuki and Barrett (8) in their Ag-Au
investigation. In Fig. 4 it is seen that the critical re-
solved shear stress for twinning in pure Ag is 15
times that for slip, while in the case of the internally
oxidized 1.35 a/o Al alloy it is only 1.1 times as
large. In other words, the critical resolved shear
stress for twinning is much less sensitive to the oxide
content than is that for slip.

On the basis of the two curves in Fig. 4, it is of
interest to analyze the particular orientations in the
unit stereographic triangle of Fig. 1 to see if there
are any in which one type of deformation is favored
over the other. This is best seen as follows, If (111)
acts as both the slip and twinning plane, Eq. [1]
says that the ratio of the resolved shear stress on
this plane between the twinning and slip system is
cos Ar/cos Ag, where Ar and As are the angles that
the twin and slip directions make with the tensile
axis of the specimen respectively. It is apparent that
when rr/rs, as determined from Fig. 4, is less than
cos At/cos Ag, then twinning will occur without any
prior slip. If this condition is not met, then ¢ will
inerease because of work hardening until the proper
ratio is attained, at which point twinning will occur.
For reference purposes the line AB in Fig. 1 shows the
locus of tensile axis orientations at which cos Ap/cos
rg = 1, i.e., 77 = 7g. As this line moves toward the
left or (001) pole, cos Ar/cos Ag approaches 0.579;
whereas when it moves toward the right, that is to-
ward the (111) pole, cos Ar/cos s approaches 1.16.
From this analysis it is apparent that pure silver in
which +r/rg = 15 will never twin at the yield
point, but it must first be work hardened to an ap-
propriate stress level by slip, as is apparent from
Fig. 1 and 2. In the case of the 0.16 and 1.35 a/o Al
specimens, because of the unfavorable position of
their tensile axis in the unit stereographic triangle,
fracture occurs before this appropriate stress level
for twinning is reached. In the case of the 0.71 and
1.03 a/o Al specimens, cos Ar/cos Ag is close to that
of rr/7s obtained from Fig. 4, so that the stress level
for twinning is reached after little or no work
hardening. In the present analysis it has been tacitly
assumed that the critical stress for twinning is es-
sentially independent of the degree of work harden-
ing by slip. Although the results of Suzuki and Bar-
rett (8) indicate that this is approximately so, the
finding is quite surprising in view of the fact that
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Marcinkowski and Lipsitt (10) have shown that as
little as 3% plastic deformation at room temperature
suppresses twinning completely at —195°C in chro-
mium, a temperature at which it occurs profusely
without prior plastic deformation. The fact that
twinning in Ag can occur after 82% elongation in-
dicates that there may be a basic difference between
the twinning mechanisms in face centered cubic and
body centered cubic structures.

In the discussion of deformation by twinning it
would seem that specimens with their axes near the
[001] pole in the unit stereographic triangle of Fig. 1
would prefer to have [iiZ] as their twinning direc-
tion. However, Venables (11) has shown that the

stress on the twin system (111) [_112] would be such
as to produce an extrinsic fault which has a pro-
hibitively high energy.

The stress-strain curve for pure Ag is quite simi-
lar to that obtained by Hauser (12). On the other
hand, with increasing additions of Al and thus in-
creasing amounts of oxide, the rate of work harden-
ing during the initial stages of deformation (that
which occurred by slip) appears to increase.

It is also apparent in Fig. 2 that the amount of
elongation before fracture is only 5% for the 1.35
a/o Al specimen. This specimen, however, gave a
chisel type fracture; that is, it deformed in a quite
ductile manner over a very small localized region.
For this reason the over-all ductility was poor. In
the case of the three specimens that twinned, frac-
ture occurred entirely within the twin band.

Nature of the Strengthening Mechanism

Thus far the effect of internal oxidation on the
strength of Ag-Al alloys has been discussed on a
phenomenological basis and no attempt has been
made to examine the atomistic picture of the inter-
action between the oxide particles and dislocations,
Before this can be done, it is first necessary to know
something about the nature of the oxide particles in
the silver matrix. Although Ashby and Smith (13)
have reported the oxide in internally oxidized Cu-Al
alloys to be of the y-alumina type, both x-ray and
electron diffraction techniques have failed to reveal
a crystal structure other than pure Ag in the inter-
nally oxidized Ag-Al alloys.

Because of this lack of direct experimental in-
formation, only a very general model of the oxide
will be postulated. Specifically, the model of Wriedt
and Darken (6) will be adopted, in which it is as-
sumed that the oxygen atoms diffuse to the sub-
stitutionally dissolved Al atoms and take up the six
octahedral interstices surrounding it. An Al atom
diffusing to an adjacent substitutional site undergoes
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a similar oxidation until a well defined oxide par-
ticle is formed. During this process only a relatively
small volume change occurs which can be accom-
modated elastically by the matrix. Also, because of
the similarity in size between the silver and alumi-
num atoms, the atom fraction of Al atoms fa,a1 can
be assumed equal to the volume fraction of Al atoms
fv.al. The diameter of the oxide particles, taken to be
spheres, can be found by first assuming a linear
relationship between the oxygen-aluminum ratio
O/Al and 1/3¥N, where N is the number of Al atoms
associated with an oxide particle (6). It is also ap-
parent on the basis of the Wriedt-Darken model
that, O/Al should have values of 1 and 6 when
1//N takes the values of 0 and 1.0, respectively.
Using the relationships described above, values of
1/\3/N can be obtained for the four O/Al ratios as
shown in Table II. The volume associated with a
given oxide particle is simply N a.,%/4 where a, is
the edge length of the unit cell of Ag, and the factor
of 4 takes care of the fact that there are four atoms
in the fee unit cell. Equating this to the volume of a
sphere, 4/37 (d/2)% where d is the true diameter of
the sphere, the following relation can be obtained

d=6.84 x 10-8 N1/3 [2a]

The mean diameter d; on the slip plane is given as
(14)
di=Vv2/3d [2b]

Values of d and d; determined for these equations
are listed in Table II. Next, by arranging the circles
of diameter d; on a square mesh of edge length
A on the slip plane so that A is the center to center
distance between particles, and assuming that the
volume fraction of oxide particles fy,ox = fv,a1 = fa.al
is equal to their area fraction on the slip plane, one
obtains according to Kelly and Nicholson (14)

A:\/zé( a2 )1/2 (3]

fA,Al

Values of A obtained from the above relation are
listed in Table II. It is important to note here that
A as defined above is essentially the nearest neigh-
bor distance between oxide particles on the slip
plane. Also implicit in the above model is that the
oxide particles remain coherent with the Ag matrix.
This appears reasonable in view of the divergent
beam x-ray back reflection patterns obtained by
Weissmann and Wriedt (15).

The number of different strengthening mech-
anisms that have evolved over the past two decades
are quite numerous. The theories of Orowan (16),

Table 1. Significant parameters associated with the internally oxidized Ag-Al alloys described in Table | which were colculated
on the basis of the theoretical model of Wriedt and Darken

Al, a/o 0/Al 1/\3/§ d, cm di, cm fa, a1 A, cm 7, cm

0 ) ) 0 0 0 0 —
0.16 + 0.02 1.7 0.142 48.1 x 10-3 39.2 x 10-8 0.0016 866 x 10-8 729 x 108
0.71 + 0.04 1.70 0.142 48.1 x 10—8 39.2 x 108 0.0071 412 x 10—8 417 x 10—8
1.03 = 0.10 1.66 0.133 51.4 x 10—8 419 x 108 0.0103 364 x 10—8 388 x 108
1.35 + 0.04 1.78 0.157 435 x 108 354 x 108 0.0135 270 x 10—8 320 x 10—8
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Fisher, Hart, and Pry (17) as well as the chemical
strengthening theory of Kelly and Fine (18) all
depend on either A or d; alone. On the other hand,
the hardness data of Wriedt and Darken (6, 7)
indicate that the strengthening due to internal ox-
idation in the Ag-Al alloy may not depend on either
A or d; alone. There are a number of theories in
which the shear stress depends only on the volume
fraction of precipitate or in the present case fa,a
The most notable of these is that due to Mott and
Nabarro (19-22). However, this theory predicts a
linear relation between r and f, and in view of the
results shown in Fig. 4, must be rejected. Based on
the experimental observations of Meiklejohn and
Skoda (23), Ansell (24) has also developed a theory
in which = is function of only the volume fraction of
dispersed second phase particles. However, as
pointed out by Kelly and Nicholson (14), there are
very strong objections, both experimental and the-
oretical, associated with these two latter investiga-
tions, respectively.

Another theory, and one that possesses consider-
able merit has been described in detail by Kelly and
Nicholson (14). In particular, it involves the cut-
ting of the precipitate particle by the moving dis-
location. In this model the lattice friction stress
of the particles is assumed to be much larger than
that of the matrix. Curiously and erroneously, Kelly
and Nicholson (14) begin their derivation by as-
suming a perfectly rigid dislocation line, where in
fact their theory applies only to one which is
highly flexible. Tt will be demonstrated, however,
in the following paragraph that in spite of what
they say, their theory is indeed valid for a highly
flexible dislocation line. ‘

On the basis of what has been said earlier, the
oxide particles can be assumed to be perfectly co-
herent with the matrix and to possess a structure
essentially the same as that of the matrix. The
Burgers vector of the dislocation within the particle
can thus be taken essentially equal to that within
the Ag matrix. For illustrative purposes the oxide
particle configuration to be expected on the slip
plane of the internally oxidized 0.71 = 0.04 a/o
Al-Ag alloy described in Tables I and II is shown
in Fig. 5. The figure was constructed to scale using
the values of di, fa,a, and A listed in Table II. In
the absence of an externally applied stress, a dis-
location segment AB will remain essentially straight
and lie in the softer Ag matrix. Under the action
of an externally applied shear stress r which is just
below the yield stress, the dislocation line will take
the curved shape shown by A'B’. Two factors de-
termine the shape of the line A’B’. The first is that
just under the yield stress, the dislocation line must
not pass through the particles. Second, under this
same stress the radius of curvature of the disloca-
tion line at any point must not be less than

aGb

T

r =

[4]

where « is on the order of 1/2, G the shear modulus
of Ag is taken to be 2.64 x 10! dynes/cm2, while b
the Burgers vector of the dislocation line is 2.93 x
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Fig. 5. Schematic illustration showing the response of an initially
straight dislocation segment AB lying on the slip plane of an
internally oxidized Ag-Al alloy to a shear stress T whose magnitude
is just below that of the yield stress. The above configuration
corresponds to the internally oxidized 0.71 =+ 0.04 a/o Al

10-% em. Using the values of + for slip shown in
Fig. 4, the various values of r calculated from Eg.
[4] are listed in Table II. It is apparent from these
results that r is on the order of A for all of the
present alloys, so that the dislocations are highly
flexible. This becomes immediately apparent by re-
ferring to Fig. 5. On the other hand, the dislocations
are not sufficiently flexible to bow out between
the particles in the manner predicted by the Oro-
wan theory, since a simple calculation shows that
this would give rise to shear stress more than twice
that observed in all of the present internally ox-
idized alloys.

Because of the large value of A in the present
alloys, the dislocation line can be thought of as con-
necting nearest neighbor oxide particles, i.e., the
value of A given by Eq. [3]. The dislocation segment
connecting two such neighboring particles will in
general be curved and will slice through the par-
ticles with little or no help from adjacent segments
of the dislocation line. A schematic illustration of
the sequence of events whereby an initially straight
dislocation line is forced through a pair of neigh-
boring oxide particles is shown in Fig. 6a-6d. If as
Kelly and Nicholson (14) had assumed, the disloca-
tion were to move as a rigid straight line, the total
works AW expended in driving the dislocation
through the oxide particles with spacing A is given
to a good approximation by

AW = F Ad; = Fag (A —d;)di + Fox (di?)
= 1pgb(A—di)d;i + 7oxb (d?) = vbAd; [5]

This relation would be exact for square particles of
edge length d;. The subscripts Ag and ox on F and -
refer to the friction force per unit length and stress
acting on the dislocation within the silver matrix and
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Fig. 6. More detailed schematic illustration of how a gen-
erally curved segment of dislocation line such as that shown in
Fig. 5 cuts through the oxide particles.

oxide precipitate, respectively. The fact that the
dislacation is curved as it moves through the oxide
particles has no effect on Eq. [5]. This follows from
the realization that only the component of force in
the direction of the dislocation motion, F cos 4 acting
on a dislocation segment dl’ = dl/cos 8, does work.
Referring to Fig. 6, the total force acting on the
curved dislocation segment in the Ag matrix and
in the direction of motion of the dislocation line is
therefore

JloFagcos 8 dl = JA % Fagdl = Fag(A—d;) [6]

which is the same as that given in Eq. [5] for the
straight rigid dislocation line. Since the diameter of
the oxide particles is quite small, no change in the
shape of the dislocation line is expected to occur
between stage (b) and (c) in Fig. 6. After the dis-
location segment passes through the particles, it
straightens itself more or less, releasing most of its
line energy due to curvature, to thermal vibrations
within the crystal. In no case does the curvature of
the dislocation line enter into the work of driving it
through the oxide particles, i.e., sequence (b) and
(¢) in Fig. 6.

Combining Eq. [2b], [3], and [5] leads to the fol-
lowing relationship

7= 7ag + (7ox — 7ag) 1.13 fa ail/? [7a]

The above relation is in principle the same as that
obtained by Kelly and Nicholson (14), but ex-
pressed in terms of the dislocation friction stresses
in both the Ag matrix and the oxide particle, in-
stead of the specific energy vy associated with the
sheared precipitate interface. Also if the same mean
width of precipitate, d = #/\/6 d/2 used by Kelly
and Nicholson (14) were used in Eq. [5] in place of
d; the factor of 1.13 would be replaced by 1/1.13.
However, in view of the uncertainties associated
with the best choice of geometric factors in the pres-
ent analysis, Eq. [7] can be written for convenience
without loss of precision as

[7b]

7= 1ag + (Tox — Tag) fa.ar’’?
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Fig. 7. Critical resolved shear stresses, obtained from Fig. 4,
plotted in accordance with the theoretical relation given by
Eq. [7b].

Thus according to Eq. [7b], = should vary with
fa,at’? and be independent of the state of dispersion
of the oxide. This is in agreement with the micro-
hardness data of Wriedt and Darken (6) and Darken
(7). The data of Fig. 4 are plotted against fa,a'/2 in
Fig. 7. Although there is some scatter in , the data
fall quite close to a straight line. From the intercept
and slope of the line associated with slip in Fig. 7,
rag and 7, are found to be 1500 psi and 138,000 psi,
respectively. In view of the high hardness of alumi-
num oxides in general, the above value for the stress
to move a dislocation through the oxide does not
appear to be unreasonably large.

Although the flexible dislocation model gives a
functional relationship which agrees well with ex-
periment, the lack of detailed knowledge concerning
the nature and magnitude of the friction stress
within the oxide, precludes further verification of the
model. For this reason other dislocation models such
as cross slip around the particle cannot be ruled out
completely. Preliminary transmission electron mi-
croscopy observations on internally oxidizing Ag-Al
alloys (7, 25) have shown the presence of large num-
bers of elongated dislocation loops after deformation
which seem to support this model. It is not yet
known whether this behavior is characteristic of the
oxidized alloys or the Ag itself. A serious difficulty
with the cross slip model is that Ag has a relatively
low stacking fault energy. The fact that twinning be-
comes more frequent in the oxidized alloys sug-
gests that twinning dislocations, which cannot cross
slip, probably shear the oxide particles. A similar
shearing by regular slip dislocations could, therefore,
also be expected. If the oxide particles are indeed
sheared during plastic deformation, then this should
lead to the formation of oxide interfaces in which
there are unbonded atoms of Al with O. This fea-
ture should manifest itself as an additional weight
gain on further oxidation at elevated temperatures.

The final topic of interest in this investigation con-
cerns an analysis of the twinning mechanism. It is
generally assumed that the critical stress for twin-
ning +T involves the stress necessary to form the
first layer of the twin lamella. This layer is simply
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a stacking fault formed by the motion of a 1/6 a,
<112> type partial or twinning dislocation in the
(111) plane resulting from the following dislocation
reaction (26)

1/2 0, [1101 = 1/3 ao [111] + 1/6 ¢, [112]

Models based on this mechanism have been used by
Venables as well as Suzuki and Barrett (8). The
simplest model, described above, will be used in the
present analysis. In view of the success of the rigid
dislocation cutting model in accounting for the vari-
ation of the critical resolved shear stresses with
oxide content, it is of interest to employ similar rea-
soning in the case of the twinning stresses. Spe-
cifically, the following equation, analogous to Eg.
[7b], can be written

= ragT + (roxT — 7agT) fa,al'? 81

In spite of the fact that critical resolved twinning
stresses for only three different Ag-Al alloys were
obtained, they have nevertheless been plotted in Fig.
7 in accordance with Eq. [8]. Although these limited
data do not provide an accurate test of Eq. [8], it
will nevertheless be assumed to be valid. From the
intercept and slope of the straight line associated
with the twinning mode of deformation in Fig. 7,
rag’ and 7T are found to be 10,000 psi and 58,500
psi, respectively. On the basis of the twinning stress
model described in the previous paragraph, the fol-
lowing relationships can be obtained.

E Ae=, Tp
F Ag 1/6 ao <112>

B oX — Tb
F ox 1/6 ao «<<112>

[9a]
[9b]

where E¢*® and Er°* are the stacking fault energies
in the silver matrix and the oxide particle, respec~

. - -~ s )
tively, while bl/Gao i1z = 1.67x10 cm is the

Burgers vector of the 1/6 a, <112> twinning dislo-
cation in pure silver and is assumed to be the same
as that in the oxide particles. On substitution of the
appropriate values into Eq. [9a] and [9b], one ob-
tains Ep2® == 12 ergs/cm? and Ep®* == 67 ergs/cm?,
The above value for silver is only about half the
value of 25 ergs/cm? determined by Howie and
Swann (27) in thin foils, and may in part be due to
the reduction in the externally applied stress by
piled-up dislocation groups as suggested by Ven-
ables (11). Applying the reasoning to the oxide par-
ticles, Ex°* should then be about 134 ergs/cm? This
large value of the stacking fault energy in the oxide
particles is to be expected in view of their possible
ionic structure and will in general lead to an im-
balance in the charge distribution across the fault
plane. Unfortunately, however, independent meas-
urements of Er° are not available with which to ob-
tain further clarification of the validity of Eq. [8].

Summary and Conclusions

1. The critical resolved shear stress for slip in
internally oxidized Ag-Al single crystals increases
from about 600 psi for pure Ag to 17,500 psi for an
internally oxidized alloy containing 1.4 a/o Al. The
critical resolved shear stress for twinning is about
10,600 psi for pure Ag and increases to about 18,500
psi for an internally oxidized 1.03 a/o Al alloy.
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Thus, the critical resolved shear stresses for slip
and twinning become more nearly equal as the Al
concentration increases; the preferred mode of de-
formation depends strongly on orientation. Specifi-
cally, twinning is preferred when the specimen ten-
sile axis lies near <111>, while slip is the preferred
mode of deformation for a tensile axis near <100>.
In the case of the internally oxidized lower Al con-
centration alloys, appreciable work hardening by
slip must first occur before twinning can take place.

2. Although the inapplicability of all other
strengthening mechanisms has not been wholly
ruled out, a theory of strengthening based on the
model of Kelly and Nicholson (14) which involves
cutting of the oxide particles by a highly flexible
moving dislocation line has been developed. The
model chosen for the oxide has been that first pro-
posed by Wriedt and Darken. The present theory
leads to the following equation for deformation by
slip

T=1Tag + ("'ox - ”'Ag) fA,AII/2

where 7,4 and 7o are the lattice friction stresses in
the Ag matrix and oxide particles respectively,
while fa,ar is the atomic fraction of Al in the Ag.
The reason why fa a1 appears in the above eguation
is that in the present system it is very nearly equal
to the volume fraction of oxide particles. The present
results are in satisfactory agreement with the above
relation. Also implicit in the above equation is that
7 is independent of either the size or dispersion of
the oxide particles for a fixed value of fa,a;. This
agrees with earlier hardness results obtained by
Wriedt and Darken (6).

Although the critical resolved shear stress data for
twinning were limited in the present investigation,
they can also be fitted to an equation of the form
given above. In this case, however, 7,,T now rep-
resents the stress necessary to create a stacking
fault within the oxide particle.
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High-Temperature Electrical Conductivity in the Systems
Ca0-ZrO, and CaO-HfO,

H. A. Johansen and J. G. Cleary

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

The a-c electrical conductivity of CaO-ZrO; and CaO-HfQO; was measured
from 800° to 2000°C. The two systems are similar. The conductivity maximum
was found near 12 mole % CaO in both zirconia and hafnia.

Earlier published data (1, 2) on the electrical
conductivity of the CaO-ZrQ, system indicated sev-
eral discrepancies in the behavior of the isotherm
at 1000°C. It was the purpose of the present investi-
gation to resolve these differences, to extend the
measurements to higher temperatures using highest
purity materials, to locate the conductivity maxi-
mum as precisely as possible, and to measure and
compare the conductivity of the previously unre-
ported system CaO-HfOs,.

Experimental
Material—The zirconia used was a low-hafnium
grade obtained from Numec. Analysis furnished in-
dicated a purity of 99.93% ZrO, + HfO,, and Fe,
Cr, and Ti as principal impurities. Hafnium was
reported to be 60 ppm. The zirconia was then re-
acted with high-purity graphite to form ZrC. The
ZrC was chlorinated to form anhydrous ZrCl,, and
the chloride dissolved in water to form zirconyl
chloride solution. The chloride solution was con-
verted to zirconyl nitrate solution. Zirconium oxide,
prepared from the nitrate solution by evaporation
to dryness and ignition, showed on analysis 99.9859
ZrO: + HfO,, with Cr, Al and Si as principal im-
purities. Anhydrous-hafnium chloride (U.S. Bureau
cf Mines) was converted to hafnyl nitrate solution.
Hafnium oxide prepared from the nitrate solution

showed on analysis 99.98% HfOs; + ZrO,, with Fe as
principal impurity. Zirconium in the hafnia was re-
ported to be 1-49%,. The calcium oxide necessary to
make the preparations was added as Fisher Certi-
fied calcium carbonate.

Preparation of specimens—To insure homogeneity,
all specimens were prepared by evaporation to dry-
ness, and ignition to 1000°C, of the zirconium or
hafnium nitrate solution to known concentration,
the necessary quantity of CaCQOj; being first dis-
solved in the nitrate solution. The powders so ob-
tained were then pressed in carbide dies with no
binder, fired in argon atmosphere in a graphite re-
sistor furnace to 1900°C, ground, repressed, and
refired as before. This produced cylindrical speci-
mens 1 x 2 cm with densities about 709 of theoret~
ical. A coating of TaSi, was applied by plasma jet
to the ends to form a low ohmic contact.

X-ray diffraction—X-ray powder diffraction pat-
terns were obtained for all compositions prepared to
determine the phases present and, in the cubic single
phase region, to look for evidence of superlattice.

Metallographic.—Metallographic examination of
compositions in the monoclinic-cubie, cubic, cubic-
orthorhombic, and orthorhombic regions were made
for identification of phases.

Electrical conductivity measurements.—Measure-
ments were made from 800° to 2000°C using a
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split graphite resistor furnace with argon atmos-
phere as described in (3).

Results
The System (Ca0),(Zr0;)1-s—The conductivity,
o, may be represented by the relation
A AE 1
=Aexp——

o P—— [1]
where A is a pre-exponential term, k is the Boltz-
mann constant, T is the absolute temperature, and
AE represents the activation energy for conduction.
Typical curves are shown in Fig. 1. For x values
higher than 0.6 there was some uncertainty and
variation in results due to possible uptake of H,O
or COy by the calcia rich compositions. Such ex-

o O

838 8 8 8
, e e + « Q (°0)
O T T T T T
100 —
07—

iO‘ZL

1073

|O-4 —

Electrical Conductivity (ohm-cm)™!

1075

108
0.4 0.5 0.6 o7 08 0.9 1.0
103/T (°K)
Fig. 1. Typical curves for electrical conductivity of (CaO).
(ZrO2) 1 7.
89 o o o Q
Q
L8 88 § @ S rc
10 T T T T T
109 -
- O A
€
9
E
S
§|0'2— B
=z
5
©
5 o3
S o3k i
8
5
o
W0t N
1075 i
!
|
10°€ ;
04 05 06 07 08 09 i0

103/T (oK)

Fig. 2. Summary of electrical conductivity of (Ca0).(ZrO2)1—

CONDUCTIVITY IN CaO-ZrO, AND CaO-HfO, 101

posure of these specimens was minimized, but some
slight reaction was probable. Figure 2 shows a sum-
mary of the plot of the electrical conductivity vs.
the reciprocal absolute temperature for values of x
from 0.08 to 1. (The curve for x = 0.08 is dashed for
clarity.) The highest conductivities are in the region
af x = 0.1, All other compositions tend toward in-
creasing AE’s and lower conductivities with increas-
ing values of x. An activation energy of 3.8 ev was
found for ZrO,, and 1.07 ev for x = 0.1; from this
minimum, the activation energy increased approxi-
mately linearly to 2.78 ev for x = 0.5. The lattice
parameter for the composition x = 0.12 was 5.127A.

From Fig. 1 it is noted that there is some devia-
tion from the Arrhenius relation for several of the
compositions. Replots of these data on a larger scale
show no particular trend with composition. Devia-
tions from the Arrhenius relation have been re-
ported by Dixon et al. (4) for the compositions x
= 0.18 and 0.24 and attributed to decomposition of
the cubic phase. The deviations in Fig. 1, however,
appear at a higher temperature and at lower com-
positions than in (4). No explanation can be offered
for this apparent deviation from the strict Arrhenius
relation.

Conductivity isotherms are shown in Fig. 3. Meas-
urement of x = 0 (pure ZrO,;) was carried out to
about 1600°C. The results below this temperature
fall reasonably close to a straight line in an Arrhen-
ius plot. The value for ZrO, at 2000° in Fig. 3 is
extrapolated from lower temperatures.

The boundaries of the cubic single-phase region
have been reported by Duwez, Odell, and Brown
(5) to extend from 16 to about 28 mole ¢ CaO;
however, the x-ray cubic and metallographic results
summarized in Table I indicate that the cubic phase
boundaries are near 12 and 22 mole 9, CaO, respec-
tively.

The System (CaO),.(HfO:);_,—Figure 4 shows
a summary of the plot of the conductivity vs. the
reciprocal temperature for values of x from zero to
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Table I. X-ray diffraction and metallographic results for CaQ-ZrQ-

Composition X-ray Metallographic
mole % CaO
5 Monoclinic + cubic Two phases
8 Monoclinic + cubic Two phases
10 Cubic + trace monoclinic Single phase
12.5 Cubic Single phase
16 Cubic Single phase
20 Cubic Single phase
22 Cubic Single phase
23 Cubic + zirconate —_
25 Cubic + zirconate Two phases
33.3 Cubic + zirconate Two phases
50 Zirconate Single phase

1. (The curves for x = 0.15, 0.17, and 0.5 are dashed
for clarity.) An activation energy of 2.86 ev was
found for HfO,, and a minimum AE of 1.43 ev for x
= 0.12. The composition x = 0.12 gave the conduc-
tivity maximum, and the lattice parameter for this
composition was 5.112A.

Discussion

The 33 mole per cent anomaly.—Trombe and
Foex (1) found for the system CaO-ZrO, a mini-~
mum in the conduction at 33 mole ¢ CaO. They
suggested that a compound (CaO) (ZrO,), existed,
but no evidence has been found to support this
view. Volchenkova and Palguev (2) repeated the
work of Trombe and Foex and showed a smoothly
descending curve from their conduction maximum
at 15 mole 9% CaO to the minimum at 50 mole %.
In (1), the specimens were prepared by fusion in a
solar furnace, and in (2) by heating only to 1500°C.
The preparative method in the present work was
different again. Initial measurements in the CaO-
ZrO, systems gave results similar to the results of
Trombe and Foex (1), but repeated trials over vary-
ing conditions of heating and starting materials
showed that the presence, or absence, of the mini-
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mum-maximum in the two-phase region was a
function of the preparative technique. A possible
explanation is that the preparative technique affects
the microstructural distribution of two phases of
different conductivities.

The conductivity maximum.—The work reported
in (1) and (2) showed the conductivity maximum
to be near 15 mole ¢ CaO in ZrO,. As the data
show in Fig. 1 and 2, x = 0.1 has the highest con-
ductivity and the lowest activation energy, AE, for
all compositions. The differences in AE between x
= 0.08, 0.1, and 0.12 are probably not significant
due to the experimental difficulties, but the values
of AE are clearly less than for x = 0.16. For the
(Ca0),(HfOs);_, system, Fig. 4, the maximum is
placed at x = 0.12, but the differences among x =
0.08, 0.1, and 0.15 are slight. For the two systems
the conductivity maximum is considered to be prob-
ably at the composition 0.1 < x < 0.15, or x =
0.125. Dixon et al. (4) reported a maximum in the
conductivity of about 0.2 (ohm-cm) ~1, and a mini-
mum in the activation energy of 1.06 ev for the
composition x = 0.12. The corresponding values
from our work are 0.06 (ohm-cm)~! and 1.16 ev.
The slightly lower conductivity and higher activa-
tion energy for this work probably reflects the
higher purity ZrO, and the difference in density.

It is generally accepted that the mode of conduc-
tion in calcia stabilized zirconia is ionic (6-9) and
occurs by oxygen ion migration via anion vacancies
in the fluorite lattice.

At the conductivity maximum, x = 0.125, we
have

Cag,125Z1¢.87501.875000.125
where the symbol [J indicates oxygen vacancy.
Since this corresponds to 0.5 vacancy per unit cell,
or one vacancy every other unit cell, the singularity
in the conductivity-composition curves may be
connected with a possible ordered structure of va-
cancies as has previously been suggested (2).

Summary

The electrical conductivity of the systems (CaO).
(ZrO,);-, and (CaO).(HfO2);—. has been meas-
ured from 800° to 2000°C. The two systems are
similar. The cubic phase boundaries were found at
x = 0.12 and x = 0.22 for (Ca0),(ZrOs);_,. A pre-
viously reported conductivity anomaly in the two-
phase region x = 0.22 to x = 0.5 may be explicable
on the basis of the distribution of the two phases
and appears to be a function of the method of prep-
aration. The conductivity maxima in both systems
are placed at x = 0.125 and might be related to an
ordered arrangement of anion vacancies.

Manuscript received April 26, 1963; revised manu-
script received Aug. 29, 1963. This paper was presented
at the Pittsburgh Meeting, April 15-18, 1963.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1964
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Kinetics of Oxidation of Pure Tungsten,1150°-1615°C

E. A. Gulbransen, K. F. Andrew, and F. A. Brassart

Physical Chemistry Department, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

Weight change and oxygen consumption measurements were used to study
the kinetics of oxidation of tungsten from 1150° to 1615°C at oxygen pressures
of 2-100 Torr. The data were collected in a static type reaction system. Volatili-
zation of tungsten trioxide above 1100°C changed the nature of the oxidation
reaction for temperatures between 1100° and 1250°C. At 1150°C and 76 Torr
oxygen pressure, oxide scale formed and some tungsten trioxide volatilized,
while at 1250°C and 76 Torr oxygen pressure, all of the oxygen reacted to form
volatile tungsten trioxide.

Initial oxidation rates were used to evaluate the effect of temperature and
pressure on the kinetics of oxidation. Between 1100° and 1250°C, the initial
rates of oxidation were nearly independent of temperature. A rapid increase
in the rates of oxidation occurred between 1250° and 1350°C for oxygen pres-
sures above 5 Torr. Above 1350°C the rate data also increased with temperature
but to a smaller extent. Due to oxide volatility, oxygen pressure had a major
influence on the formation of oxide scale for temperatures between 1000° and
1250°C. Low oxygen pressures favored volatilization of the oxide for a given
temperature. Above 1300°C, where oxide scales were absent, the effect of oxy-
gen pressure on the rate of reaction followed the equation

dn/dt = KP11

Here dn/dt is the rate of oxidation, P is the pressure, and K is a constant.
Above 1300°C, the rate-controlling process was probably the diffusion of
oxygen gas through a barrier layer of tungsten trioxide vapor. Comparison of
the rates of oxidation with those for carbon and molybdenum obtained under
similar reaction conditions showed tungsten to have the fastest rate of
oxidation. This may be related to the nature of the barrier layer of reaction
product surrounding the specimen undergoing reaction.

Tungsten and its alloys have many good high-
temperature mechanical properties. However, the
oxidation resistance of the metal and its alloys is
poor. Due to experimental difficulties, few quantita-
tive measurements have been reported on the oxi-
dation rates of tungsten above 1200°C. As a result,
it has been difficult to compare the oxidation rates
of tungsten with other metals and to develop mech-
anisms for the high-temperature oxidation reaction.

This paper reports a new study on the kinetics of
oxidation of tungsten between 1150° and 1615°C
and for oxygen pressures of 2-100 Torr. Special
treatment is given to the region of high rates of
oxidation between 10'7-101° atoms of tungsten re-
acting per square centimeter per second. Correla-
tions are made with our earlier studies at lower
temperatures and with collision theory calculations.

Literature.—A number of studies have been made
on the oxidation of tungsten below 1200°C. These
were reviewed in our earlier papers (1,2) and by
Barth and Rengstorff (3).

Langmuir (4) studied the reaction of tungsten
with oxygen at pressures of 10— to 10~* Torr and

at temperatures between 1070° and 2770°K using
tungsten filaments heated electrically. A continuous
increase in the rate of oxidation was found to the
highest temperatures. Below 1073 Torr, a linear
variation of the rate of oxidation with pressure
was found.

Perkins and Crooks (5) used a modified Lang-
muir method. Direct electrical heating was used
with the rate being determined by direct measure
of the surface recession.

Semmel (6) studied the oxidation of tungsten in
free flowing air between 982° and 1371°C. Tungsten
was found to oxidize following the linear rate law
at 1000°C. A transition to parabolic occurred near
1200°C with a decrease in the rate of oxidation. Gul-
bransen and Andrew (1) made a systematic study
of the oxidation of tungsten between 600° and
1300°C. For small size specimens, tungsten triox-
ide was found to volatize as fast as it was formed
during oxidation at 1200°C and 76 Torr oxygen
pressure. The parabolic rate law was applied to
most of the data between 600° and 1100°C. Several
transitions were observed in the over-all oxidation
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rate. Four types of oxidation phenomena were
found as the temperature was raised and the pres-
sure changed.

In a recent work, Gulbransen, Andrew, and Bras-
sart (7) extended their oxidation studies on tung-
sten to 1615°C. Two independent methods were
used to monitor the oxidation rate. Four types of
oxidation processes were presented.

Experimental

Oxygen reacts with tungsten at high temperature
to form solid, liquid, or gaseous tungsten trioxide.
To monitor the oxidation reaction it is essential to
determine total oxygen used as well as to measure
the weight change. Total oxygen used gives the
total amount of tungsten reacting while the weight
change gives the difference between oxygen forming
solid oxide scale and tungsten lost by reaction and
evaporation of the oxide.

Balance.—Since large weight changes were ob-
served during oxidation, a low sensitivity gold
plated metal beam balance (10) was used. The
balance had a beam length of 14.5 ¢cm and a beam
weight of 46g. Calibration of the balance showed
a sensitivity of 60 pug for a 0.001 cm deflection at
7.25 cm using a weight of 0.83g. Specimens were
suspended using a 2 mil nickel-chromium alloy
wire in the cold zone and an 8 mil section of plati-
num wire in the hot zone of the furnace tube.

Oxygen consumption.—Oxygen consumed in the
reaction was determined by measuring the rate at
which the pressure of a calibrated 287 cc reservoir
decreased as oxygen was leaked through a sensitive
leak valve into the reaction system.

Furnace tubes and reaction system.—The balance
housing and reaction system are shown in Fig. 1.
The furnace tubes were 1 in, diameter high-purity
vacuum-tight alumina. The tubes were closed at
one end and attached to the vacuum system by
means of a flange and rubber O ring.

One major difficulty was found in using ceramic
furnace tubes for tungsten oxidation studies. Alu-
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mina was found to react with tungsten trioxide
vapor above 1500°C as shown by discoloration of
the tube and subsequent cracking.

A Kanthal-Super furnace was used to heat the
furnace tubes.

Temperature measurement.—Temperatures were
measured using Pt-Pt+10% Rh thermocouples.
These thermocouples were calibrated at seven tem-
peratures between 400° and 1200°C. Above 1200°C,
the emf-temperature curve was deduced from tables
and from the calibration values found at lower
temperatures. At 1200°C, the error in temperature
measurement was *= 2°C while at 1600°C the error
was probably = 5°C.

For the balance experiments, the temperature of
the system was measured by a thermocouple placed
inside the reaction system near the sample. For
very fast reactions where oxygen consumption
measurements only were made, the specimens were
mounted close to the thermocouple itself. In the
former system, comparison was made between tem-
peratures on the specimen and at a point in the
furnace tube near the specimen. All temperatures
were corrected to the temperature at the specimen.
Figure 1 shows the thermocouple arrangement.

Specimens.—Specimens were machined from pure
tungsten rod. They weigh about 0.825g and have a
surface area of 0.680 cm? These specimens have a
dumbbell shape with hemispherical ends. Sharp
edges were avoided. The smaller diameter of the
dumbbell shaped specimens was used for supporting
the specimen by using a loop of platinum wire.

A spectrographic analysis of the tungsten showed
the following in parts per million: Si, 1; Ti, <100;
Mn, <4; Sb, <10; Fe, 8; Pb, <4; Mg, <1; Al, 1; Nj,
4; Be, <1; Sn, <4; Cu, 1; Ag, <1; Zn, <10; Co, <10;
Cr, <5; Ca, 1; B, <4; Nb, <100; Mo, <100; V, <100;
Cd, <4. An unreacted specimen is shown in Fig. 3A.

Specimen preparation.—Pure tungsten samples
were machined from rods that had previously been
centerless ground. After the samples were ma-
chined, they were polished through 4/0 polishing
paper and washed in petroleum ether and pure ethyl
alcohol. When only oxygen consumption measure-
ments were made, the samples were suspended
from a glass hook in the top of the balance chamber.

Between successive experiments it was necessary
to bake the ceramic tube for about 20 min at the
temperature of the next planned experiment or
slightly above. This was necessary to avoid reac-
tion between the clean tungsten sample and oxygen
released from the tube during the heat-up of the
specimen. Absorbed WO; vapor was also expelled
from the tube walls during this tube pretreatment.

Method.—Experiments were made using the bal-
ance in combination with the pressure measuring
device. In experiments in which the weight changes
were beyond the limits of the balance, the pressure
apparatus alone was used.

After the specimen was brought to temperature,
pure oxygen was admitted to the system from a
precharged reservoir to the desired pressure.
Weight changes were observed with a micrometer
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microscope as a function of time. Pressure changes
in the reservoir were also noted as a function of
time by means of a Wallace and Tiernan pressure
gauge. A Granville-Philips leak valve was adjusted
manually to maintain a constant pressure in the
reaction system.

Results

The experimental work is planned to determine:
(a) the basic phenomena associated with the oxida-
tion of tungsten between 1150° and 1615°C, (b) ef-
fect of time, temperature, and pressure on oxidation
rates, (c) absolute values of oxidation rates and
how these values compare with the theoretical rate
based on collision theory, and (d) the several mech-
anisms of oxidation at high temperature.

Oxidation at 1150°C and 19 Torr oxygen pressure.
—Curves A and B of Fig. 2 show oxygen consump-
tion and weight change measurements. Both curves
are in units of milligrams per square centimeter.
The data show a linear rate of oxidation after an
initial period of slow reaction. The total amount of
tungsten reacted can be calculated from the oxygen
consumed by using the stoichiometric ratio of W/3
O and the atomic weights of W and O. We are also
interested in determining the amount of tungsten
volatilized and the amount remaining as oxide
scale. To do this we have made the following anal-
yses.

Equation [1] relates the oxygen used to the for-
mation of solid, liquid, or gaseous tungsten trioxide.

Wi(s) +3/20:(g) 2 WO; (s,], 8) (1

The weight change given by the balance readings
indicates the difference between the oxide formed
and tungsten lost as volatile tungsten trioxide ac-
cording to the equation

3WO;(s, 1) = (WOs)s(g) (2]

From Eq. [1] and [2] and the laws of stoichiometry
we set down the following equations

Wo = Two + (1 — x)we {31
Wp = TWo — Ww [4]

Here wo is the weight of oxygen consumed, wg is
the weight change of the balance, ww is the weight
of tungsten volatilized, and x and (1 — x) the frac-
tions of oxygen used to form oxide scale and volatile
oxide. From the atomic weights of W and O in WO,
we have

ww = 3.83 (1 —x) wo [5]
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Fig. 2. Oxidation of tungsten, 1150°C, 19 Torr: A, balance;
B, Oz used; C, calculated oxygen in oxide film.
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subtracting [4] and [3] and substituting [5] we
have

wo— wp = 4.83 (1 e .’1’:) Wo [6]
3.83 ) 7]
w = ——— (Wo — W
W 4g3 0T 8

Equation [7] can be used to calculate the weight
of tungsten volatilized while Eq. [4] and [7] can be
used to calculate the weight of oxygen forming ox-
ide scale. Curve C of Fig. 2 shows the weight of
oxygen used to form oxide scale for the 1150°C
experiment. For this experiment, 909 of the oxy-
gen reacted to form oxide scale. The oxide thickness
in Angstroms can be calculated from the net oxy-
gen forming oxide scale in mg/cm? by the factor
€7,500. This factor is only approximate. The factor
assumes a density of 7.16 for tungsten trioxide, a
surface roughness ratio of unity, no lower oxides
form, cracking does not occur and the surface area
remains constant during reaction. From Fig. 2,
curve C, a thickness of 6.75 x 106A was found for
the oxide scale after 65 min of reaction.

The weight of tungsten reacting with oxygen can
be calculated by multiplying the weight of oxygen
used by the factor 3.83 assuming the oxide is tung-
sten trioxide. The surface recession in Angstroms is
related to the oxygen used in mg/cm? by the factor
19,840.

The following conclusions were made on the na-
ture of the oxidation processes on tungsten at
1150°C and 76 Torr oxygen pressure. 1. A nearly
linear rate of oxidation was observed. 2. Ten per
cent of the oxygen reacts to form volatile tungsten
trioxide. 3 Ninety per cent of the oxygen reacts to
form oxide scale. The linear rate of oxidation indi-
cates that the oxide scale has no protective proper-
ties and that an interface reaction is rate controlling.

Visual observations show the oxide scale to be
cracked and unprotective. Figure 3A and 3B shows

10X
D. W oxidized at 1615%C
5torr - 15 min.

C. W oxidized at 1465°C
5torr - 15 min.

Fig. 3. Photograph of tungsten specimens
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photographs of the specimen before and after oxi-
dation. A thick oxide scale with large cracks is
formed.

Experiments at 1200°C and 19 Torr oxygen pres-
sure show both oxide scale formation and oxide vol-
atility. The percentage of oxide scale formed is
smaller than that found at 1150°C. At 1250°C and
38 Torr oxygen pressure, all of the oxygen reacted
to form volatile tungsten trioxide. For pressures in
the range of 5-76 Torr the change from oxide scale
formation to complete oxide volatility occurs be-
tween 1100° and 1300°C.

These results support those reported by Gulbran-
sen and Andrew (1) using small pieces of tungsten
wires as specimens.

Oxidation at 1250°C and 38 Torr and 1615°C and
19 Torr—Figure 4, curves A and B, show oxygen
consumption and weight change measurements for
the 1250°C oxidation experiment. Curve A shows
a nearly linear rate of oxidation; 40 mg/cm? of
oxygen were consumed in 12 minutes. Curve B
shows no evidence of a positive weight change
characteristic of oxide scale formation. Curve A
can be used to calculate total W reacting. If the
total W reacting equals the experimental weight
loss, curve B, then we can conclude that little or no
oxide scale is formed and that the volatile oxide is
(WO3),. The experimental and calculated curves
show good agreement,

For the highest temperatures, the weight loss val-
ues were beyond the range of the balance. For these
experiments the oxygen consumption curve was
used to calculate the weight loss of tungsten during
oxidation. Figure 5, the oxidation curve for 1615°C
and 19 Torr oxygen pressure, shows a decreasing
rate of reaction as a function of time. The decrease
is due to a change in surface area as a result of re-
action.

Temperature rise of sample.—One of the charac-
teristics of the measurement of fast oxidation rates
is the effect of the heat of reaction on the tempera-
ture of the specimen. For tungsten, the high heat
of formation of WOj; is partially compensated for
by the heat of sublimation of W30,. At 1700°K the
net heat of reaction is —154.7 kcal/mole of WOs. In
our earlier paper (7), we have estimated the actual
reaction temperature for a typical oxidation at
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Fig. 5. Oxidation of tungsten, 1616°C, 19 Torr: O, Oz con-
sumed (A); e, calculated weight loss from Oz consumed (B).

1465°C and 49 Torr oxygen pressure. Given the ex-
perimental rate of reaction and the net heat of for-
mation and sublimation, the heat evolved can be
calculated. Assuming radiation as the major source
of heat loss and an emissivity of 1, a temperature
increase of 113°C was calculated. If an emissivity
of 0.5 was assumed, a temperature increase of
207°C was estimated.

Experiments with the thermocouple mounted on
the specimen showed temperature changes of 15°-
20°C. These temperature changes were much less
than those calculated. The reasons for this discrep-
ancy were not clear. Experimentally it was difficult
to mount the thermocouple so that surface tempera-
ture was measured. Temperatures given here are
the uncorrected temperatures.

Effect of temperature.—Table I shows the effect
of temperature on the oxidation of tungsten at 5,
19, 38, and 100 Torr oxygen pressure. The measure-
ments cover the temperature range of 1150°-1616°C.
Due to the rapid reaction rates observed, the long-
est reaction time was 15 min. Oxidation rates were
calculated from large-scale plots of the data at t =
0. In a few cases an induction period was noted. For
these experiments the maximum rate of reaction
was calculated after the induction period. For com-
parison, we have calculated the initial oxidation
rates for oxidations made in the temperature range
of 900°-1150°C from data given in our earlier paper
(1). These data are based on weight change meas-
urements only. Since oxide volatility occurs for the
low-pressure runs, only the high-pressure oxidation
experiments will be used when comparisons are
made with rate calculations from this study.

All of the rate data in Table I are given in units
of atoms of O or W reacting per cm2-sec. Except for
the very fast reactions at the highest temperatures,
the data were taken with both the balance and the
oxygen consumption apparatus. For the fast reac-
tions, only oxygen consumption could be measured
and the tungsten weight loss curves were calculated.

Figure 6 shows a log rate vs. 1/T plot of the rate
data. Some scatter is found in the rate calculations
due to experimental difficulties in measuring fast
reactions with high heats of reaction. Above 1500°C,
the furnace tube can absorb (WOg3), vapors at an
appreciable rate especially for the low-pressure ex-
periments where gas diffusion is rapid through the
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Table |. Summary new and old rate data 900°-1615°C, oxidation of tungsten

0ld data (1)
t.°C Press, Torr dO/dt, at./cm2/sec  Log dO/dt, Log dn/dt, do/dt, Log dO/dt, Log dn/dt,
oxygen tungsten t, °C Press, Torr at./cm?/sec oxygen tungsten
900 76 3.15 x 1017 17.50 17.02 1050 53 1.27 x 1018 18.10 17.62
950 76 4.98 x 1017 17.70 17.22 1050 39 1.16 x 1018 18.06 17.58
950 36 3.73 x 1017 17.57 17.09 1050 20 9.43 x 1017 17.97 17.49
950 19 2.98 x 1017 17.47 16.99 1050 8.6 479 x 1017 17.68 17.20
950 9 2,90 x 1017 17.46 16.98 1100 76 2.01 x 1018 18.30 17.82
950 4 1.96 x 1017 17.29 16.81 1100 39 1.46 X 1018 18.16 17.68
1000 76 8.94 x 1017 17.95 17.47
1000 9 5.01 x 1017 17.70 17.22
1050 76 1.73 x 1018 18.24 17.76
New data
t,°C Press, Torr dO/dt, at./cn?/sec  Log dO/dt, Log dn/dt, do/dt, Log dO/dt,  Log dn/dt,
oxygen tungsten t, °C Press, Torr at./cm?/sec oxygen tungsten
1150 49 1.96 x 1018 18.29 17.81 1365 19 6.0 x 1018 18.78 18.30
1150 38 1.68 x 1018 18.23 17.75 1365 9.5 2.53 x 1018 18.40 17.92
1150 19 1.26 x 1018 18.10 17.62 1365 5 1.28 x 1018 18.11 17.63
1150 9.5 9.73 x 1017 17.99 17.51 1365 2 5.2 x 107 17.72 17.24
1150 5 7.84 % 1017 17.89 17.41 1400 19 4.9 x 1018 18.69 18.21
1150 2 1.67 x 1017 17.22 16.74 1400 9.5 3.54 x 1018 18.55 18.07
1250 100 3.3 x 1018 18.52 18.04 1465 38 1.87 x 1019 19.27 18.79
1250 38 2,06 x 1018 18.31 17.83 1465 19 7.56 x 1018 18.88 18.40
1250 19 1.31 x 1018 18.12 17.64 1465 9.5 2.65 x 1018 18.42 17.94
1250 9.5 1.06 x 1018 18.03 17.55 1465 5 1.57 x 1018 18.20 17.72
1250 5 8.74 x 1017 17.94 17.46 1465 2 6.9 x 1017 17.84 17.46
1250 2 5.3 x 1017 17.72 17.24 1520 19 8.84 x 1018 18.95 18.47
1300 19 2.75 x 1018 18.44 17.96 1545 5 1.96 x 1018 18.29 17.81
1300 9.5 2.16 x 1018 18.34 17.86 1615 38 1.86 x 1019 19.27 18.79
1365 100 4.15 % 1019 19.62 19.14 1615 19 1.06 x 1019 19.03 18.55
1365 76 1.89 x 1019 19.28 18.84 1615 9.5 9.8 x 1018 18.99 18.51
1365 38 1.05 x 101 19.02 18.54 1615 5 2.53 x 1018 18.40 17.92
1615 2 4,12 x 1018 18.62 18.14

oxygen gas. The rate of adsorption of (WQ3), vapors
can affect the diffusion barrier surrounding the
sample increasing the oxidation rate. Experiments
at 2 Torr oxygen pressure are not included in Fig. 6.

Curves A, B, C, D, E, and F show the rates at the
several pressures. Curves A and B were not ex-
tended below 1150°C since weight gain measure-
ments were not giving total oxygen reacted for
pressures of 5 and 9.5 Torr. Curves C, D, and E
gave more reliable values for total oxygen. Curves
C, D, and E show that the two sets of data are in
reasonable agreement although flat plate samples of
0.32 and 0.61 cm? area were used in our earlier
studies.

Below 1150°C, the oxidation curves followed a
modified parabolic rate law and not the linear rate
law. The initial oxidation rates were calculated and
included for comparison purposes.

Figure 6 shows a complex dependence of the rate
of oxidation on temperature. Between 1100° and
1250°C, the rates of oxidation were nearly inde-
pendent of temperature for all pressures. For pres-
sures of 9.5 Torr and higher, a large increase was
found between 1250° and 1350°C. Above 1350°C, a
nearly straight line behavior was noted. An empiri-
cal heat of activation of 14.3 kcal/mole was esti-
mated from curves A and C.

Visual and light microscopic examination of the
specimens confirms the complex nature of the reac-
tion. Figure 3 shows photographs of the unreacted

and oxidized samples. Figure 3B shows a sample of
W oxidized at 1150°C and 5 Torr oxygen pressure
for 2 hr. The main feature of the reaction is the
formation of oxide scale. Large cracks appear in the
oxide although the original sample was smooth.
Figure 3C and D show photographs of tungsten
specimens oxidized at 1465°C and 5 Torr pressure
for 15 min and at 1615°C and 5 Torr for 15 min.
Oxide free surfaces were observed. The influence of
oxide volatility is noted by comparing 3B with 3C
and D.
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Effect of pressure—Pressure has a major influ-
ence on the mechanism and the oxidation rate. A
summary of the effect of pressure on the initial oxi-
dation rates is shown in Table I.

At 1150°C weight gains were observed for the
higher oxygen pressures and weight losses for the
lower pressures. Oxidation rates given in Table I
are from oxygen consumption measurements.

At 1250°, 1365°, 1465°, and 1615°C all of the ex-
periments show weight loss curves with the rate of
weight loss increasing with oxygen pressures.

We conclude from an analysis of the pressure
study that at 1150°C and pressures of 19 Torr and
higher, oxide scale formed and some tungsten tri-
oxide volatilized, while at 1250°C and 76 Torr oxy-
gen pressures all of the oxygen reacted to form
volatile tungsten trioxide.

Figure 7 shows the effect of pressure on the initial
reaction rate dn/dt vs. log pressure plot. Three tem-
peratures were considered in Fig. 7: 1365°, 1465°,
and 1615°C. The following equation could be de-
rived from the plot

dn/dt = K P!

Here K is a constant dependent on the temperature.
For most purposes, we can conclude that the oxida-
tion reaction follows a linear pressure dependence
cver the temperature range of 1365°-1615°C.

Collision theory calculations.—Collision theory
gives the following equation for the number of im-
pacts n of oxygen molecules with a cm? surface per
sec.

n = 3.52 X 1022 P/ (MT)/2

Here M is the molecular weight, T the temperature
in °K, and P the pressure in Torr. At 1465°C and
19 Torr, n = 2.83 x 1021, Assuming WQj; as the re-
action product and that all oxygen colliding with
the surface reacts with no activation energy, we cal-
culate a rate of oxidation of 1.9 x 102! atoms of
tungsten per cm?2 per sec.

The experimental oxidation rate at 1465°C and
19 Torr is 2.5 x 10'%. The percentage of theoretical
is 0.13.

Empirical rate equation.—Using the empirically
determined activation energy and pressure depend-
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Fig. 7. Effect of pressure on initial rate of oxidation of tungsten.
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Table fI. Comparison of oxidation rate with collision
theory and empirical rate equation
1465°C, 19 Torr, 0.68 cm?
dn/dt = 2.5 X 1018 at., W/cm2-sec

Experimental
Empirical equation
AH = —14,300 cal/

mole dn/dt = 2.1 X 1018 at. W/cm2-sec
Collision theory dn/dt = 1.9 x 102! at. W/cm?2-sec
Per cent theory 0.13

ence, we can derive the following rate equation for
the temperature interval of 1350°-1615°C

ﬂ": 6.2 X 1018 P1.1 g—14.300/RT
dt

Here dn/dt is the atoms of W reacting per cm?-sec,
P is the pressure in Torr, T the absolute tempera-
ture in °K, and R the gas constant.

Table II shows a comparison of the experimental
oxidation rate with that predicted from -collision
theory and the empirical rate equation for oxidation
at 1465°C and 19 Torr.

Comparison of oxidation rates of tungsten with
carbon and molybdenum.—A comparison of these
oxidation rates is very interesting since each ele-
ment forms volatile reaction products above 1300°C.
In general, comparisons are difficult to make and to
interpret unless the basic mechanisms of reaction
are known. In two recent studies, we have deter-
mined for both carbon (8) and molybdenum (9)
the conditions for chemical-controlled oxidation
and gaseous diffusion-controlled oxidation. Adsorp-
tion, desorption, and chemical reaction processes
have appreciable heats of activation and are termed
chemical-controlled processes. Diffusion of oxygen
through a barrier layer of volatile reaction products
has a small temperature dependence and is termed
gaseous diffusion-controlled oxidation. For tung-
sten, the temperature dependence was greater than
that found for molybdenum and carbon. We pro-
pose that gaseous diffusion of oxygen through a
tungsten trioxide vapor barrier is rate controlling,
the increase in rate of oxidation being related to a
decrease in the vapor barrier by solution of tung-
sten trioxide in the ceramic tube.

For molybdenum and carbon, the experimental
problems in determining the influence of gaseous
diffusion on the rate of oxidation were simple since
only volatile reaction products were formed. Also,
carbon oxides and molybdenum trioxide did not
react with the ceramic tube.

For tungsten, the experimental problems were
many. First, gaseous tungsten trioxide reacts with
the furnace tube. Second, the temperature range
where oxide scales are not formed lies above
1300°C. Third, due to the formation of solid tung-
sten trioxide the vapor barrier is smaller and higher
reaction rates are observed.

The similarity in mechanisms of oxidation above
1300°C can be shown by comparing the rates of ox-
idation for two oxygen pressures and for two tem-
peratures. Tungsten at 1465°C is compared to
molybdenum at 1400°C and carbon at 1500°C for
specimen areas of 0.6 to 0.7 ¢m2 The oxidation
rates for molybdenum and carbon are in the diffu-
sion-controlled region where temperature has only
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Table 11l. Comparison absolute values of rates of oxidation of
tungsten, molybdenum and carbon at 19 and 38 Torr pressure

Surface area = 0.6 to 0.7 cm?2

Temp., Pressure, Rate dn/dt,
Element °C Torr atoms/cme-sec
Tungsten 1465 19 2.5 x 1018
Molybdenum (9) 1400 19 2.5 X 1018
Carbon (8) 1500 19 40 x 1047
Tungsten 1615 38 6.2 x 1018
Molybdenum (9) 1600 38 2.5 x 1018
Carbon (8) 1500 38 5.0 x 1017

a minor effect on the rate of oxidation. At 19 Torr
pressure and 1465°C, tungsten and molybdenum
oxidize at the same rate and carbon oxidizes at a
rate 1/6 as fast. Since the carbon gases are not con-
densed in the reaction system, the barrier for dif-
fusion of oxygen is greater than that found for the
diffusion of oxygen through the reaction products of
molybdenum and tungsten which condense in the
colder parts of the tube.

The comparison at 38 Torr oxygen pressure and
1615°C shows tungsten oxidizing 2% times as fast
as molybdenum and 12 times faster than carbon.
Again, these results can be interpreted in terms of
the diffusion of oxygen gas through the gaseous
reaction products. The diffusion barrier for oxygen
when tungsten is oxidized at 1615°C is small since
the alumina tube absorbs WOj. It is largest for car-
bon oxidation where completely volatile reaction
products are formed.

Comparison of the results of our molybdenum and
carbon studies show molybdenum and carbon oxi-
dizing faster than tungsten at low temperature. At
high temperature, tungsten presents a special case
in which the rate of oxidation is determined by the
nature of the reaction system. These data are sum-
marized in Table III,

Discussion and Summary

Summary of kinetic work.—Weight change and
oxygen consumption measurements were made on
the oxidation of tungsten over the temperature
range of 1150° and 1615°C and for pressures of 2-
100 Torr of oxygen. These results were correlated
with those from earlier studies to aid in interpreta-
tion of the oxidation mechanisms. At 1150°C and
76 Torr, oxide scale forms and tungsten trioxide
volatilizes during oxidation; while at 1250°C and
76 Torr, only volatile tungsten trioxide is formed.
A major change occurs in the mechanism of oxida-
tion.

The effect of time on the total rate of oxidation is
nearly linear. Surface area changes and changes in
the nature of the barrier layer can result in a fall-
ing off from the linear rate law at high tempera-
tures.

The effect of temperature on oxidation rates is
complex and is related to the increasing volatility
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of tungsten trioxide and to the formation of a bar-
rier layer of gaseous oxides which act to limit diffu-
sion of oxygen to the reaction interface. At the high-
est temperature, solution of tungsten trioxide in the
ceramic tube acts to decrease the barrier layer of
oxide.

The effect of pressure on the oxidation reaction
also was complex, especially in the transition zone.
Pressure was a critical variable in determining the
relative role of oxide scale formation and volatility
of tungsten trioxide. Above 1350°C, the rate of oxi-
dation followed the 1.1 power of the pressure.

Comparison of the results with collision theory
assuming zero activation energy for chemical re-
action indicates that 0.13% of the collisions result
in the formation of molecules of WO; vapor. Com-
parisons were made also to the oxidation behavior
cf molybdenum and carbon where volatile reaction
products are also formed. At high pressures and
above 1350°C, tungsten oxidizes faster than molyb-
denum due to the unique nature of the reaction
products and the reaction system.
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Polarization Studies of Molten Carbonate Fuel Cell Electrodes

Isaac Trachtenberg

Texas Instruments Incorporated, Dallas, Texas

ABSTRACT

Polarization measurements have been made on individual electrodes in
operating molten carbonate fuel cells by using a third idling electrode. Hydro-
gen was supplied to the anode and an air-carbon dioxide mixture to the
cathode. Overvoltages as a function of time from 10~ to 100 sec after current
interruption have been recorded. Analyses of these curves indicate that total
electrode polarization is the result of several factors: (a) ohmic polarization
caused by electrolyte restrictions between the MgO matrix and the electrode,
(b) electrode coverage by reactant and products, (¢) concentration gradients
of potential determining species in the electrolyte. No activation polarization

was observed at either electrode.

Fuel cells employing various eutectics of molten
alkali carbonates as the electrolyte have been de-
scribed previously (1-4). The cells are capable of
acceptable performance on a variety of cheap, read-
ily available hydrocarbon or hydrocarbon-derived
fuels and air. The work to be presented here is
concerned with some of the more fundamental as-
pects of this fuel cell, establishing the rate-limiting
process at the individual electrodes and elucidating
the over-all electrode process.

Although hydrogen was used as the fuel in all of
the experiments reported here, it rapidly becomes
diluted with carbon dioxide. At 600°C the water-gas
shift equilibrium is rapidly established and all four
components, namely, H;, HyO, CO;, and CO, are
present. In many instances this is equivalent to the
products from steam reforming hydrocarbons.

Operating characteristics of the complete fuel
cell were obtained from current-voltage curves
such as shown in Fig. 1. Considerable information
concerning the complete cell can be obtained from
plots of this type. However, this performance is not
good enough. Power output needs to be improved.
Current densities greater than 200 amp/ft? can be
obtained but at the expense of considerable electrode
polarization. Data of this kind indicate that the cell
is polarizing, but they do not say what portion of
the observed polarization can be attributed to each
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Fig. 1. Operating characteristics of a typical molten carbonate
electrolyte fuel cell. Cell No. 289, 5 days operating; temperature,
600°C; fuel flow, 480 cc/min Ho.

Fig. 2. Cathode chamber of a fuel cell showing third idling
electrode.

electrode. Once the extent of the individual elec-
trode polarization is established it is still necessary
to find out what causes it and how to avoid it.

Experimental

Figure 2 is an illustration of the cathode chamber
of the cell with the third idling electrode. This
electrode is used to monitor the performance of the
individual anode and cathode in the working fuel
cell. The small electrode, 0.5 cm?, is a pure silver
voltage probe. The large one (15.6 cm? or 1/60 ft?)
is the working cathode. Not shown is the anode on
the bottom side of the MgO disk. The anode has a
geometric configuration identical with the working
cathode. The MgO disk is impregnated with the
binary LiNaCOj; eutectic. Electrical connections are
made from the electrodes to the various insulated
lead-throughs. The only electrical connection within
the cell between the three electrodes is through the
electrolyte contained in the porous MgO disk. The
lids are then welded on to make each chamber gas
tight. The cell is placed vertically in a furnace, and
the necessary external gas and electrical connections
are completed.

All experiments were performed at 600°C with
H, supplied to the anode and a 4:1 mixture of air:
carbon dioxide supplied to the cathode. The electro-
lyte was a binary eutectic of 50 mole % LisCOj3; and
50 mole 9% Na,CO; (mp ~ 500°C) contained within
a porous MgO disk.
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Fig. 3. Current-voltage curves for individual electrodes in a
working fuel cell. Dashed line indicates polarization corrected for
lead resistance. No. 296, 15th day; 600°C, continuous operation;
fuel, Ha; oxidant, air.

Figure 3 is representative of the current-voltage
traces obtained for individual electrodes in a com-
plete working cell. A variable transistorized load is
placed across the working electrodes and current
passed. This current becomes the x-~input to a Mose-
ley x-y recorder, The voltage between the non-
working electrode and the particular working elec-
trode to be studied becomes the y-input to this re-
corder. In order to avoid polarization of the non-
working electrode the y-axis, or for that matter any
voltage measuring device used with this electrode,
must have a high input impedance. The complete
fuel cell performance may be obtained by subtract-
ing the two curves and an IR correction, where R in
this case refers to the true electrolyte resistance.
However, in most cases it is easier to repeat the x-y
plot using the terminal voltage of the working elec-
trodes as the y-input as illustrated in Fig. 1.

Experiments of this type are very useful. They
serve to establish the polarization of the individual
electrodes, but for the most part tell very little
about the nature of the polarization. Of particular
interest are three types of polarization: ohmic, ac-
tivation, and concentration. These types of polari-
zation may be distinguished on a time interval after
removal of the polarizing load. Ohmic polarization
disappears immediately for the present investigation
in times less than a microsecond. Activation polari-
zation would be decayed in a time interval from
10-% to 10~ * sec, about the time required to charge
the double layer. Decay of polarization due to con-
centration effects requires times greater than 103
sec since appreciable transport of mass (either ions
in the electrolyte or molecules in gas phase) must
occur. In order to investigate these polarization
phenomena a single current interruption technique
was used. Essentially this consisted of loading the
cell with a fixed load, allowing it to come to equi-
librium, and then in less than a microsecond opening
this circuit. The voltage of the particular working
electrode under investigation vs. the nonworking
electrode is recorded on film from an oscilloscope

VARIABLE LOAD

FUEL
CELL

TRANSFORMER
PRI, DC>|RESISTANCE

LINE
AC

+© @-
OSCILLOSCOPE TRIGGER INPUT

Fig. 4. Interruptor circuit used to obtain voltage-time curve <
1 sec.

sweep. Figure 4 schematically shows the interruptor
circuit. The heart of this circuit is the mercury wet-
ted CLARE relay. An interesting feature of this
relay is the make before break condition. Typical
operation sequence is as follows: the desired load
is selected and the relay energized (normally open
contacts closed). The cell is allowed to come to
equilibrium; usually a few seconds to several min-
utes are required. The relay is de-energized. The
normally closed contact is made 1 msec before the
normal open contact opens. A signal is obtained
from the normally closed contacts and serves as
triggering input to a Tektronix 545A oscilloscope.
The scope is set up so that the actual sweep may be
delayed from a few microseconds up to several mil-
liseconds. This arrangement is used to obtain time
scale on voltage-time records from 5 x 10=7 to 1 x
103 sec/cm. When the time scale is longer than 1
x 1072 sec, no sweep delay is required. Voltage-
time curves of more than l-sec duration were ob-
tained with a fast response recorder and chart
speeds up to 12 in./min. In all instances the voltage
recorded is that of a working electrode vs. the non-
working electrode.

Discussion of Results
Figure 5 is an example of the type of data ob-
tained from the oscilloscope fraces. One trace is re-
quired per decade of time. In other words, to obtain
this plot, 5 traces with different time scales were
obtained. The only changes made between traces
involved the oscilloscope itself (time scale and
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Fig. 5. Polarization-time curve of typical anode after interruption
of 1.67 amp. No. 278; anode (Hs); 600°C.
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Fig. 6. Polarization-time curves of typical anode for various
preinterruption current.

sweep time delay). Data were taken in the 1 usec
range; however, they are somewhat clouded by a
ring-back voltage which occurs when the current
falls to zero in something like 10~7 sec. Data are
reported for times from 10~4 up to 10 sec after cur-
rent interruption. The general shape of two straight
lines is characteristic of all measurements of this
type. The correction for lead resistance is indicated
and reduces the total measured polarization. This
log relationship continues to be valid until the po-
larization has decreased essentially to zero (< 20
mv).

Figure 6 illustrates the effect of varying the pre-
interruption current. The fuel flow is held constant.
The initial overvoltage decay (=;) is a linear func-
tion of current (4:/I = R,). This fact has been
checked in a number of fuel electrodes over a cur-
rent range of two orders of magnitude (0.2-2.0 amp,
i.e., 1 amp/ft? to 100 amp/ft2). The intercept of the
horizontal line (first few decades of time) with the
second line is virtually independent of the current
but dependent on fuel flow rate. This same behavior
has been observed on a number of different elec-
trodes in the same electrolyte. However, each elec-
trode does have a different dependence on fuel flow
rate, and this characteristic of the intercept will
occur at different flows for different electrode struc-
tures.

Figure 7 illustrates a typical effect of fuel flow rate
on the voltage-time curves following current inter-
ruption. In this case only the fuel flow rate was
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Fig. 7. Polarization-time curves of typical anode for constant
load at varying fuel flow rates. No. 266, 600°C, anode.
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varied. The load was held constant, but due to in-
creasing polarization with decreasing flow the pre-
interruption currents varied slightly. Corrections
for the current variation will not alter these results
appreciably. There are several interesting observa-
tions to be made on these data. The initial polari-
zation decay is independent of fuel flow. The inter-
cept of the characteristic two straight lines moves
to shorter times as the flow decreases. This can be
attributed to an increased importance of concentra-
tions of products and reactants in the gas phase
(presumably electrode coverage) on electrode po-
tential as the flow rate is decreased. The nonexist-
ence of gas leakage effects was established by gas
chromatographic analyses of the separate effluent
gases. And finally, the slope of the second line in-
creases with fuel flow. At the lowest flow this is
particularly true. Times greater than 1 hr are re-
auired for the electrode to reach its rest potential.
Here again this is due in part to an increased im-
portance of the gas phase concentrations on the
electrode potential.

Studies have also been made of air electrodes
(cathodes) using this same single current inter-
ruptor technique. Figure 8 is an example of a typi-
cal voltage-time plot for a cathode. In many re-
spects the behavior is similar to anodes. The major
differences are: (A) air electrodes as a rule have
larger initial polarization decays which like fuel
electrodes are a linear function of the pre-interrup-
tion current. There is an ohmic resistance at the
electrode-electrolyte interface which is believed to
be the result of an electrolyte restriction at that
electrode-MgO interface as in the case of the anodes
plus an additional ohmic effect because of oxide
layers on the electrode; (B) cathodes over the range
of flow rates studied are less dependent on gas flows
than anodes; (C) cathodes show far less concentra-
tion polarization and return quickly to their rest
potential.

The lack of dependence on gas flow and the small
amount of concentration polarization at the cathode
may be explained on the basis that reaction prod-
ucts are not rejected into the gas phase. At this
electrode, the product is either O or CO3= and
leaves the electrode-electrolyte interface through
the electrolyte. There is very little change in elec-
trode coverage by reaction products such as exist at
the fuel electrode. The electrode polarization for
the most part is an ohmic-type polarization due to
the presence of oxide layers on the electrode and
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Fig. 8. Polarization-time curve for typical cathode after inter-
ruption of 1.55 amp; IT-27, cathode, 600°C.
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electrolyte restrictions at the electrode-electrolyte
interface.
Conclusions
As a result of these experiments and similar ones,
a mechanism is proposed for this molten-carbonate
electrolyte fuel cell. The potential of the anode may
be represented in terms of activities (a;) as follows:

2.3 RT a 1
[ log H20 + log — ]
nF aH2K1 ao™
[1]

where the chemical and electrochemical processes
are illustrated as follows

Ey=E°)—

K
CO3= 2 COy -+ O=5:6 [2]
M+ O=2MO + 2e~ [3]
K1
MO + Hy, 2 M + H;0 [4]

where M is a divalent metal. Since these reactions
are taking place at 600°C, the rate should be very
rapid and equilibrium conditions maintained.

X-ray information has confirmed the presence of
metal oxides on the anode. Examination of the cells
operated with N, as the anode gas (cells did not
operate very long) indicated that considerable
amounts of the various base metal M were con-
verted to oxides.

Equation [1] can be further simplified by mak-
ing the substitution

K = K1
_ Qcog _ [5]

dcog QAcoy

Ao=

Substituting and combining constant terms yields

2.3 RT
Jog [ @120 GCog ]
n

Ej — Eoty — [6]

Ay
In evaluating the potential the water-gas shift
reaction
H, + CO,22CO + H,O [7]

must be considered. At 600°C experiments have
demonstrated that this equilibrium in the fuel cell
is very rapidly attained. The reactions at the anode
as indicated in Eq. [2], [3], and [4] proceed very
rapidly, and the electrode-electrolyte interface is
in equilibrium at all times independent of current
up to 200 amp/ft2.

The observed polarization at the anode is the re-
sult of an ohmic factor from electrolyte restrictions
at the electrode-MgO interface and concentration
gradients due to mass transport limitations. An O=
concentration may exist in the electrolyte due to a
concentration gradient of CO,.

A similar situation exists at the cathode. The
electrode potential may be written as
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E¢ = E°¢c— [8]

2.3 RT [ (ap=)2 ]
log
nF Qgy KZ

where the chemical and electrochemical processes
may be represented as

K2
2M + O, & 2MO [9]
4e~ + 2MO=2M + 20~ [10]
0= + CO, 2 CO5~ [11]

Substituting for the ao= from Eq. [5] in Eq. [8]
and combining constants
2.3 RT

Ec— Eolg— lo [ ]
¢ CTF 8 Lag, (d00y)?

[12}

It is assumed that all of the reactions are in equi-
librium, since at 600°C the kinetics of these reac-
tions should be very fast. The observed total po-
larization is due to electrolyte restrictions and a
surface oxide layer at the electrode interface which
result in ohmic polarization as the major contribu-
tion and concentration polarization due to mass
transport of O; and CO; in the gas phase and O~ in
the electrolyte.

In all of the experiments performed no evidence
of activation polarization at current densities up to
200 amp/ft? was observed. The catalysts investi-
gated on the anode were a number of inexpensive
metals. The cathodes were sintered silver powder.
Electrodes sintered from large particles (3-20
mesh) did not perform well, nor did electrodes
prepared from particles through 325 mesh. With
the latter the electrode flooded with electrolyte and
exhibited greater concentration polarization. The
extent of total polarization and the contribution of
individual types of polarization for either of the
electrodes is dependent on the pore structure and
how it controls electrolyte wetting rather than on
the electrode material.

Manuscript received April 9, 1963; revised manu-
script received Aug. 2, 1963. This paper was presented
at the Boston Meeting, Sept. 16-20, 1962.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1964
JOURNAL.
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The Effect of Acidity on the Differential Capacity of
Polarized Platinum Electrodes

M. C. Banta® and Norman Hackerman

Department of Chemistry, The University of Texas, Austin, Texas

ABSTRACT

Differential capacity-potential curves on activated platinum electrodes
were obtained in nitrate and chloride solutions of various pH and under
conditions of constant ionic strength. The maxima obtained are explained in
terms of adsorption-desorption processes. The results suggest that the transi-
tion from Hz0+ discharge to HsO discharge occurs at a pH of 3-4. Chloride
ion inhibits the formation of an oxygen-containing layer on the electrode
surface, and this inhibiting effect is greater for low pH and high chloride ion
concentration. Some evidence is given which substantiates that the zero point
of charge of platinum is at —0.05v on the saturated calomel scale.

There have been many investigations of the in-
terfacial differential capacity (hereafter called
“capacity”’) of polarized platinum electrodes (1-
15). The aims of these investigations were widely
varied. Some have been concerned primarily with a
study of the kinetics of the hydrogen evolution re-
action, others with oxygen evolution, and still
others with the electrical double layer. An exami-
nation of the various results indicates that, in many
cases, the capacity varied with time. In addition,
the results reported appear to depend markedly on
the electrolyte pH. Thus, it appeared expedient to
investigate the effect of pH on the capacity of ac-
tivated platinum electrodes over the entire “ideally
polarizable” range of potential under conditions of
high purity and constant ionic strength in order to
determine how the hydrogen ion activity affects
the capacity~potential behavior, For this study, the
systems KCI-HCI-KOH and HNO;3;-KNO3-KOH
were chosen because they can be readily purified
and because the effect of the “inert” anion could be
investigated.

Experimental

Materials.—The platinum electrodes were pre-
pared by sealing a short length of small diameter
platinum wire, supplied by J. Bishop and Company,
into a 15 cm length of 6 mm diameter soft glass
tubing which had been drawn to a capillary on one
end. The exposed end of the wire was heated in a
small flame so that the surface tension of the mol-
ten metal drew it into a small sphere. This elec-
trode was placed into nearly boiling dichromate
cleaning solution for about 10 min, then thoroughly
washed in conductivity water, fitted tightly into a
standard taper Teflon joint, and introduced into the
cell which contained deaerated test solution. Elec-
trodes prepared in this manner appeared bright
when viewed under a microscope. A newly pre-
pared electrode was used for each experiment. The
area of each electrode was determined by compari-
son, at a particular potential, of its capacity to the

TlPresent address: Humble Oil & Refining Company, Houston,
exas.

capacity of a larger platinum wire electrode whose
geometric area could be calculated. The particular
potential at which the capacity was measured de-
pended on the solution under investigation and the
value chosen was one for which the capacity did
not change significantly with potential.

All solutions were prepared using water from a
Barnstead conductivity still (3 x 108 ohm-cm) and
reagent grade HNOj; KNO; KCl, and KOH. The
KNO; and KCl1 were further purified by two re-
crystallizations out of conductivity water. Constant
boiling HC1 was prepared by distillation.

Nitrate solutions of pH 2.1, 3, 11.4, and 12.2 were
prepared by dropwise addition of either concen-
trated HNO;3; or KOH to N KNOj till the desired pH
was reached. The pH 6.55 solution was prepared by
adding an appropriate amount of Beckman pH 7
buffer solution concentrate to N KNOQOj;. For each
solution the ionic strength was approximately one.

Chloride solutions of pH 1, 3, 11.4, and 12 were
prepared similarly to the nitrate solutions using
6N HCl and N KCIl instead of HNO3; and KNOs;.
Solutions, 6N-0.015N HCl, were prepared by dilu-
tion of 6N HCIl with conductivity water.

Cell and method.—The all-Pyrex glass cell con-
tained the test electrode, a saturated calomel ref-
erence electrode, and a large platinized platinum
auxiliary electrode. This auxiliary electrode served
both as a polarizing electrode and a low impedance
electrode for the capacity measurements. A stream
of Grade A He was passed through the cell solution
continuously. The cell was immersed in a grounded,
constant temperature water bath which also served
as an electrostatic shield.

Differential capacity measurements were made
using a series General Radio Model 650 A Imped-
ance bridge accurate to 29%. The alternating volt-
age across the cell never exceeded 10 mv. Because
of the low input voltage to the bridge, two ampli-
fiers and an oscilloscope were required to deter-
mine the balance point of the bridge. All circuits
were adequately shielded and appropriately
grounded.
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The polarizing voltage was supplied to the test
and auxiliary electrodes by a potentiometer con-
nected in series with a microammeter and a choke
coil. The coil served to block a.c. from the polariz-
ing circuit.

The potential difference between the test elec-
trode and the saturated calomel electrode was
measured with a Keithley electrometer. Therefore,
all potentials reported here are with respect to the
saturated calomel electrode.

Procedure.—In order to compare the impedance
behavior of the systems investigated, it was nec-
essary to adopt some standard procedure for per-
forming the experiments. Of the several procedures
which were tried, the following one gave the most
reproducible results and it was, therefore, followed
through this investigation.

The electrode, after having been carefully cleaned
in the manner described above, was placed in the
deaerated cell solution and alternately polarized
cathodically and anodically in order to expell sur-
face active impurities which may have been ad-
sorbed on the electrode surface. The electrode po-
tential was then adjusted to some value such that
an anodic current flowed for several seconds, after
which the potential was set to some value for which
the electrode was “ideally” polarizable (i < 0.1 pa).
Capacity data were then taken as rapidly as pos-
sible so that the surface active impurities, which
experience has shown to be nearly impossible to
remove completely, would not have sufficient time
to diffuse to the electrode surface, thereby render-
ing them innocuous. This procedure assumes the
condition that the time required to take the capac-
ity data (10-15 sec at each potential) is much less
than the time required for surface active impurities
to diffuse to the electrode surface. Probably this
condition was fulfilled since the capacity did not
vary more than about 2-3% in 10 min at each po-
tential and since, in the presence of a surface ac-
tive substance (9, 32), or for impure solutions (33),
the capacity varies rapidly with time during the
first 10 min, becoming constant only after 30 min
or more. At any rate, data which were reproducible
to 3%, except at the maximum occurring at the
more active potentials where the reproducibility
was 10%, were obtained using this procedure.

Results

The series differential of the electrode imped-
ance, measured at 1000 cps and 23°C, is given as a
function of potential for nitrate solutions of vari-
ous pH in Fig. 1 and 2. Each curve is characterized
by a cathodic maximum, ocecurring at active poten-
tials, and an anodic maximum, occurring at the
more noble potentials. For solutions of pH 0, 2.1, 3,
6.55, 11.4, and 12.2, the cathodic maxima occur at
—0.17, —0.27, —0.34, —0.50, —0.83, and —0.86v, re-
spectively. For low pH, the capacity rises rapidly
with voltage at potentials more active than that at
which the cathodic maximum occurs while, for
high pH, the capacity continues to decrease at po-
tentials more active than that at which the cath-
odic maximum occurs. Some current (= 0.1 pa)
indicating the onset of hydrogen evolution, begins
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Fig. 1. Differential copacities of activated Pt electrodes in
nitrate solutions, Cathodic potential to left. Curve a, pH 0; curve
b, pH 2.1; curve ¢, pH 3.
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Fig. 2. Differential capacities of activated Pt electrodes in
nitrate solutions. Cathodic potentials to left. Curve a, pH 6.55;
curve b, pH 11.4; curve ¢, pH 12.2.

to flow in the polarizing circuit at potentials of
about 50 mv more active than that at which the
cathodic maximum occurs. The anodic maxima ob-
tained in nitrate of pH 0, 2.1, 3, 6.55, 11.4, and 12.2
occur at 0.55, 0.38, 0.28, 0.08, —0.28, and —0.30v,
respectively. For the nitrate solution of pH 0, a
slight, but reproducible inflection occurred at
—0.05v.

Capacity-potential curves for chloride solutions
of various pH are given in Fig. 3, 4, and 5. Results
given in Fig. 3 and 4 are for ionic strength of ap-
proximately one while the results given in Fig. 5
are for various dilutions of 6N HC1 (chloride ion
concentration equals hydrogen ion concentration).
For pH 0, 1, 3, 11.4, and 12, the cathodic maxima
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Fig. 4. Differential caopacities of activated Pt electrodes in
chloride solutions. Cathodic potentials to left. Curve a, pH 11.4;
curve b, pH 12,

occur at potentials of —0.12, —0.17, —0.33, —0.82,
and —0.85v, respectively. There is a maximum
which occurs for 1 and 6N HCl at —0.05v. This
maximum does not shift with pH. In addition, for
pH 1 and 3, and for 6N HCI, the capacity begins to
rise at more noble potentials than for the corre-
sponding nitrate solutions.

The anodic maxima obtained in chloride solu-
tions of pH 11.4 and 12 occur at —0.23 and —0.30v,
respectively. For pH 0, 1 , and 3, the anodic maxima
are broad and poorly defined. As the chloride and
hydrogen ion concentration decrease, the anodic
maximum becomes progressively more well defined.
The cathodic maximum was not obtained for 0.06
and 0.015N HCI because of the higher solution re-
sistance for these solutions.

The effect of the measuring frequency on the
electrode capacity was investigated from 372 to
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1000 cycles/sec for 6N HCI at 23°C. The dispersion
was found to be small over this range. The capaci-
ties measured at 1000 cps do not differ appreciably
from those corresponding to infinite frequency
(Fig. 6). The latter were obtained by extrapolation
of the reasonably linear plots of electrode capacity
vs. the reciprocal of the square root of frequency.

The capacity-potential curves obtained in 6N
HC1 and 6N H,SO,4 are given in Fig. 7. The solu-
tion temperature was 2°C. The cathodic maxima
are similar, and for HySO, there is an anodic maxi-
mum similar to that obtained in nitrate solutions
and in HCIO, (10). The maximum occurring at
—0.05v for 6N HCI1 also occurs for HySO,.

Discussion
The cathodic maximum can be accounted for as
being due to the electrochemical adsorption of
hydrogen (1-4) according to either
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i
H30+ +e—-(;)Hads+H2o [1]
9
or
HZO + e _‘j Hads + OH- [2]

depending on the solution pH.

The impedance associated with either 1 or 2 can
be represented as a series combination of the re-
action hindrance resistance, ¢, the Warburg imped-
ance, W, and the reaction capacity, C, (16, 17). It
has been shown on theoretical grounds that when

- o«

i = i = 1, a minimum in # and W, and a maximum
in C, is to be expected provided i, is sufficiently

- -

large (16). The condition i = i = i, is expected to
occur at some intermediate coverage of the surface
with adsorbed hydrogen atoms (18). A maximum
in the series differential capacity is to be expected,
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Fig. 8. Relation between pH and the potential of the maximum.
Curve o, cothodic maximum; o o o nitrate solutions, ® ® @ chloride
solutions. Curve b, anodic maximum for nitrate solutions.
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therefore, at some intermediate coverage of the
surface with adsorbed hydrogen atoms.

Curve a of Fig. 8 shows the way in which the
potential at which the cathodic maximum occurs
varies with pH for both chloride and nitrate solu-
tions. The slope of this linear graph is —2.3 RT/F.
This result is to be expected in view of Eq. [1] and
[2]7 provided the Nernst equation can be applied to
this interfacial system and provided the maximum
occurs at the same coverage.

In the range 0 = pH = 12, the potential at which
the cathodic maximum occurs is 100 mv more
noble than the reversible hydrogen evolution po-
tential (rhep) and the rise in capacity, except for
acid chloride solutions, indicating the start of the
maximum, occurs at a potential 300 mv more noble
than the rhep.

Charging curve studies show that for platinum
in H,SO, solutions, electrochemical adsorption of
hydrogen begins at a potential 300 mv more noble
than the rhep and that the coverage is 50-60%
complete at a potential 100 mv more noble than the
rhep (2, 19, 20).

For acid chloride solutions, as well as for 6N
HC10, (21) and H,SO, solutions, the capacity be-
gins to rise some 500 mv more noble than the po-
tential at which the cathodic maximum ocecurs.
Charging and stripping curve data eliminate the
possibility of this rise being due to electrochemical
adsorption of H atoms. It can, perhaps, be ex-
plained as being due to desorption of specifically
adsorbed anions (either Cl-, ClO,~, SO,=, or
HSO, ) just prior to hydrogen adsorption. There
is considerable evidence that Cl~ is adsorbed on
platinum (9, 22, 23, 34), as well as on Hg (24), and
it has recently been found that there is some ad-
sorption of ClO,~ on Hg (25) as well as on Au
(26). Alternatively, we may ascribe this early rise
in capacity as being due to adsorption of H3zO¥
ion. According to Frumkin (23, 27, 28), specific ad-
sorption of anions can make the potential at a point
near the outer Helmholtz plane more negative and,
therefore, promote adsorption of H3O*. In terms
of either mechanism, the absence of this region in
nitrate solutions can be taken as evidence that
NO;~ is not strongly adsorbed.

Breiter (4) pointed out that if the transfer co-
efficients of the primary discharge reaction ([1]
or [2]) are equal to ¥. and if a Langmuir isotherm
is applied, then the rate of 1 or 2 is proportional to
the square root of the reaction capacity C,.. In view
of this, we can conclude that the discharge reaction
is faster for acid chloride solutions than for acid
nitrate solutions since the cathodic maximum is
considerably higher for chloride than for the ni-
trate system. This result suggests that chloride ion
is adsorbed even during the discharge process since
adsorbed chloride is expected to increase the con-
centration of HyO*t in the double layer (due to a
decrease in Frumkin’s ; potential) and, therefore,
increase the rate of hydrogen deposition (23, 27-
29). In addition, since the cathodic peak heights are
approximately constant for 4 = pH = 12, it can be
concluded that the transition from reaction [1] to
reaction [2] occurs in the pH range of 3-4 pro-
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vided the peak height is, as suggested above, a
measure of the reaction rate. It is not unreasonable
that the transition occurs in somewhat acid solu-
tions since, although the energy of adsorption of
H;0% is some 14 kcal less than that of H,O (30),
the concentration of H,O is of the order of 10°
higher than the concentration of HyO*.

It is interesting to note that the maximum occur-
ring at —0.05v for solutions of HCI and H,SO, and
the slight inflection occurring at —0.05v for N
HNO; correspond to the zero point of charge on
platinum (23). For the case of specifically adsorbed
anions, Frumkin’s theory predicts that a decrease
in the rate of the cathodic process at potentials
near the zero point of charge is to be expected over
a limited potential range when the surface becomes
more negative. Thus, we observe a decrease in
capacity (and, therefore, a decrease in reaction
rate) at potentials slightly more active than —0.05v
followed by an increase in the capacity, in accord-
ance with the theory. These observations, coupled
with Frumkin’s theory, suggest that the zero point
of charge of platinum is at —0.05v and support the
hypothesis that SO,= (or HSO,~) and Cl— ion are
specifically adsorbed on platinum in the potential
range under consideration and that NO;~ ion is not
adsorbed.

The rise in capacity for the case of acid solutions
at potentials more active than the cathodic maxi-
mum can be attributed to the influence of molecu-
lar hydrogen on the electrode impedance according
to either

Hads =+ Hads = HZ [3]
or
H;O0* + Hyqs + e~ 2 H, [4]

As the concentration of Hy builds up at the surface
due to either [3] or [4], these reactions become more
reversible and a pseudocapacity is expected to
arise. The capacity does not rise at corresponding
potentials for alkaline solutions suggesting that the
reaction producing H, is slower and less reversible
than the discharge reaction [2]. This is perhaps
connected with the hypothesis that hydrogen is
more firmly bound to the surface in alkaline solu-
tions, thereby reducing the exchange current for
the hydrogen producing reaction (18).

The occurrence of the anodic maximum can be
ascribed to desorption of some oxygen-containing
species which is present on the surface at potentials
more noble than that at which the anodic maxi-
mum occurs. This interpretation is based on several
experimental observations.

It has been shown by charging curve studies in
acid solutions that electrodes pretreated in the same
manner as those used here are covered with a
monolayer of some oxygen-containing species and
that the cathodic removal of this monolayer in-
volves only one electron per surface platinum atom
(19, 20). Such studies further show that there is a
large hysteresis associated with the electrochemical
desorption of this surface layer in that the potential
required to remove it is less noble by several hun-
dred millivolts than the potential required for its
formation. The electrochemical reduction of this
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layer was shown to be relatively fast (12). Capac-
ity measurements made during the desorption pro-
cess show that there is a capacity maximum in the
region of intermediate coverage (10, 19, 20). The
present results show a similar capacity behavior.

In curve b of Fig. 8 is a plot of the potential at
which the anodic maximum occurs vs. the pH for
nitrate solutions. The slope of this linear graph is
—2.3 RT/F which is consistent with a process of
reduction of an oxygen layer.

Since the curves obtained in alkaline chloride
and nitrate solutions are very similar, it can be
concluded that chloride ions are not specifically ad-
sorbed on the surface. This can be reconciled if the
zero point of charge on platinum is at —0.05v, as
suggested earlier, since, at potentials more noble
than this the surface is covered with an oxygen-
containing species while at potentials more active
than —0.05v the surface bears a negative charge
and would not, therefore, favor chloride ion ad-
sorption.

In acid chloride solutions, on the other hand, the
anodic maximum is not very well defined. This
suggests that chloride ion is. adsorbed, thereby in-
hibiting surface coverage by the oxygen-contain-
ing layer. This inhibiting effect is favored by a low
pH and a high chloride ion concentration. Thus, for
6N HC], the anodic maximum is absent. It becomes
more and more well-defined as the pH is increased
and as the chloride ion concentration is decreased,
finally approaching the results obtained in nitrate
solutions.

This is consistent with charging curve studies in
chloride solutions which indicate that the forma-
tion of the oxygen-containing layer is inhibited by
specific adsorption of chloride ions and that the
concentration of chloride ions necessary to show
such an inhibiting effect is of the order of 0.01 to
0.001N (21). Corrosion studies (31) on platinum
also show that chloride ion inhibits the formation
of an oxygen-containing layer, the inhibiting effect
being greater for low pH and high chloride ion
concentration.

The fact that the capacity did not vary signifi-
cantly with frequency verifies that the electrodes
were relatively smooth (16). This result also indi-
cates that the influence of the double layer capacity
is negligible in the region of the cathodic maximum
which is reasonable in view of the large reaction
capacity C, considered to be in parallel with the
double layer capacity.

Summary

Differential capacity curves have been obtained,
using a series capacitance bridge, on activated
platinum electrodes in molar nitrate and chloride
solutions of various pH.

The observed maxima in the capacity-potential
curves have been interpreted on the basis of ad-
sorption and desorption processes. Thus, a cathodic
maximum which shifts 59 mv/pH unit was at-
tributed to hydrogen adsorption. From the way
in which the peak height varied with pH, it was
concluded that the transition from Hz;O* discharge
to HyO discharge occurs at a pH of 3-4 and that
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hydrogen adsorption begins some 300 mv more
noble than the reversible hydrogen electrode po-
tential.

The anodic maximum, which varied with pH in
the same way as did the cathodic maximum, was
attributed to desorption of some oxygen-contain-
ing species, possibly OH~, O, or O~. This oxygen
layer is not very well-defined for solutions of low
pH and high chloride ion concentration.

A capacity peak, occurring at —0.05v in acid
chloride and sulfate solutions, has been identified
with the zero point of charge of platinum. On the
basis of this and Frumkin’s theory of the effect of
specific adsorption of anions on reaction rates, it
was concluded that sulfate, perchlorate, and chlo-
ride ion are specifically adsorbed on platinum elec-
trodes in acid solution while nitrate ion is not.
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An Advanced Electrode Assembly for
Electrochemical Measurements in Aqueous Solutions

H. G. Feller and J. Osterwald

Institut fiir Metallkunde and Institut fiir Metallhiittenkunde, Technische Universitdt, Berlin

Stern and Makrides (1) some time ago described
an electrode assembly, in which the problem of the
isolation of electrical contacts from the test solu-
tion is solved in a very advantageous way. Instead
of using thermosetting plastics the authors press
one face of a cylindrical sample against a Teflon

washer. This assembly however has the disadvan-
tage of exposing surfaces to the solution which are
geometrically not equivalent. Thus an ill-defined
current density distribution may result. In modi-
fying this basic design Stern and Makrides isolated
in some cases the bottom surface of the cylinder by
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metal rod
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Fig. 1. Electrode assembly

attaching a Teflon washer to the bottom by means of
threads.

An advanced assembly, which is described in Fig.
1, combines the advantages of the design of Stern
and Makrides with a method of preparing the speci-
men which can be applied to almost all metals and
alloys. A tubular sample is pressed between Teflon
washers in such a way that only the cylindrical
plane is exposed to the solution. A metal rod with
threads on both ends and with good fit goes through
the electrode and connects the lower Teflon washer
and the retaining nut at the upper part of the glass
tube, The lower Teflon washer carries a metal core
with threads. In tightening the retaining nut suffi-
cient and continuous pressure is exerted to avoid
creepage of electrolyte between Teflon washers and
the metal. While pressed between the washers the
sample is tilted a little bit and makes good contact
with the rod. The measured contact resistance is in
the magnitude of milliohm. This electrode is placed
in the center of a platinum grid electrode serving as
counterelectrode. By enlarging the diameter of the
two Teflon washers it is possible to get a uniform
current density distribution even in cases where a
very low differential polarization resistance of the
electrode exists. This assembly has some more ad-
vantages: (a) The contact-making rod is often
soldered to the sample. This heat-treatment is
avoided by this assembly and also by the one Stern
and Makrides proposed. (b) The surface of the sam-
ple is easily prepared by putting the electrode on a
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Fig. 2. Bottom casting mold for casting tubes

slightly conical pin of a small lathe and abrading it
with emery paper or polishing it by other means
while rotating. (¢) This assembly can be applied to
samples of almost all materials. There is no solder-
ing. Machining and threading can be circumvented
as is shown in the next section.

The tubular samples can be made of (a) ductile
material by machining on a lathe, (b) hard metal or
alloy by machine grinding the cylindrical plane and
the face on the lathe, and drilling the hole by the
method X-process (2) or other similar means, (¢)
brittle material by bottom-casting the liguid alloy
into a lampblacked mold, which carries a lamp-
blacked stainless steel rod in the center of the
ascending tube (Fig. 2). This method of casting
tubes of brittle alloys has been used with consider-
able success in the case of the y-Hume-Rothery-
phase of the copper-zine-system and in other cases
(3). The tubular sample is then machine-ground on
a lathe.

Manuscript received June 24, 1963.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1964
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Use of Low-Temperature Deposited Silicon Dioxide Films
As Diffusion Masks in GaAs

S. W. Ing, Jr., and W. Davern

Electronics Laboratory, General Electric Company, Syracuse, New York

It has been shown that the natural oxide of GaAs
is porous and cannot be used as a barrier against
impurity diffusion (1). Recently Yeh (2) has shown
that evaporated silicon suboxide coatings can be
used to mask effectively against the diffusion of
zinc and cadmium into GaAs. The electrical char-
acteristics of the resulting p-n junctions were not
reported.

Because of the unstable nature of silicon suboxide,
it cannot serve simultaneously as a device passiva-
tion medium and an impurity diffusion mask. This
article describes the preparation and use of silicon
dioxide films, which are extremely stable and
highly impervious to various ambient gases, as dif-
fusion masks for GaAs.
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Experimental Methods

The deposition of the silicon dioxide layers was
carried out using a recently developed glow dis-
charge technique (3). A suitable organosilicate, such
as tetraethylsilicate, was used as the source and was
fed into a gas plasma at a pressure of about 100x. A
high-frequency power source was used to generate
the plasma. The organosilicate was dissociated by
ion bombardment, and a film of silicon dioxide was
deposited on the GaAs substrate which was located
in the center of the gas plasma. The bulk substrate
temperature during the deposition process was es-
sentially room temperature; the ion bombardment
was not intense enough to cause any apparent sur-
face damage to the substrate. The GaAs wafers were
chemically etched prior to the deposition, and the
deposited oxide films were coherent and adhered
well to the GaAs substrate.

Thus far, most of the work has involved diffusion
masking against p-type diffusants, namely, Zn, Cd,
and Mn. N-type GaAs, with a free electron concen-
tration of 10'®/cm® was used as the starting mate-
rial. One face of each wafer was coated with the
silicon dioxide film, after which, windows about 1-2
mm square, were cut through the oxide using wax
masking and hydrofluoric acid etching techniques.

Diffusion was carried out in an evacuated sealed
quartz tube at temperatures ranging between 600°
and 800°C. One to two mg of the diffusant source
was used and was placed in the same temperature
zone as the GaAs wafer. The source materials were
Zn, Cd, Mn and a Zn-Ga alloy (1% Zn-999, Ga).
After the diffusion step the tube was removed from
the hot zone and allowed to cool at room temper-
ature.

The reverse biased characteristics of the planar
diodes were measured. Mesas were etched on the
reverse sides of the diffused wafers, where there
were no oxide masks, and the reverse breakdown
voltages of the mesas were measured.

Results and Discussion

The results of the diffusion studies and the diode
breakdown voltage measurements are summarized
in Table I. Diffusion masking was successfully ob-
tained for the indicated oxide film thicknesses at the
temperature range employed. The appearance of the
silicon dioxide coatings was not altered in any way
after the diffusion process, and their adherence to
the GaAs substrates was improved, suggesting that
a chemical interaction at the oxide-GaAs interface
had taken place during diffusion. This interfacial
reaction could also prevent the arsenic from evapo-
rating into the gas phase. The incorporation of gal-
lium and arsenic into the oxide and silicon into the
GaAs could be studied, for example, by using the
radiotracer technique.

The data of Table I show that Mn has a higher
diffusion rate through the SiO; layer than either Cd
or Zn. Approximate average penetration rates of
these metals through the 2000A thick SiO, layer at
700°C are: Zn, 600-670 A/hr; Cd, 670-1000 A/hr;
and Mn, greater than 1000 A/hr. The diffusion
mechanism, as well as the values for the diffusivities
of these metals, through amorphous silica are not
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Table I. Diffusion masking in GaAs

Si0a ilm Diffusion Planar Mesa
thickness, A Source T, °C time, hr VBD,V VBD, V
2000 Zn 600 1/6 10 10
2000 Zn 600 2 10 10
2000 Zn 700 2 8 8
2000 Zn 700 3 7.5 6.5
1800 Zn 700 3 Diffused through
the oxide
1800 99% Ga 750 1 45
1% Zn
2000 Zn 800 1/6 9 8.5
1800 99% Ga 800 1/2 27
1% Zn
2000 Zn 800 2 Diffused through
the oxide
2000 Cd 700 2 10 14
2000 Cd 700 3 Diftused through
the oxide
1800 Cd 800 1/6 16
2000 Mn 700 1/6 35
2000 Mn 700 2 Diftused through
the oxide
1800 Mn 800 1/6 37

known. However, it is likely that the metal impurity
atoms enter the SiO; network as ions and that
their diffusivities are concentration dependent.

The breakdown voltages of the diffused planar
diodes depend largely on the nature of the source.
A pure Zn source yielded diodes of somewhat lower
breakdown voltages than those obtained using pure
Cd sources. A pure Mn source or a diluted Zn source
yielded diodes whose breakdown voltages were
much higher than those of either pure Zn or Cd.

The cause of the low breakdown voltages cannot
be attributed to the oxide masking step since the
breakdown voltages for the planar diodes were
similar to those of the mesa diodes. Furthermore,
the differences between the breakdown voltages of
the planar diodes cannot be attributed to any differ-
ences in the width of the junction depletion regions,
since Kressel and his co-workers (4) have obtained
higher breakdown voltages in near abrupt junctions
in n-type material that was comparable in donor
concentration to the material used in this work.

Microplasma lights were looked for when the
diodes were in the avalanche breakdown condition.
No lights were visible on those samples which ex-
hibited low breakdown voltages, indicating localized
avalanching in the junction region below the sur-
face. However, in those samples which exhibited
high breakdown voltages, spots of light were ob-
served around the periphery of the windows. These
observations suggest that those diodes that were
diffused with high surface concentrations, such as
are yielded when a pure Zn or Cd source is used,
tend to give p-n junctions that possess a high den-
sity of irregularities or spikes which distort the field
in the space charge region and cause localized
breakdowns when a reverse bias is applied. Junc-
tion structures possessing such irregularities could
result from the nonuniform surface alloying of the
dopant. When Mn or a dilute Zn source was used,
vapor pressures and surface concentrations of the
metals are much lower at the diffusion temperatures
used. The surface concentration of manganese could
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Fig. 1. Cross-sectional view of the masked and diffused regions
in GaAs, Zn diffused for 2 hr at 700°C with 2000A thick SiO2
mask.

Fig. 2. Cross-sectional view of the masked and diffused regions
in GaAs, Zn diffused for 3 hr at 700°C with 2000A thick SiO»
mask.

Fig. 3. V-l characteristics of a GaAs planar diode, Zn diffused
at 700°C for 2 hr.

Fig. 4. V-l characteristics of a GaAs planar diode, Mn diffused
at 800°C for 10 min.

be limited by its solubility; the Zn surface concen-
tration is limited by its vapor pressure. Under these
conditions the distribution of impurities is more
uniform across the surface of the wafer and is in-
corporated into the GaAs surface region, mainly by
diffusion, resulting in a much smoother junction
plane. The breakdown voltage thus becomes higher
and the breakdown starts at the imperfections
around the window periphery, at or near the oxide
semiconductor interface.
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A cross-sectional view of the edge of a diffused
window is shown in Fig. 1. It was Zn diffused at
700°C for 2 hr. In the right-hand corner of the pho-
tograph, a small protrusion of the junction is visible,
which, as stated above, could cause an early lo-
calized breakdown. Figure 2 shows a cross-sectional
view of another planar diode which was Zn diffused
for 3 hr at 700°C. A step in the junction depth, prob-
ably caused by the nonuniformity in the concentra-
tion of the n-type dopant in the initial material, can
be observed at the edge of the window. However, no
effect in th