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Electron Microscope Study of Positive

Lead-Acid Electrodes during Formation

W. O. Butler,* C. J. Venuto,* and D. V. Wisler
ESB Incorporated, Research Center, Yardley, Pennsylvania 19067

ABSTRACT

The formation process of positive lead-acid electrodes was studied using
electron microscopy, and these results were correlated with those of x-ray
diffraction and chemical analysis. Both the surface and the interior reactions
taking place during active material formation were examined. The study
showed the conversion of PbSO, crystals to g-PbOs and the subsequent growth
of g-PbO, crystals to fully formed crystals. In addition, the crystal habits of
3PbO-PbSO4-H,0, PbSOy4, and B-PbO; in lead-acid electrodes were charac-

terized.

Even though a number of years have elapsed since
Planté presented his first storage battery to the French
Academy of Sciences in 1860, the physical and chemical
reactions taking place during electrode processing are
still not fully understood. The literature abounds with
publications on electrical and chemical studies of the
system, and in recent years the more sophisticated
techniques have been used to investigate these proc-
esses. X-ray diffraction, optical and electron micros-
copy, and electron microprobe analysis are now being
used to study not only the physiochemical reactions
taking place during electrode processing but also the
reactions taking place during electrode cycling.

However, the work reported here is limited to a
study of the formation process, that is, the anodization
of fully cured electrodes to convert the electrode’s
active material from a mixture of 3PbO-PbS04-H>0,
PbO, and Pb to PbOs.

Simon and Jones (1) used optical microscopy to
great advantage in studying the formation process.
Pierson (2) combined optical microscopy with x-ray
diffraction and chemical analysis in his formation
studies. An electron probe was used by Chiku and
Nakajima (3) to study the formation process. Fully
formed active material was studied using electron
microscopy by Burbank and Ritchie (4, 5). To our
knowledge, only Buskirk, Boyd, and Smith (6) used
electron microscopy to study the active material dur-
ing the different stages of formation. However, no
correlation was made between the electron micros-
copy data and x-ray diffraction, optical microscopy,
and chemical analysis.

This paper describes a study of both the surface and
interior active material, examined in situ on Pb grids
at various stages of formation. The electron microscopy
data is closely correlated with x-ray diffraction data
and with previous formation studies in our laboratory
using optical microscopy and chemical analysis.

* Electrochemical Society Active Member.

Key words: electrode microstructure, electron microscopy, lead
acid electron microscopy, and lead acid formation.

Experimental

Fully cured electrodes using Pb-5.75% Sb grids were
formed at the rate of 160 A-hr/lb of active material
for 1, 3, 7, 9, 11, 15, and 20 hr. The formation current
was selected so that at 20 hr the electrodes received
a full 160 A-hr/lb and were thus considered fully
formed. The forming electrolyte was 1.060 sp gr H2SO4.
After the desired formation time the electrodes were
washed for 15 hr in distilled H,O and then dried at
60°C in a mechanically pumped vacuum oven. Both the
surface and the interior of the electrodes were ex-
amined. Single stage carbon replicas preshadowed
with platinum-carbon pellets (7) were made of the
surfaces of the different samples. The replicas were
released using 25-50% HCIL. The surface was also ex-
amined by x-ray diffraction.

The interiors of the sample electrodes were ex-
amined after scraping the surface parallel to the face
of the electrode. A 1% in. square was cut from the
sample electrode. The surface was scraped with a
clean razor blade until approximately one-half of the
active material was removed. Prior to replication, the
scraped surface was analyzed by x-ray diffraction.
The carbon replicas of the surface and interior
(scraped surface) were then examined in an RCA
EMU-3G electron microscope. In addition, the active
material, after it was removed from the Pb grid, of
all seven formed samples was examined by x-ray
diffraction. To characterize fully the crystal habits of
the different compounds in lead-acid electrodes, plates
consisting of only PbSOj4, 3PbO-PbSO4-H;0, tetragonal
and orthorhombic phases of PbO, and the « and g
phases of PbO, (confirmed by x-ray diffraction) were
examined by electron microscopy. The crystal habits
of PbSOs, 3PbO-PbSO4-Hy0, and B-PbO; were defi-
nitely characterized. Both g-PbO; and PbSO4 have an
equant crystal habit. Beta-PbO, usually exhibits a
dipyramidal crystal form while PbSO4 exhibits a com-
bination of crystal forms with the prismatic and domal
forms being more prevalent. 3PbO-PbSO4-H;0, as it
appears in cured electrodes, is columnar in crystal
habit.
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Orthorhombic-PbO appeared as equidimensional
grains and was difficult to distinguish from free Pb
particles. Tetragonal-PbO has several crystal habits,
one similar to orthorhombic-PbO and another tabular.
Alpha-PbO; was particularly hard to characterize in
that it is difficult to produce a pure standard and it
seems to crystallize in a variety of crystal habits.

Observations

Surface examination.—A typical electron micrograph
of the surface of a fully cured, unformed, positive
electrode used in this study is shown in Fig. 1. The
long columnar crystals are 3PbO-PbSO4-H0, and the
irregular grains are tetragonal or orthorhombic-PbO.
X-ray diffraction indicates 3PbO-PbSO4-HyO and
orthorhombic and tetragonal-PbO to be present on the
surface. No free Pb was detected by x-ray diffraction
on the surface of the cured electrode.

The surface of an electrode formed for 1 hr is shown
in Fig. 2. Both the large well-developed crystals and
the smaller crystals are PbSO4. No effect of the anodi-
zation process was noted at this time. X-ray diffrac-

Fig. 1. Surface of a fully cured positive lead-acid electrode.
Shows elongated 3PbO-PbSO4-H20 crystals and irregular grains of
PbO.

Fig. 2. Positive electrode formed for 1 hr showing electrode
surface covered with large and small PbSO4 crystals.
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tion did detect a little tetragonal and orthorhombic-
PbO. No 3PbO-PbSO4-Hz0 or PbO, was detected by
x-ray diffraction.

Active material areas near grid members were con-
verted to g-PbO; after 5 hr of formation. The 8-PbO,
crystals are initially rounded agglomerate crystal
growths as shown in areas A of Fig. 3b. Beta-PbO,
crystals next to the grid members, see Fig. 3a, are
better formed since the formation reaction is initiated
at the grid active material interface and then pro-
gresses toward the center of the active material pellets.
The central portion of the active material pellets are
still composed of unaltered PbSO4 crystals as shown
in Fig. 2.

After 9 hr of formation the g-PbOs crystals which
make up the formed aggregates have become larger
and their dipyramidal crystal form can be observed
(Fig. 4). In addition, much more g-PbO; is present on
the electrode surface.

At the end of 11 hr of formation the g-PbO; crystals
have continued their development. At this state of
formation the central portions of the pellet surface

Fig. 3. Electrode surface after 5 hr of formation: (a, top) active
material next to a grid member; small crystals are B-PbOy; (b,
bottom) active material further away from a grid member. Well
developed crystals are PbSO4. The initial appearance of B-PbOs
occurs as rounded crystal agglomerates and appear in areas A of
the electron micrograph.
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Fig. 4. Electrode surface after 9 hr of formation showing the
development of the initial rounded crystal agglomerates of S-PbO.
into larger well-defined crystal groups.

begin to form and appear similar to the areas shown
in Fig. 3. These reactions continue throughout the re-
mainder of the electrochemical formation. An electron
micrograph of a fully formed surface observed in the
central pellet area is shown in Fig. 5. The well-de-
veloped dipyramidal g-PbO; crystals are typical for a
fully formed electrode. X-ray diffraction showed that
the surface of the fully formed electrode consists of
p-PbO; with trace amounts of the tetragonal and
orthorhombic-PbO.

Interior examination.—The interior of the above
electrodes were examined as above in order to de-
termine if the same general sequence of formation
reactions occurred in the interior as on the surface.
X-ray diffraction examination of the fully cured active
material indicated it is composed of mainly 3PbO-
PbSO4:HyO plus minor amounts of Pb and ortho-
rhombic and tetragonal PbO.

The interior active material after 1 hr of formation
(Fig. 6) is still essentially the same as for a fully
cured electrode (unformed). It consists of 3PbO-
PbS04-H;0, tetragonal and orthorhombic-PbO, PbSOy,
and Pb.

well developed 3-PbO2 dipyramidal crystals.

LEAD-ACID ELECTRODES DURING FORMATION

Fig. 5. Surface of a fully formed (20 hr) positive electrode. Shows
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Fig. 6. Interior active material of a 1-hr formed electrode.
Compounds present are 3PbO-PbSOs-H20, PbSO4, orthorhombic
and tetragonal-PbO, and free Pb.

After 5 hr of formation, only a small amount of
3PbO-PbSO4'HyO remains (Fig. 7). The interior is
primarily composed of PbSQy, 8-PbOy,, and tetragonal-
PbO. A small amount of «-PbO, was also detected by
x-ray diffraction.

The interior of an 11 hr formed electrode no longer
contains any 3PbO-PbSO4-H0 (Fig. 8). It is primarily
composed of B-PbO,, tetragonal-PbO, o«-PbO,, and
PbSOq. Figure 8 shows agglomerates of g-PbO, form-
ing at the expense of large PbSOy4 crystals.

The reaction sequences are very similar to those
observed on the electrode surfaces for the remainder
of the formation time. X-ray diffraction shows that
the fully formed interior active material is composed
of a- and g-PbO; plus some tetragonal-PbO. Chemical
analysis indicates the total (surface and interior) fully
formed active material contains 81% PbOs, 17% PbO,
with the remaining 2% being Pb and PbSOs.

An electron micrograph of a typical fully formed
interior is shown in Fig. 9. The overgrowths on the

Fig. 7. Electrode interior after 5 hr of formation. Large PbSO4
crystals (A), agglomerate crystalline mass of B-PbOs (B), and a
small amount of tetragonal-PbO which is indistinguishable are
shown.
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e Hy
Fig. 8. Interior of positive electrode after 11 hr of formation

showing large PbSO4 crystals being converted to crystalline aggre-
gates of 8-PbOs.

faces of the g-PbO; crystals in Fig. 9 were observed on
crystals both on the surface and in the interior of the
fully formed electrode. Once the g-PbO; crystals reach
a definite size, growth of an individual crystal slows
considerably or even ceases, and any further formation
occurs as new crystals developing on the faces (pre-
sumably where imperfections are present) of the fully
matured crystals. This phenomenon was naturally
more prevalent in active material nearer grid members.

The sequence of reactions observed in the interior
of the electrodes is very similar to those observed on
the electrode surfaces. The main differences are (i)
the presence of more PbSO4 on the surface, especially
during the initial formation period, and (ii) no «-
PbO, was detected on the surfaces of the different
formed electrodes. Crystals believed to be o-PbO,
were observed in the active material interior near the
grid members as shown in Fig. 10. However, these

W (T Af & > Flell
Fig. 9. Interior of a fully formed (20 hr) positive electrode show-
ing well-developed 3-PbO> dipyramidal crystals.
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Fig. 10. Interior of active material after 15 hr of formation
showing undeveloped crystalline masses (A) and large well-devel-
oped crystals believed to be «-PbOs (B). Active material area is
very near a grid member. These and similar areas were observed
in both 15- and 20-hr formed electrodes.

crystals could not be definitely characterized as a-
PbO, with a standard as was done with the other lead
compounds.

Concluding Remarks

This study established that the initial reactions tak-
ing place during formation are essentially chemical.
These chemical reactions consist mainly of converting
3PbO-PbSO4-H,O and orthorhombic-PbO to PbSO,.
Tetragonal-PbO is not as easily converted to PbSO,.
Second, the resulting PbSO4 and PbO are then electro-
chemically converted to PbO,. The interior and surface
reactions are essentially the same. The one major dif-
ference is the absence of «-PbO, forming on the elec-
trode’s surface. Also, «-PbO, preferentially forms in
the interior near the grid members and assumes a
variety of crystal habits.

The crystal habits of 3PbO-PbSO4-H,0, PbSOy4, and
B-PbO; in positive lead-acid electrodes were definitely
established, and electron micrographs were obtained
showing the conversion of PbSO4 crystals to PbO.
crystals and the subsequential growth of g-PbO, crys-
tals to their full size as found in a fully formed elec-
trode.

Manuscript submitted May 19, 1970; revised manu-
script received ca. July 22, 1970.

Any discussion of this paper will appear in a Dis-
cussion Secticn to be published in the June 1971
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Electrochemical Properties of Polycrystalline Tin Oxide

D. Elliott, D. L. Zellmer,! and H. A. Laitinen*
Department of Chemistry, University of Illinois, Urbana, Illinois 61801

ABSTRACT

Some electrochemical properties of polycrystalline tin oxide in the form
of thin films have been examined. For a variety of antimony-doped specimens
the carrier concentration has been determined from the space charge capacity
and compared with donor concentrations. Disparities between the two values
have been found, and explanations have been sought in terms of structural
defects as well as chloride impurity and nonstoichiometry. Analyses for the
last two have been made. The kinetics of several reactions at highly doped
specimens (5.9 x 1020 carriers/cc) indicate that the space charge region is
completely transparent to electrons due to tunneling. With a series of samples
of diminishing carrier concentration the increasing limitation of the tunnel-
ing process is demonstrated until it becomes the principal current controlling

factor at about 3 x 1019 carriers/cc.

Polycrystalline tin dioxide, deposited as a thin con-
ducting layer on glass or quartz, has recently come
into some use as an electrode material with unique
properties. Among these are transparency, resistance
to oxidation, and the absence of adsorption by organic
surfactants.2 Extensive use of the first property, for
example, has been made by Kuwana and co-workers
(1), and also by others (2). The present investigation
is part of a series aimed at characterizing the electrode
surface (3, 4). The latter reference contains a fairly
comprehensive list of references dealing with the elec-
tronic properties of tin oxide. A recent paper by others
on the electrode properties has also appeared (5).

Tin oxide is a semiconducting material of large
band-gap (3.7 eV). Its intrinsic resistivity is very
high but may be decreased enormously by the intro-
duction of appropriate doping agents. Minimum values
down to about 2.5 x 104 ohm cm are reached with
a few per cent antimony. Further increase in the an-
timony concentration causes the resistance to get
larger again, probably caused by increasing lattice dis-
order (6, 7).

Experimental

Two types of electrode have been used in the study.
The first was a commercially available tin oxide coated
glass (here designated IRR).3 This was analyzed to
contain 2.5 m/o (mole per cent) Sb. Also included
under this heading are some special samples made by
the same manufacturer to the author’s specifications
and containing varying percentages of antimony (Table
I). The second type was prepared in the laboratory
by hydrolysis of an atomized solution of acidified
SnCly containing various percentages of SbClz on a
hot substrate which was variously Pyrex, quartz, or
polished platinum. In both cases the thickness ranged
up to about 1 um. The mounting technique has been
described (3). Electrical contact was made via a flat
silver ring of about %-in. diameter which pressed
against the surface concentric with the exposed work-
ing area of 5/32-in. diameter (0.1236 cm2?). This en-
sured that for tin oxide layers on nonconducting bases
the series resistance was as low as possible to facilitate
capacitance measurements up to 20 kHz. Such a con-
tact also minimizes capacitance dispersion due to the
distributed resistance of the thin film (Appendix).
Capacitance measurements were made with base elec-

* Electrochemical Society Active Member.

1 Present address: Fresno State College, Department of Chemistry,
Fresno, California 93721.

2The measured capacity is unaffected for example by the addi-
tion of 0.01% Triton X-100.
Y’ ‘]‘(Infra-Red Reflecting” from Corning Glass Works, Corning, New

ork.

4+ By emission spectroscopy.

Key words: semiconductor, thin film electrode, transparent elec-
trode, differential capacitance measurement.

Table 1. Carrier concentrations

Donor conc.

Sb content, m/o Carrier equiv. to Resistivity,
Spray Analysis* conc./cm3 carriers, m/o ohm cm
g 13 2.97 x 1021} 10.7 1.32 x 10-2
3** 5.4 1.30 x 102 5.0 1.62 x 10-3
0.8** 1.7 4.83 x 1020 1.74 1.23 x 103
0.3** 0.6 3.49 x 102 1.26 9.7 x 10+

10% 0.2 2.63 x 102 0.95 2.09 x 10-3
Sample IRR 2.5 5.9 X 102 2.13 9.2 x 10-¢

* By emission spectroscopy.
** Special samples made by Corning.
+ At 10 kHz corrected for ‘“‘transmission sheet’ dispersion.

trolyte only under conditions of cyclic linear potential
scan at a rate of 0.5 V/min. Using a phase sensitive
detector, Fig. 1, and with a Pt counterelectrode of
about 24 cm? area, the reciprocal capacitance was
recorded directly. No change in capacitance or back-
ground current was produced by deaeration of the
electrolyte or shielding from daylight. With electroac-
tive species present linear sweep voltammograms at
the stationary electrode were recorded using a con-
ventional three-electrode system. Thickness of the
conducting layer was determined from the variation
of the interference maxima and minima as a function
of wavelength for a reflected light beam at 45° inci-

i
G 3 |

L — — |
0-360"phase shift
Fig. 1. Diagram of circuit for the automatic recording of capaci-
tance and resistance: A, signal generator; B, capacitor, variable
50-1000 pf; C, choke, 300H; D, linear sweep voltage source; E,
standard resistance and capacitance decade boxes; F, tin oxide
electrode; G, counterelectrode; H, saturated calomel electrode
(SCE); 1, 250 wuf capacitor; J, amplifier; K, square wave generator;
L, phase sensitive detector; M, filter; N, recorder.
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dence. Conductivity was determined by a four-point
probe method. Reproducible results for the capacity
and linear sweep base current were found only after
specimens had been polished. Polishing was effected
with 0.3 and 0.05 um alumina abrasives and also with
a polishing compound made of powdered tin oxide.’
The electrodes were then boiled in water or cleaned
in steam before use, and allowed to dry in air or
heated in an air oven.

Results

Variation of capacity with various parameters.—
Measurements made in the first minutes after contact
with the electrolyte are about 5% lower than the
values finally reached after several hours when equi-
librium is attained. This may be associated with the
slow adsorption of ions causing a shift in the flat band
potential. A positive shift is indicated suggesting that
a slow chemisorption of H+* ions to the oxide ions of
the lattice is the dominant factor. This is in accordance
with the observation that the surface after contact
with acid electrolyte is completely wetted whereas the
initially prepared surface after polishing and boiling
in water is strongly hydrophobic. Measurements of the
contact angle in fact show large changes during the
first hour of contact. This phenomenon together with
an account of the adsorption of halide ions is discussed
in ref. (4). The measurements of capacitance were
made after several hours contact, and data were taken
from the recorded graph after two or three cycles of
the scanning voltage. Only a small difference (~1%)
is noted in the capacitance values for the cathodic and
anodic sweeps; likewise the difference between the
first and successive cycles is less than 1% suggesting
that the value recorded was at equilibrium. The back-
ground current varies between specimens but is gen-
erally between 0.1 and 0.05 pA for the area used
(0.124 cm?) in 1M acid. Such values are observed
within the cathodic and anodic limits set by the de-
composition of the electrolyte. The potential of H*
reduction is near the reversible value especially after
prolonged contact with the electrolyte. Oxidation, how-
ever, occurs with a large overvoltage which depends
on the doping level; e.g., for IRR this takes place at
about 42V vs. SCE in 1M H,SOs.

In the absence of surface states the capacity of a
semiconductor-electrolyte system may be subdivided
into three series capacitances due to the semiconductor
space charge, the compact double layer, and the dif-
fuse double layer. The last two would be expected to
be large in 1M electrolyte especially at the positive
potentials used (up to +2.0V wvs. SCE) so that the
measured capacitance should closely approximate to
the space charge value. The experimental justification
for this is based on the application of the Mott-Schottky
relationship (8, 9) valid for high carrier concentra-

tions.
1 2 ( RT )
[ (1 7 A
cz qKeCp F
where C = space charge capacitance
q = electronic charge
K = dielectric constant (mean value 12.7)
(10)
e = permittivity of vacuum
Cp = carrier concentration
V = potential with respect to the flat band

potential Vg (zero charge potential)

It is implicit in the use of this relationship that the
surface potential should remain constant while the
potential of the bulk of the semiconductor is varied,
thus approximating to the one sided step junction
concept (9). Because of the adsorption of ions the
surface potential differs from the bulk value even in

3 All products of Beuhler, Ltd., Evanston, Illinois.
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concentrated electrolytes. For this difference to re-
main constant the net adsorbed charge must increase
negatively as the electrode is positively changed. If
these charges are not matched, the 1/C2? graph can
be curved or have a slope other than that determined
solely by the carrier concentration. Electrode rough-
ness can also cause curvature of the characteristic
since the effective area decreases as the depletion
layer extends into the bulk of the electrode with in-
creasing applied voltage. These considerations are
particularly relevant for highly doped specimens where
the depletion layer (9) is only a few tens of angstroms
thick, e.g., for IRR containing 5.9 x 1020 carriers/cm3
the thickness is 16.9A at 1.0V vs. SCE).

Effect of donor concentration and frequency.—Satis-
factory linear graphs of 1/C? vs. applied potential have
been obtained for samples containing up to 13% an-
timony; an example is shown in Fig. 2.

Table I shows a comparison of computed carrier
concentrations based on capacitance measurements (at
20 kHz except where noted) with the antimony con-
centrations of a series of samples coated on glass.

At low concentrations the carrier values are higher
than those due to the antimony alone probably be-
cause of other carrier mechanisms, e.g., oxygen defi-
ciency and residual chloride. The two values agree at
about 1.7% Sb which is not far from the value where
the conductivity is a maximum. Samples containing
more than this percentage are noticeably blue colored
(the 13% sample is almost opaque). This behavior, to-
gether with the sharp increase in resistance, has been
interpreted as being due to increasing lattice disorder
(6, 7) causing scattering of the carriers. Such disorder
could also involve appreciable segregation of the an-
timony in its stable oxidized form (Sb2Os) which
would not then donate carriers. This accounts for the
fall off in apparent carrier concentration with per-
centage of antimony. In addition, the finite value of
the solution-side capacitance would cause the mea-
sured value to be lower than the true space charge
capacitance causing the carrier concentration to appear
lower.

These results are for polished samples in 2N HySOy.
Other strong acids give similar results. The effect of
polishing is to reduce the measured capacity, possibly
by reducing the surface area, and to eliminate surface
states of the type described previously (3). Such sur-
face states show up in the impedance characteristic as
peaks in the capacity and resistance, particularly at

volts vs SCE
+15 1 5 0
Fig. 2. 1/C2 vs. voltage, tin-oxide electrode, IRR in 2M HCI:
A, 20 kHz; B, 10 kHz; C, 1 kHz; D, 50 Hz.
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low frequencies. Surface states can also be produced
by adsorbed impurities from the electrolyte. For ex-
ample, some samples of KCl electrolyte at pH 2 gave
a particularly marked enhancement in capacitance at
—0.4V which persisted up to 20 kHz indicating very
fast states. Peaks in the linear sweep voltammograms
were also present. The behavior was finally traced
by spectroscopic analysis of the KCl as being due to
molybdenum impurity. In a separate experiment with
“pure” NaCl at pH 2 as little as 2 x 10-8M molybdate
produced a fourfold increase in capacitance. This sur-
face property could not be removed even with boiling
HCl. Surface states of some sort are probably re-
sponsible for the frequency dispersion observed even
for polished specimens. Under the most favorable con-
ditions, high doping and strong acid electrolytes, the
capacity tends to a constant value with frequency at
about 20 kHz whereas the value at 50 Hz is about 15%
higher. The series resistance also tends to a constant
value at 10-20 kHz being much higher at lower fre-
quencies. Such dispersion is not predicted for a purely
space-charge capacitance under depletion conditions
although it would occur under so-called “inversion”
conditions (8) where the minority carriers (holes)
become predominant in the space charge region. This
might occur if the applied potential with respect to
the flat band value approaches the band gap (3.7V);
however, it is not relevant in the present instance.

Frequency dispersion increases as the doping level
diminishes. In such cases, as the potential increases
positively, marked frequency dispersion is still present
at 20 kHz and the 1/C2? values are not linear with
voltage. The slope increases as the potential increases
positively. This is not to be explained by the ionization
of deep donors with increasing voltage which would
cause a decrease in slope (8). For such samples the
slope of the first part of the graph is used where the
dispersion is small. Extrapolation of this part of the
graph also provides an intercept, (Vg), in the region
of those for the highly doped samples, and this would
not be expected to change much with doping level. The
less highly doped specimens have a higher resistance
tending to cause “transmission sheet dispersion” (Ap-
pendix). Some samples were made by putting the test
layer on top of a more highly doped layer, but because
of the possibility of contamination a series of samples
was made by deposition on a polished platinum disk at
approximately 700°-800°C. The layer does not adhere
so tenaciously as it does to glass or quartz and may
be scratched off. However, it is quite coherent enough
to withstand polishing and can be examined electro-
chemically provided the potential excursion on the
cathodic side stops short of the hydrogen evolution
region (~0V). Extension into this range causes the
layer to be lifted off in patches possibly due to the
evolution of gas underneath.

Table II shows the variation of carrier concentration
with the spray concentration of donor. These results
are for 1N HySO4 at 20 kHz. The variation of apparent
donor concentration with spray concentration bears a
similar relationship to the variation of the analyzed
antimony concentration in the case of the glass samples
(Table I). Thus for the glass samples, the ratio
Sb (analyzed) /Sb (spray) is about 2 over the range
while the ratio Donor equiv./Sb (spray) for the plati-
num varies between 3 and 5. Direct determination of

Table I1. Variation of carrier concentration

Donor conc,
Spray Carrier equiv, to
Sb, m/o conc./cm? carriers, m/o
25 3.47 x 102t 12.5
1.0 1.1p x 1022 4.3
0.25 2.53 x 102 0.91
0.08 7.03 X 1010 0.25
0 3.2 x 101 0.11
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Table 111. Variation of properties of IRR
PH -0.2 1.95 4.2 6.9 9 12
Carrier conc 5.84 5.81 5.21 5.24 5.09 5.09 x 10w
(10 kHz)
Vs (vs. SCE) —-025 -045 —-0.61 -095 —142 -—152

antimony has not yet been accomplished due to diffi-
culty in removing the film in a form suitable for emis-
sion spectrographic analysis. Because of the above it
is believed that the actual values approach the donor
equivalents much more closely than in the case of the
samples on glass. The much higher temperatures oper-
ative during the preparation on platinum (800°) com-
pared with that for glass (~600°) should favor lower
chloride retention, less oxygen deficiency, and less
lattice disorder. Further studies are under way to test
these conclusions. The greater concentration in the
layer compared to the spray is qualitatively the same
as indicated in one of the patents dealing with the
material (7). With no doping, the carrier concentration
drops to about 3 x 10!% which, being far above the
intrinsic level, may be due to residual chloride or to
oxide vacancies. Possible oxide deficiency (nonstoi-
chiometry) was looked for in samples of IRR. The
technique, which has been described (4), was to dis-
solvet the layer in a molten bead of LiCIKCI eutectic
at 450° in a stream of dry HCl causing the Sn(IV)
component to volatilize and leaving the Sn(II) behind.
The latter was determined by anodic stripping from a
stationary mercury drop. The Sn(II) was found to
vary between 0.02 and 0.3 m/o SnO for a series of
samples of IRR. Analysis for chloride was conducted
on specimens prepared by hydrolysis on an electrically
heated gold wire and was determined by spark source
mass spectrometry to be in the region of 0.1 to 0.2%.

Effect of pH.—The variation of the properties of IRR
in 2M Cl— with pH is shown in Table III.

Frequency dispersion increases with increase in pH,
and the apparent carrier concentration at 10 kHz de-
creases. Surface states due to adsorbed impurities
could be responsible; slight peaks in the capacity
curves are observed. Displacement of adsorbed chloride
with hydroxyl could also affect the variation of net
adsorbed anions with applied potential thus causing
changes in the 1/C? slope as discussed above. These
factors make the extrapolation of high pH values very
uncertain. At low pH values the trend is not far from
60 Mv/pH unit which is the value observed for ZnO
(11) and generally expected for oxide electrodes (12,
13).

Reaction kinetics at the tin oxide electrode.—Reac-
tion at highly doped specimens (IRR).—The tech-
niques of chronopotentiometry and linear sweep vol-
tammetry were used to examine the kinetics of a
number of reactions.

Studies of the bromine-bromide couple showed
highly irreversible behavior at the IRR electrodes,
whereas this couple is reversible on platinum elec-
trodes. Chronopotentiometric and linear sweep tests
for adsorption or other complications indicated simple
diffusion controlled irreversible charge transfer ki-
netics (4).

The kinetics of several other couples were studied
to determine if the slow charge transfer rates could
be attributed to depletion effects taking place at
potentials far removed from the flat-band potential
of tin oxide. Rate constants were measured using chro-
nopotentiometry (14) or linear sweep voltammetry
(15, 16) ; the results are given in Table IV.

Comparing these seven systems, there seems to be
no correlation between the equilibrium potentials of

6 The material is impervious to most normal reagents such as
strong acids or oxidizing agents. It can, however, be brought into
solution by electrolytic reduction or with acid chromous chloride
solution.
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Table V. Comparison of charge transfer rate constants for tin oxide and platinum electrodes
Etormal E Estimated
Substance Medium vs. SCE Ep/2 Ep.return ana ksh, cm/sec
*10 mM Cet+ 1M HsSO4 /Pt 1.20 0.905 1.805 1.330 0.26 1.4 x 10~
/Sn0s 1.20 0.460 0.756 — 0.16 2.2 x 10=
*12.5 mM Cu? (-Cu+) 1M HC1 Pt 0.205 0.174 0.255 0.291 — 1.4 x 103
/SnOa 0.205 0.008 0.141 0.410 0.36 1.8 x 10~
*10 mM HBr 1M HCIO4 0.92 0.946 0.903 0.887 reversible
/Sn0O2 0.92 2.276 2.084 0.319 1-0.25 1.2 x 10-8
*9.56 mM Fes+ 1M H2SOs /Pt 0.435 0.363 0.460 0.600 — 4 x 10~
/Sn0z 0.435 0.063 0.174 1.290 0.43 6.3 x 10-0
*10.7 mM Fe(o-phen)a2+ 1M HsSO4 /Pt 0.870 0.900 0.840 0.840 reversible
/Sn0g 0.870 0.917 0.825 0.825 reversible
**KqFe (CN)g 1M KCI in /Pt 0.289 reversible
PH 4.5 buf, /Sn0O2 0.289 reversible
**1.24 mM bromine 2M HBr Pt 0.689 reversible
/8n02 0.689 0.44 6.6 x 10-0

* Linear sweep voltammetry.
** Chronopotentiometry.

the couples and their reversibility on tin oxide. Iron
(II) o-phenanthroline is very nearly reversible at
+0.87V vs. SCE, whereas HBr at 0.92V is highly ir-
reversible on tin oxide. The reversibility of ferricy-
anide at 0.289V has been demonstrated at concentra-
tions as high as 0.2M and current densities up to 6.61
mA/cm2 (4). On the other hand, Fe(III) at 0.435V
and chlorocomplexes of Cu(II)/Cu(I) at 0.205V show
10 to 100 times faster rates on platinum than on tin
oxide.

Since semiconductor depletion effects do not ac-
count for the irreversibility of some couples on the
highly doped IRR tin oxide, the explanation for the
slow charge transfer kinetics observed may lie in in-
terferences caused by the oxide nature of the surface.
It may be significant that the couples which are re-
versible on tin oxide have bulky ligands which may
prevent a surface interference effect.

Variation of reaction rate with doping level.—The
specimens prepared on platinum and described in
Table II were used with two redox couples, the
Fe(CN)4'~/Fe(CN)¢*~ and the Fe(o-phen);3t/
Fe(o-phen) 2+ systems where o-phen represents 1,
10, o-phenanthroline. Both were chosen for their sub-
stantial reversibility on highly doped specimens. Linear
sweep voltammograms are shown in Fig. 3 and 4. In

150,

}m
50

volts vs SCE
8 ‘6 -4

50

7

Fig. 3. Linear sweep voltammograms with tin oxide on platinum
IN Na2804, 0.IN HySO4, 10 mM KsFe(CN)g, 10 mM KsFe(CN)g.
Area = 0.124 cm2; sweep rate = 2 V/min. A, 2.5; x 1020 car-
riers/cm3; B, 7.0 x 1019 carriers/cm3; C, 3.2 x 1019 carriers/cm?.

the case of Fe(CN)¢*~/Fe(CN)g?~ a transition to ap-
parently irreversible behavior is observed as the donor
concentration is lowered. The effect is more marked
for the second redox system which has a reversible
potential of 0.87V. The initially symmetric drop in
rate constant is due to the diminishing density of states
of the semiconductor according to the theory of Dogo-
nadze and Chizmadzev (17, 18). At lower carrier con-
centrations asymmetry in the current characteristic is
introduced because of limitation of the tunneling proc-
ess through the depletion layer. For the lowest carrier
concentration the anodic peak is suppressed completely
and dependence on sweep rate is eliminated though
there is a small difference in the current as the poten-
tial scan is reversed. This represents the condition
when tunneling becomes current limiting. The cor-
responding potential diagram is shown in Fig. 5 where
for simplification the variation of potential in the
double layer is left out. E, is the reversible potential
of the couple which is considered to be a sufficiently
large source of electrons that concentration polariza-
tion does not occur. The tunneling probability into the
bulk of the semiconductor is governed by the shape of
the energy barrier which in principle should follow
the quadratic relationship (9).

10

volts vs SCE
+16 14 12 1

Fig. 4. Linear sweep voltammograms with tin oxide on platinum
1N NagSO4, 1 mM Fe3+, 1 mM Fe2t, 33 mM 1, 10 o-phenanthro-
line; pH 2.5; area = 0.124 cm? sweep rate = 2 V/min. A, 3.4; x
1021 carriers/cm3; B, 1.1g x 102! carriers/em3; C, 2.55 x 1020
carriers/cm3; D, 7.05 x 1019 carriers/cm3, E, 3.2 x 1019 carriers/cm3.
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Electrode

Solution
—

E,

Fig. 5. Potential energy diagram at tin-oxide solution interface

ZqCDV qC 'px2
Ke 2Ke

where ¢ = potential in the space charge region and
x = distance from the surface. The validity of the
band model at such high fields as are necessary to
promote tunneling is, however, suspect so that it is rea-
sonable for ease of treatment to consider a linear bar-
rier. As V becomes increasingly greater than E, — Vg
the linear approximation becomes more satisfactory
because tunneling occurs across the gap AB or AB’
(Fig. 5). In this region also, only the current in the
direction A - B, B’ need be considered. Under these
conditions the anodic current is given by (19, 20)

47 (8m*)1/2
3h

[1]

¢==x

i=lexp—[ -(q[Eo—VBDlm] [2]

where m* is the effective mass, h = Planck’s constant,
(E, — Vp) is the value (in volts) by which the poten-
tial barrier height exceeds the total energy of elec-
trons incident on the barrier, 1 is the gap AB, and I is
a factor depending on the rate and energy of electron
collision at the barrier. Assuming I to be constant for
a given reagent concentration, and expanding 1 (from
Eq. [1]) in the form

1 \/ K & V)[1+1/4E°_VB ]
T Voo T8 v

one obtains

) 1 4n [ 8m*Ke \1/2
Logi=LogI —

2303 3h \ 2Cp
1 Eo = VB
(B, =Va)82 —— [ 1 41222
VV v

The second order term is to some extent compensated

for by the fact that the actual barrier slope is curved

rather than flat causing the current to be larger than

indicated in Eq. [2]. Consequently, by eliminating the

second order term and putting Cp = 3.2 x 1019 carriers/
cem3 and Vg = —0.1V (for 1N SO4=) one obtains

m*\2 1

Logi:LogI—9.23(—> e

VvV

m
Figure 6 shows a graph of Log i vs. 1/7/V which gives
a mean slope of 6.73 thus indicating a mass ratio of
approximately 0.54. A range of values for this ratio
for the bulk semiconductor has been given varying
between 0.15 (6, 21) to 0.3 (10). It is not clear whether
such bulk values are relevant to the present situation
so that considering the drastic approximations applied,
the experimental results can be considered reasonable.
For undoped specimens with approximately 3 x 1019
carrier/ecm3 it is concluded that tunneling probability
is the principal current limiting factor. The carrier
concentration and conductivity can be further reduced
by prolonged heating, e.g., at 800° for 12 hr and also by
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Fig. 6. Logioi vs. l/\/\_’_. Area = 0.124 cm?; sweep rate = 2V/
min; 3.2 x 1019 carrier/cm3,

the addition of indium (5). Under these conditions it
is expected that two other current generating mech-
anisms would become dominant. These are the space
charge generation current which is proportional to the
depletion layer thickness and the diffusion current
which is independent of this thickness (9, 22). These
currents depend on the characteristics of the semicon-
ductor material, e.g., number of defects, electron-hole
pair generation, diffusion lifetime of carriers, etc., and
are strongly influenced by temperature and illumina-
tion. These currents can become significant only when
tunneling becomes negligible which happens as the
carrier density drops still further below the lowest
value encountered in the present study. It is suggested
that the more highly resistive specimens investigated
in reference (5) are operating in the nontunneling re-
gion since the currents reach limiting values as the
voltage increases.
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APPENDIX

The finite resistance of the thin layer causes the po-
tential to vary over the area that is exposed to the
electrolyte. The equivalent circuit for the electrode
only is a finite, two-dimensional, transmission line or
transmission “sheet” with distributed resistance and
capacitance. If the exposed area is circular and contact
is made via a concentric ring, the distribution of po-
tential follows a solution of the equation

9%v 1 9v v
— - —)C—=
or2 r 9r at
where v = voltage at distance » from the center
p = resistivity per square
C = capacitance per unit area

The solution of an equivalent problem (in heat con-
duction) with periodic boundary conditions, has been
given (23). The result here is to cause frequency dis-
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persion in the measured impedance. The measured ca-
pacity, C*, can be expressed in the form

p22C2at  ptutCilaB ]

1 1 [ i

cr C 26.3 210.32.5

where o is the angular frequency and a is the radius
of the area exposed to the solution. The correction is
negligible at 20 kHz for samples of optimum conduc-
tivity (~10 ohms per square) but increases rapidly
with decreasing conductivity.
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Electrochemical Measurements on Austenitic

Stainless Steels in Boiling Magnesium Chloride

J. A. Davis and B. E. Wilde*
Applied Research Laboratory, U. S. Steel Corporation, Monroeville, Pennsylvania 15146

ABSTRACT

Electrochemical polarization measurements have been made on AISI Type
304 and USS 18-18-2 stainless steels in magnesium chloride boiling at 150°C.
Little difference in the cathodic Tafel constant was noted; the observed values
being equal to that expected from a charge transfer rate-determining step.
Steady-state corrosion currents increased in the order Type 304 > USS 18-18-2
for the unstressed and the stressed condition. Analysis of corrosion potential vs.
time and cyclic polarization data indicates the presence of a film on the cor-
roding surface, which affects the corrosion Kkinetics. The presence of two
mixed potentials during cyclic polarization does not support the noble metal
enrichment concept of crack propagation, but rather, the film rupture model.

The mechanism of stress corrosion cracking (SCC)
in austenitic stainless steels exposed to chloride-con-
taining media has been the subject of many publica-
tions (1-6) and has recently received an excellent
review (7). It appears that two major theories have
been proposed for crack propagation, both involving
plastic deformation at the crack tip and the subse-
quent influence on the anodic dissolution kinetics.

The mechanochemical model proposed by Hoar and
Hines (8) outlines the concept of stress- (or strain-)
assisted anodic dissolution of the film-free metal at the
tip of the crack.

The film rupture model suggested by Champion (9)
and Logan (10) invokes the repetitive rupture of a
passive film at the crack tip due to plastic deforma-
tion, allowing localized anodic dissolution to take
place. This latter model has been criticized because it
is not considered likely for passive films to form on
austenitic stainless steels in magnesium chloride solu-
tions (8, 11). To overcome this criticism, the concept
of noble metal enrichment has been proposed by
Latanision and Staehle (12), who suggest the forma-

¢ Electrochemical Society Active Member.

Key words: electrochemical polarization, stress corrosion, scan-
ning microscopy, anodic dissolution kinetics, film rupture,

tion of a nickel-rich film at the crack tip which is
subsequently ruptured periodically by dislocation
movement resulting from plastic flow.

The present work was conducted on both a resistant
and a susceptible austenitic stainless steel to see if the
different cracking behavior could be explained in
terms of electrochemical parameters, and also to see
if information could be gained to support either of the
above mechanistic theories.

Materials and Experimental Work
The composition of the alloys studied are shown in
Table I, and some pertinent mechanical properties
determined at 150°C appear in Table II. Tests were
conducted on wires having a diameter of 0.102 cm. The

Table 1. Chemical composition of test materials

Weight per cent

Material C Mn P S Si Cu Ni Cr Mo
Type 304 0.042 1.23 0.028 0.013 0.39 0.21 9.07 18.4 0.16
stainless steel

USS 18-18-2 0.061 1.5 0.007 0.009 1.90 0.03 18.0 184 0.01

stainless steel
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Table I1. Mechanical properties of the test materials at 150°C

0.2% Offset Ultimate
vield strength tensile strength
ksi ksi
Type 304 33 67
stainless steel
USS 18-18-2 33 3

stainless steel

wires were heat-treated at 1000°C in argon for 15 min
and water-quenched. The annealed wires were abraded
through 600-grit silicon carbide paper, degreased in a
detergent in an ultrasonic cleaner, washed and dried
in hot air. The corrodent was aqueous magnesium
chloride boiling at 150°C prepared from reagent grade
chemical and distilled water (6.3 megohm cm, at 25°C).

Potentiostatic and potentiodynamic polarization mea-
surements were conducted by using the apparatus and
procedure described elsewhere (13, 14). All potentials
were measured against a saturated calomel electrode
at 25°C, connected to the corrodent through a ground-
glass stopper filled with solid MgCl,. No attempt was
made to correct for junction, thermal diffusion, or IR
potentials.

The wires were mounted in a glass cell similar to
that described elsewhere (11), such that stress was
applied by uniaxial dead weight loading. The steady-
state corrosion current, I.or, was determined by ex-
trapolating the linear activation controlled region of
the polarization curve to steady-state corrosion poten-
tial, Ecorr.

Reaction films formed on the alloys after 200 hr
(3u AlyO; polished unstressed coupons 2.54 cm by 2.54
cm by 0.127 cm) in boiling MgCl, were stripped by
treating the specimens with 10% iodine/methanol
solution similar to that described previously (15).

Results and Discussion

A summary of the electrochemical parameters of
the alloys determined potentiostatically in boiling
MgCl, is given in Table III. All unstressed polariza-
tion measurements were made after the specimens had
reached a steady-state E.or. In the case of the stressed
experiments, the stress was applied to the wire at
steady-state E.orr, and the runs were commenced after
5 min of application of stress on Type 304 stainless
steel and 1 hr on 18-18-2 stainless steel. The polariza-
tion parameters for the test alloys were very similar
in the unstressed state. No reliable anodic data could
be obtained due to the interference of pronounced
pitting at potentials only 25 mV noble to Ecorr.

With the application of stress (90% of the 150°C
yield strength), a marked increase in I.o was ob-
served on Type 304 stainless steel while I, increased
only slightly on 18-18-2 stainless steel. The application
of stress also shifted E o of both steels in the active
direction. While Ecor on 18-18-2 stainless steel re-
turned to the unstressed Ecorr in 30 to 40 min, the Ecorr

Table I1l. Summary of potentiostatic electrochemical parameters

in boiling MgCly
Ecorr, Leorr,
Material Condition B, V Ba, V Vsce #A/cm?

Type 304 Unstressed —0.162 0.069 —0.360** 260
stainless steel

USS 18-18-2 Unstressed —0.170 0.062 —0.312** 210
Type 304 Stressed to —0.100 N.D.* —0.420% 900
stainless steel 90% of yield

USS 18-18-2 Stressed to —0.175 N.D. —0.3127% 310

90% of yield

* N.D. = not determined.

** Steady-state value (see Fig. 1).

+ Value attained within 5 min after applying the load to Type
304 stainless steel specimen. In the case of USS 18-18-2 stainless
%teel, the load was applied after 1 hr at the unstressed steady-state

corr.
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on Type 304 stainless steel only shifted to slightly
more noble values with time.

Potentiostatic anodic polarization on stressed Type
304 specimens produced early cracking or failure due
to pitting through the wire in approximately 5 to 15
min, On the basis of the data shown in Table III, it is
not apparent why the silicon steel is superior to Type
304 stainless steel. It is possible, however, that the
effect of stress on the E.o reflects the tendency of
surface films to rupture (in a manner similar to the
scratching experiment), and in this light the films
formed on USS 18-18-2 stainless steel may be more
resistant to fracture.

The unstressed potential vs. time behavior of the
two steels was recorded and is shown in Fig. 1. The
character of the transient was similar to that reported
by Hoar and Hines (16) for Type 304 stainless steel.
They suggest that the shift in the noble direction was
due to the formation of a protective film. Other
workers (12), however, have described this type of
transient to be the result of noble component enrich-
ment on the corroding surface. When an unstressed
specimen of Type 304 stainless steel was equilibrated
to steady-state Ecorr and scratched with a diamond
stylus, the Ecor immediately decreased from —0.360
Vsce to —0.415 Vgscg. This behavior was taken as con-
firmation that the establishment of the noble E.or was
the result of a surface reaction between the metal and
the corrodent. Unfortunately, both of the above hy-
potheses for the shape of the transient could be in-
voked to explain the scratching experiment.

The time required for the potential to reach steady
state (less than 5 mV shift in 15 min), was markedly
different for the two test materials. Type 304 stainless
steel achieved steady state after 2 to 10 min, compared
with 50 to 100 min for USS 18-18-2. The shape of the
potential-time transient observed in these experiments
was reminiscent of that observed by other workers
when studying the active to passive transition of
stainless steels in aerated acidic media (17, 18). The
similarity in these transients suggested that an ana-
logous passivation process was occurring in boiling
MgCl, but not necessarily by the same species as with
steels in dilute acid.

The polarization behavior of the two materials
under potentiodynamic conditions is of interest. Typical
cyclic polarization curves are shown in Fig. 2, where
an unstressed specimen of USS 18-18-2 stainless steel
was polarized from the steady-state corrosion potential
to —0.800V at a rate of 15 volts per hour in boiling
MgCl,. At —0.800V the sweep was reversed and con-
tinued to —0.200V, after which it was reversed again
to —0.800V. It is clear from Fig. 2 that two steady-state
mixed potentials exist at points A and B, similar to
those reported on other materials in dilute acid (19,
20). The results for Type 304 stainless steel (Fig. 3)
were practically the same.

—.300 R
USS 18-18-2
30 Stainless Steel
2 30 |
= Type 304
E Stainless Steel
2 360
s
£
3 380
7}
=1
E 400
3
420
440 1 | 1
1 10 100 1000
TIME (minutes)

chloride

Fig. 1. Potential-time tr ts in boiling mag
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ELECTRODE POTENTIAL (Vsce)

-09 1 1 L
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100,000

Fig. 2. Cyclic polarization curve for unstressed USS 18-18-2
stainless steel in boiling MgCls. (Sweep speed 15 V/hr.)

0.1
1M Na, S04 (pHa )
02 - 25C, Oxygen Satd
15V hr Sweep Speed

03

POTENTIAL (Vsce )

1
10 100 1000
CURRENT DENSITY (1A tm?)

Fig. 3. Cyclic polarization curve for unstressed AlSI Type 304
stainless steel in acidified Na2SO4. (Sweep speed 15 V/hr.)

To explain this behavior we suggest that E.o. at
point A in Fig. 2 is the result of a reaction film cov-
ered surface after the specimen has come to steady
state (see Fig. 1). When polarized in the active direc-
tion, hydrogen-ion reduction occurs and normal Tafel
behavior is obtained down to —0.800V, during which
process the film on the surface is reduced. Reversal of
the sweep results initially in hydrogen-ion reduction
at the same rate as with the active-going sweep. How-
ever, since the surface is now film-free, a new mixed
potential is developed at B. Electrochemical oxidation
of this surface results in anodic dissolution along BC
and is not significantly affected by pitting because of
the rather rapid sweep rate. Polarization in the cathodic
direction from C results in the dissolution curve AC,
which is similar to that obtained by anodic polariza-
tion of a steady-state surface from A.

If the above interpretation is correct, it should be
possible to duplicate the cyclic response (Fig. 2) with
a steel in an unambiguous state of stable passivity. In
an attempt to demonstrate this behavior, a Type 304
stainless steel electrode was exposed to an oxygen-

saturated solution of 1M Na»SO4, (where the pH was
adjusted to 2.0 with HoSO,4). Cyclic polarization of this
electrode produced a similar type of curve to that in
Fig. 2, as shown in Fig. 3. An active mixed potential
was observed because the kinetics for the re-passiva-
tion of the surface following cathodic reduction are
slower than the speed of the sweep. These data lend
strong support to the theory of film formation and
passivation-type electrode kinetic behavior of austen-
itic alloys in boiling MgCl,.

Although the theory of noble metal enrichment
could account for the phenomenon cbserved in both
the unstressed potential-time behavior and the scratch
experiment, it cannot in our opinion be reconciled with
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Fig. 4. Scanning electron micrographs of austenitic stainless steels
exposed for 200 hr unstressed to boiling magnesium chloride
(150°C) X 1000. (Left) AISI Type 304 stainless steel. (Right) USS
18-18-2 stainless steel.

the presence of a new mixed potential following cath-
odic reduction.

Attempts to strip films off corroded surfaces were
successful. Films of variable thickness were lifted
from both steels after 200 hr exposure to boiling MgCl..
Bulk electron diffraction studies produced an unidenti-
fied pattern, with diffuse Debye rings. It is worthy of
note, however, that the patterns from both Type 304
and USS-18-18-2 stainless steel appeared to be identi-
cal. Small inclusions were observed in the films which
gave diffraction patterns of a chromium nitride struc-
ture, which is isomorphous with NiO.

Emission spectrographic analysis of film residues
indicated that the composition was the same for both
steels, with magnesium as a major component. Scan-
ning electron micrographs were obtained on corroded
surfaces (after 3 hr at steady-state E.or, as in Fig. 1)
of two alloys and are shown in Fig. 4. A wide varia-
tion in surface structure was observed at 2000X. The
Type 304 stainless steel sample evidenced pronounced
spalling of the surface film while USS 18-18-2 stain-
less steel showed a rather featureless nonporous film.

Conclusions

The following conclusions can be drawn from the
data presented:

1. The values of the cathodic Tafel constant for
Types 304 and USS 18-18-2 stainless steel in boiling
MgCl, are equal to that which would be expected for
a charge transfer controlled discharge process.

2. No systematic relationship between electrochemi-
cal polarization parameters (stressed or unstressed)
and the stress corrosion cracking behavior of the above
two materials was observed.

3. Analysis of potential-time data and cyclic polari-
zation curves has indicated the presence of a stable
film on the metal surface, which can be reduced by
cathodic hydrogen evolution.

4, The presence of two mixed potentials on a cyclic
polarization plot cannot be rationalized on the basis of
noble metal enrichment, but it can be explained by a
passive type of behavior entirely analogous to that
observed on Type 304 stainless steel in sodium sulfate
solutions at room temperature.

Manuscript submitted Jan. 12, 1970; revised manu-
script received ca. June 25, 1970. This was Paper 63A
presented at the Detroit Meeting, October 5-9, 1969.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
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Preparation of 2,3,4,5-Tetraphenyl-1,6-Hexanedioic Acid

S. Wawzonek,* A. R. Zigman, and G. R. Hansen
Department of Chemistry, University of Iowa, Iowa City, Iowa 52240

ABSTRACT

2,3,4,5-Tetraphenyl-1,6-hexanedioic acid has been prepared electrochemi-
cally by the reductive dimerization of a-phenylcinnamic acid and «-phenyl-
cinnamonitrile. The latter gave a mixture of 1-amino-2,34,5-tetraphenyl-5-
cyano-1l-cyclopentene and 2,3,4,5-tetraphenyl-1,6-hexanedinitrile. Both the
cyclopentene derivative and the dinitrile were converted chemically to the
desired acid. Chemical methods based on condensation reactions of benzil
were not successful for the preparation of this acid.

2,3,4,5-Tetraphenyl-1,6-hexanedioic acid (V) was
required as a starting material for the preparation of
5,11-diphenyl-6,12-diketochrysene. This paper de-
scribes electrochemical and chemical studies of the
preparation of this acid.

Experimental!

2,3,4,5-Tetraphenyl-1,6-hexanedioic acid (V).—The
electrochemical reductive dimerization of a-phenylcin-
namic acid (22.4g) in dimethylformamide (190 ml)
containing 28% sulfuric acid (72 ml) was carried out
at a mercury cathode using the directions given for
cinnamic acid (1). The resulting solution was poured
into water, and the oily layer was separated and taken
up in benzene. Extraction with sodium hydroxide fol-
lowed by acidification of the alkaline solution gave an
oil which solidified. Treatment with benzene and
chloroform gave 5.2g of a white solid melting at 275°-
290°C. Two crystallizations from ethanol gave the de-
sired acid (0.7g); mp 306°-308°C. The IR spectrum
showed absorptions at 3.5-3.8 (OH) and 5.84, 6.04u
(COOH).

Anal. Caled. for C30H604: C, 79.91; H, 5.81; Found:
79.67; H, 5.81.

Electrolytic reduction of a-phenylcinnamonitrile.—A
solution of a-phenylcinnamonitrile (20.5g) in dimeth-
ylformamide (300 ml) containing 150 ml of a 57%
solution of tetraethylammonium p-toluenesulfonate in
water was reduced at a mercury cathode (68 cm?2). The
platinum anode was placed in a porous cup in a simi-
lar solution without the nitrile. The solution during
the electrolysis was kept neutral by the addition of
acetic acid. After the passage of a current of 1A for 3
hr the white solid (13.8g) formed was filtered and
could be separated into two compounds with hot

* Electrochemical Society Active Member.

Key words: hydrodimerization; 1-amino-2,3,4,5-tetraphenyl-5-cy-
ano-1-cyclopentene; 2,3,4,5-tetraphenyl-1,6-hexanedinitrile.

1 Melting points are not corrected. Infrared spectra were deter-

mined as nujol mulls on a Perkin-Elmer Infracord. NMR spectra
were determined on a Varian A60 Spectrometer.

benzene. The soluble fraction (75%) was the cyano-
amine (I) and the insoluble part was 2,3,4,5-diphenyl-
1,6-hexanedinitrile (25%). Addition of water to the
filtrate gave an additional 2.2g of the cyanoamine (I).
This compound, 2,3,4,5-tetraphenyl-5-cyano-1-amino-
1-cyclopentene (I), melted at 219°-225°C after one re-
crystallization from a mixture of benzene and ethanol;
IR: 3.03 (NH,), 454 (CN) and 6.15x. (C =C); NMR
(CD4CN) 87.5 (s C¢Hs); 7-7.48 (m 3CgHs), 5.04 (d1HJ
= 10 Hz), 4.02 (s 2 H) and 354 (d 1 HJ = 10 Hz).
In the presence of DO the broad singlet at 4.02 dis-
appeared.

Anal. Caled. for Cy0Hs4No: C, 87.37; H, 5.86; N, 6.79.
Found: C, 87.70; H, 5.83; N, 6.57.

2,3,4,5-Tetraphenyl-1,6-hexanedinitrile after recrys-
tallization from a large volume of benzene melted
with sublimation at 348°-355°C. TGA indicated that
the sublimation started at 240°C; IR 4.53x (CN); mass
spectral analysis gave a peak at 412.

Anal. Caled. for C3oHo4Ny: C, 87.37; H, 5.86; N, 6.79.
Found: C, 87.75; H, 5.85; N, 6.66.

2,3,4,5-Tetraphenyl-2-cyanocyclopentanone (II).—A
solution of the cyanoamine (I) (1.2g) in dioxane (50
ml) was refluxed with 6N hydrochloric acid (15 ml)
for 1 hr and poured into water. The cyanoketone
(1.1g) melted at 178°-180°C after two crystallizations
from ethanol. On solidification this compound would
occasionally remelt at 190°-192°C. The IR and NMR
spectra, however, were the same as those for the 178°-
181°C compound; IR: 4.45 (CN) and 5.74x(CO); NMR
(CDCl3): 7.04-7.25 (m 4CgHs); 3.92-4.21 (m 3 H).

Anal. Caled. for C3Ha3NO: C, 87.14; H, 5.61; N, 3.39.
Found: C, 87.30; H, 5.73; N, 3.28.

2,3,4,5-Tetraphenyl-5-cyanopentanoie acid (III).—
The cyanoketone (II) (lg) was refifixed with potas-
sium hydroxide :(1g) in methanol (40 ml) for 15 hr.
The resulting solution when poured into water and
acidified gave a solid (1.0g) which was recrystallized
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from benzene; yield, 0.35g; mp 235°-237°C. A second
recrystallization from benzene gave a sample melting
at 236°-237°C; IR: 3.5-3.9 (OH), 4.43 (CN) and 5.8u
(COOH). The more soluble fraction obtained in this
reaction was not investigated further.

Anal, Caled. for C3H»50,N: C, 83.53; H, 5.80; N, 3.25.
Found: C, 83.34; H, 5.94; N, 3.31.

2,3,4,5-Tetraphenyladipamic acid (IV).—The nitrile
acid (III) (0.4g) was refluxed with 10 ml of 50% sul-
furic acid in acetic acid (28 ml) for 28 hr and the
resulting solution was poured into water. The solid
(0.32g) obtained, when recrystallized from a large
volume of benzene, melted at 292°-293°C; IR: 2.8-3.0
(NH»), 3.5-9 (OH); 5.83 (COOH) and 6.01x (CONH,).

Anal. Caled. for C3Hp7O3N: C, 80.18; H, 6.01; N, 3.12.
Found: C, 79.97; H, 6.14; N, 3.19.

2,3,4,5-Tetraphenyl-1,6-hexanedioic acid (V).—The
amide acid (0.5g) in 10 ml of acetic acid containing 1
ml of concentrated hydrochloric acid was treated at
100°C with excess 20% sodium nitrite solution. The
white solid (0.4g) on recrystallization from ethanol
and water melted at 304°-307°C and gave an identical
ir spectrum to that of the acid obtained by the dimer-
ization of e-phenylcinnamic acid.

Hydrolysis of 2,3,4,5-tetraphenyl-1,6-hexanedinitrile.
—The dinitrile (2.75g) was refluxed with 25 ml of 50%
sulfuric acid in acetic acid (250 ml) until all the solid
material had dissolved. This process required 11 days.
The resulting solution was poured into water, and the
white solid (3.0g) was filtered. Extractions with alkali
gave a mixture of acids containing nitrogen. Deamina-
tion of a portion (0.8g) in acetic acid (10 ml) contain-
ing concentrated hydrochloric acid (1 ml) at 100° with
2 ml of 20% sodium nitrite gave 0.42g of an isomeric
2,3,4,5-tetraphenylhexanedioic acid. Recrystallization
from benzene gave a sample melting at 291°-295°C. A
mixture with the acid prepared from the cyanoketone
method melted at 265°-280°C. IR: 3.5-4 (OH) and 5.88.
(COOH).

Anal. Caled. for C30H2604: C, 79.91; H, 5.81. Found:
C, 79.70; H, 5.94.

Cyclization of 2,3,4,5-tetraphenyl-1,6-hexanedinitrile.
—The dinitrile (0.65g) was refluxed in benzene (150
ml) and absolute ethanol (50 ml) with sodium meth-
oxide (0.3g) for 22 hr. Removal of the solvent gave a
solid which was treated with water, filtered, and dried.
The resulting solid was treated with cold benzene, and
the insoluble starting material was separated; yield,
0.38g. The filtrate was treated with ethanol and on
concentration gave a white crystalline solid (0.21g)
melting at 239°-242°C; IR: 2.9 (NH:), 445 (CN) and
6.100 (C = C); NMR (CDCl;) 96.6-7.6 (m 4C¢H;), 4.63
(d1HJ = 8 Hz), 3.95 (d 1HJ = 8 Hz) and 3.8 (broad
s 2H). In the presence of D;O the broad singlet at 3.8
disappeared. The NMR spectrum in CD3CN in which the
compound is much less soluble gave a similar coupling
constant for the two doublets. A mixture with isomer I
melted at 199°-220°C.

Anal. Caled. for C30HasNo: C, 87.37; H, 5.86; N, 6.79.
Found: C, 86.99; H, 5.59; N, 6.45.

Reaction of benzil with benzyl cyanide.—A solution
of benzil (15.7g) and benzyl cyanide (17.5g) in ethanol
(250 ml) was treated at reflux with a solution of po-
tassium hydroxide (3g) in ethanol (15 ml). The solu-
tion became purple and was refluxed for 30 min. Re-
moval of the solvent was followed by acidification and
extraction with ether. The ether layer after treatment
with dilute alkali and acid gave an orange oil (28g).
Addition of alcohol gave crystals of a-phenylcinnamo-
nitrile (4.0g); mp 85°-88°C. Identification was made
by comparison with an authentic sample (2).

Reaction of benzil with ethyl alpha-bromophenylace-
tate—A stirred refluxing mixture of zinc dust (6.8g)
in dry benzene (100 ml) was treated with a solution
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of benzil (11.56g) and ethyl a-bromophenylacetate
(25.0g) in benzene (100 ml). After approximately 40
ml of this solution was added, reaction occurred, and
the addition was completed dropwise with further
heating. The resulting solution was refluxed an addi-
tional 12 hr, cooled, and treated with ice-cold 10%
sulfuric acid. The benzene layer gave 16g of the mono-
adduct. Recrystallization from ethanol gave a sample
melting at 121°-124°C; IR: 2.87 (OH), 5.80 (COOC,H;)
and 5.91x(CO).

Anal. Caled. for CosH»04: C, 77.00; H, 5.92. Found:
C, 76.51; H, 5.78.

Results
2,3,4,5-Tetraphenyl-1,6-hexanedioic acid (V) was
prepared directly by the electrochemical reductive
dimerization of a-phenylcinnamic acid using the pro-
cedure for dimerizing cinnamic acid (1). The amount
of benzene soluble by-products formed was larger than
that obtained with cinnamic acid. In view of the com-
plexity reported for these products (1), the by-prod-

ucts were not studied further.

The low yield of acid obtained suggested a study of
the electrochemical hydrodimerization of a-phenylcin-
namonitrile as a source of this acid. This reduction
actually behaved differently than expected and gave a
mixture of 1l-amino-2,3,4,5-tetraphenyl-5-cyano-1-cy-
clopentene (I) and 2,3,4,5-tetraphenyl-1,6-hexanedini-
trile. The structure of the former was based on IR and
NMR spectra and its chemical behavior.

The NMR spectrum showed two doublets centered at
03.54 and 5.04 ppm for the 3- and 4-hydrogens and a
broad singlet at $4.02 integrating for two hydrogens
which disappeared in the presence of deuterium oxide.
This spectrum favors the designation of I exclusively
as the enamine form. The presence of the imine isomer
would be expected to shift the hydrogen absorptions to
the same region shown by the ketone IIL

The large splitting constant of 10 Hz indicates that
the 3- and 4-hydrogens are cis and that the configura-
tion is meso for this portion of the compound.

Hydrolysis with acid gave the ketonitrile (II) which
could be cleaved with alkali to the cyano acid (III).
This acid (III) when hydrolyzed with sulfuric acid
gave the amide acid (IV) which was resistant to fur-
ther hydrolysis with acid or alkali. Deamination with
nitrous acid gave the same acid (V) as is obtained by
the dimerization of «-phenylcinnamic acid.

CoHs

Cel; CeHs Coll; CoHj i
cfH:.@\CGH-, > G CHs Cr;Ha(liHCHCOOH
CN CN CgH;CHCHCN
NH, 8 CoHs -
I I 11
CGHB CSHs
CsH;CHCHCOOH Ce¢H;CHCHCOOH
| - |
C¢H;CHCHCONH, CsH;CHCHCOOH
l |
CGH"E C(,'Hs
v v

A similar cyclization has been observed in the elec-
trochemical reductive dimerization of benzalacetophe-
none in dimethylformamide in the presence of carbon
dioxide (3) and ethyl cinnamate in aqueous dimethyl-
formamide (4).

The structure of 2,3,4,5-tetraphenyl-1,6-hexanedini-
trile was based on its ir spectrum, mass spectral data,
and chemical conversion to an isomeric 2,3,4,5-tetra-
phenylhexandioic acid (V) and an isomeric 1-amino-
2,3,4,5-tetraphenyl-5-cyano-1-cyclopentene (I). The last
compound gave an nmr spectrum which showed two
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doublets centered at $4.63 and 3.95 ppm for the 3 and
4-hydrogens and a broad singlet at $3.8 for the two
hydrogens of the amino group. A coupling constant of
8 Hz indicates that the 3- and 4-hydrogens are trans
and that the configuration is dl for this portion of the
molecule. Such an assignment is based on the Karplus
rule (5).

The cyclopentene derivative I no doubt is formed
from the anion of the expected hydrodimer (VI) by a
Ziegler condensation even though the electrolyte was
kept at the neutral point with acetic acid during the
electrolysis.

CsHs
CeHs €.
| / \ CN
Ce¢H;CH—C—CN C¢H;CH
= Cc=N-—->1I

- |
C5H5CH—(|IHCN CeH;CH /

CeHj CHC¢Hj;

This anomaly may be caused by the tetraethylam-
monium ions adsorbed on the electrode surface. Such
an environment would be more anhydrous than that
of the bulk of the solution and less susceptible to the
addition of acid.

The higher ratio of meso/dl suggests that in the
dimerization of the anion radical directly at the sur-
face of the electrode, steric factors and repulsion of
the negative charges would favor form A and would
lead to the formation of the meso isomer which cyclizes
to the cyclopentane derivative I.

A_r
H Ar Ar. H H
Ar H Ar H H

Ar

A B [o]
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The second method of forming the dimer is by
dimerization of the radical formed by protonation of
the anion radical. Such a dimerization would be gov-
erned only by the steric effects of the groups involved
and could give forms B and C. This type of addition
would be expected to predominate in the bulk of the
solution and to give the dl-isomer of the dinitrile.

Similar factors may be involved in the high ratio of
meso/dl pinacols observed in the reduction of benzal-
dehyde in the presence of tetraalkylammonium and
iodide ions (6).

Chemical methods leading to the synthesis of 2,3,4,5-
tetraphenyl-1,6-hexanedioic acid (V) based on the con-
densation reactions of benzil were not successful. The
Reformatsky reaction with ethyl «-bromophenylace-
tate gave only the monoadduct, ethyl 2,3-diphenyl-3-
benzoyl-3-hydroxypropionate.

The alkaline condensation of phenylacetonitrile with
benzil gave a-phenylcinnamonitrile.

Manuscript submitted Feb. 26, 1970; revised manu-
script received ca. July 13, 1970. This was Paper 136
presented at the New York Meeting of the Society,
May 4-9, 1969.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
JOURNAL.
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The Electrochemical Oxidation of N,N-Dimethylaniline

Rodney Hand and R. F. Nelson*

Department of Chemistry, Sacramento State College, Sacramento, California 95819

ABSTRACT

The electrochemical oxidation of N,N-dimethylaniline (DMA) has been in-
vestigated in nonaqueous media in some detail. The products formed were
found to depend on DMA concentration and the time of electrolysis. At low
concentrations (10—3M), the main product formed is N,N,N’,N’-tetramethyl-
benzidine. At intermediate concentrations (10-2M) the major product is 4,4'-
methylenebis (N,N-dimethylaniline), and at higher concentrations, especially
at longer electrolysis times, the dye crystal violet and its leuco form were
produced in large amounts. The mechanism to form these products depends
on the lability of the methyl groups on the amine nitrogen; when other N,N-
dialkylanilines were electrolyzed under similar conditions, only the corre-
sponding tetraalkylbenzidines could be isolated.

The oxidation of N,N-dimethylaniline (DMA), by
both chemical and electrochemical means, has com-
manded a good deal of attention for a number of years.
The amine exhibits a multitude of reactions, as evi-
denced by the large number of products generated
under varying conditions. The products formed seems

* Electrochemical Society Active Member.

Key words: organic electrochemistry, mechanism,
cyclic voltammetry,

coulometry,

to depend upon a bewildering series of variables: the
solvent medium, the oxidizing agent, temperature, and
concentration of reactants, for example, (1-9) and
references therein. In addition, electrochemical oxida-
tion under proper conditions can lead to substitution
in either the aromatic ring (10-12) or on the N-methyl
groups (13, 14). Thus, upon oxidation one can expect
the cation radical to decompose by one or more of
several pathways.
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As part of a study involving the anodic oxidation
pathways of aromatic amines, the electrochemistry of
DMA was investigated in some detail. Previous work
in both aqueous and nonaqueous media had shown
N,N,N’,N’-tetramethylbenzidine (TMB) to be the pri-
mary electrolysis product. However, upon inspection of
cyclic voltammograms in acetonitrile, it was apparent
that indeed TMB was being formed by oxidation of
DMA at platinum, but the amount formed was not at
all equivalent to the quantity of DMA present, i.e., it
appeared that other unidentified products were form-
ing. Various electrochemical and spectroscopic tech-
niques were employed and it was found that other
products were formed, the identities and amounts of
which depended markedly upon solution conditions.
In addition, several other N,N-dialkylanilines were
studied electrochemically and their behavior corre-
lated with that of DMA.

Experimental Procedures

The electrochemical and spectroscopic instrumenta-
tion and techniques were as previously described (15).
The NMR spectra were recorded in CDCl; using a
Perkin-Elmer R-20 spectrometer.

The N,N-dimethylaniline was obtained commercially
and purified according to a standard procedure (16).
N,N-Diethylaniline, N,N-di-n-butylaniline, N,N-di-
sec-butylaniline, and N,N-di-n-decylaniline were all
obtained commercially and were not further purified.
The tetramethylbenzidine and tetraethylbenzidine were
prepared by methylation and ethylation, respectively,
of benzidine using trialkyl phosphates and were puri-
fied by column chromatography and recrystallization.
N,N,N’,N’-Tetramethyl-2,2’-diaminobiphenyl (0-oTMB)
and N ,N,N’'N’-tetramethyl-2,4’-diaminobiphenyl
(0-pTMB) were prepared by catalytic hydrogenation
of the dinitro compounds (17). The diamino com-
pounds were then methylated and purified by chroma-
tography and recrystallization. 4,4’-Methylenebis
(N,N-dimethylaniline) (MBDMA) and 4,4',4”-methyl-
idynetris (N,N-dimethylaniline) (LCV) were ob-
tained commercially and purified by recrystallization.
N-p-Dimethylaminobenzyl-N-methylaniline was pre-
pared by a benzoyl peroxide oxidation of DMA (1).

The purification of acetonitrile and the preparation
and purification of tetraethylammonium perchlorate
(TEAP) have also been previously described (15).
Benzonitrile was obtained commercially and used with
no further purification.

Constant potential mass electrolyses were carried
out using a Wenking 61RH potentiostat. A two-com-
partment cell with a fine frit was used for electrolyses.
A platinum gauze electrode was used as the working
electrode, and an SCE was used as the reference
electrode. All oxidation potentials were set about 100
mV anodic of the primary oxidation waves of the
dialkylanilines as determined from cyclic voltammo-
grams. The electrolyses were carried to virtual com-
pletion, i.e., to a point where the current was less than
1% of the value at initiation of the electrolysis. In
addition, after exhaustive oxidation the solutions were
electrolyzed at —0.6V in order to convert any species
in the oxidized state to the neutral form and to reduce
protons generated by the various coupling reactions
involved. It was found that if these protons were not
electrolyzed before product isolation appreciable
amounts of starting material and electrolysis products
were lost during work-up.

Constant current mass electrolyses were carried out
using the Wenking potentiostat modified according to
procedures set forth in the operation manual (18). The
constant current electrolyses were stopped after pro-
ceeding for calculated time intervals corresponding to
one-half, one, one and one-half, and two electron
n-values for DMA.

Products were isolated by evaporation of the solvent
from the electrolysis mixture and extraction with di-
chloromethane. The TEAP taken up was precipitated
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out by the addition of ether. The supernatant was
taken to dryness and chromatographed on Woelm
neutral alumina with benzene, then dichloromethane
and, if necessary, ethanol; the products were then re-
crystallized from benzene-ethanol. Thin layer chroma-
tography experiments were carried out on “Baker-
flex” aluminum oxide grade 1B T.L.C. paper using
mixtures of benzene and petroleum ether as solvents
(the per cent composition was not critical). The
chromatograms were developed with iodine.

Results and Discussion

When the possible products that could form by oxi-
dation of DMA were considered, the most likely pros-
pects seemed to be the isomeric benzidines, TMB,
0-pTMB, and 0-oTMB. This was based on intuition as
well as tritium tracer experiments run on DMA sug-
gesting some sort of ortho-coupling (6) taking place.
Consequently, the electrochemical properties of the
previously mentioned benzidines were studied, and
their cyclic voltammograms matched up with the DMA
system, as shown in Fig. 1. One can see that a fertile
imagination could find any of the benzidines in the
DMA cyclic upon careful inspection. Consequently, re-
course was taken to other means of identification of
products. Attempts were made to detect the benzidines
using in situ electrolysis in a Cary 14 uv-visible spec-
trometer, but the TMB band was so broad and intense
that it swamped out any o-pTMB or 0-oTMB (both
of which had weak bands in this region) that might
be present. Results with thin-layer chromatography
were somewhat more successful. Using benzene-
petroleum ether as a solvent medium, solutions from
electrolysis of 10-3M DMA were spotted along with
authentic samples of the three isomeric benzidines.

i/
e
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Fig. 1. Cyclic voltammograms of DMA and the isomeric benzi-
dines in acetonitrile/0.1M TEAP,
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TMB was definitely identified and another spot from
the electrolysis solution matched up with either the
0-pTMB or the 0-oTMB. Since there is considerably
less steric hindrance to ortho-para-coupling, it is be-
lieved that the other product formed in dilute solution
is 0-pTMB, in minor amounts.

Thus, in the region of milliformal concentration, the
reaction mechanism seems to be relatively uncompli-
cated; DMA is oxidized to the cation radical; these
then couple in one or more of several ring coupling
fashions. As would be anticipated, the least sterically
hindered pathway, para-para-coupling, predominates.
One problem was finally solved after considerable
consternation: on cyclic voltammograms it seemed
that much less than quantitative amounts of TMB were
forming from the oxidation of DMA. In addition, the
electrochemical data gave an n-value of about one as
opposed to the two electrons that would be expected
for this classical ECE system (TMB is more easily
oxidized than DMA). This is due to the fact that ap-
preciable amounts of the DMA are protonated by
protons released in the coupling reaction to form TMB.
Since DMA is a moderately strong base, the degree of
protonation, estimated at 40-50% when compared with
aliphatic amines (19), is appreciable. This factor must
be considered when one is working on the electro-
chemistry of organic bases in nonaqueous media.

As the concentration of DMA is increased from
10—3 to 10—1M, the composition of the electrolysis
products obtained changes markedly. At intermediate
concentrations (10—3 to 10—2M), relatively little TMB
is obtained, and instead, another product resulted in
fairly high yields (30-40%). This product eluded iden-
tification for some time until heed was paid to work
that cited the formation of MBDMA from DMA via
various chemical oxidation pathways (1,2); small
amounts had also been isolated from electrochemical
oxidations in aqueous media (4). Once the product
was acknowledged, identification was straightforward.
Normally, cyclic voltammograms are not a reliable
matching-up tool for suspected electrolysis products,
but in this case the cyclic of the electrolysis product
was found to be very similar to that of an authentic
sample of MBDMA, as shown in Fig. 2. The electrolysis
product was verified by melting point, its IR spectrum
and its NMR spectrum, in each case compared with
an authentic sample of MBDMA.

Since the MBDMA contains a methylene group in-
serted between two DMA segments, the question of
the origin of the methylene group seemed pertinent.
In the normal electrolysis situations, a methylene group

anodic
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Fig. 2. Curve A, cyclic voltammogram of the product isolated
from an electrolysis of 10-2M DMA in acetonitrile/0.1M TEAP;
curve B, cyclic voltammogram of an authentic sample of MBDMA
in acetonitrile/0.1M TEAP.
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could conceivably be abstracted from either the sol-
vent (CH3CN) or the ethyl groups of the supporting
electrolyte, TEAP. Accordingly, a mass electrolysis of
a 10—2M solution of DMA in benzonitrile using 0.1M
sodium perchlorate as supporting electrolyte was con-
ducted. In this system, the only source of methyl groups
would be from the DMA. Similar results were obtained
compared to the acetonitrile/TEAP experiments (how-
ever, product yields were much lower due to problems
in work-up from benzonitrile), so it seems safe to con-
clude that the electrochemical oxidation pathway in-
volves abstraction of a methyl group from the di-
methylamino portion of DMA to form the MBDMA. In
addition, chemical oxidations of DMA to MBDMA
have been carried out in solvents such as benzene and
carbon tetrachloride using benzoyl peroxide as oxidant
(1, 20).

The most plausible mechanism for formation of
MBDMA from DMA has been proposed as the reaction
pathway followed in the benzoyl peroxide oxidation
and gamma radiolysis of DMA (21, 22). This involves
initial formation of a DMA cation radical, not an un-
reasonable assumption. It should be pointed out that
no direct evidence for the existence of DMA cation
radical was found in the present work or in any pre-
vious studies. However, based on other studies on
aromatic amines in general and substituted DMA’s in
particular, it seems safe to assume that the DMA cation
radical is the first intermediate formed (I). This radi-
cal can then attack a parent DMA molecule, the para-
ring position of the cation attacking one of the methyl
groups of the parent to form a substituted benzyl
amine, N-p-dimethylaminobenzyl-N-methylaniline
(II). This species is then protonated to form (III). This
then breaks up to give (IV) and N-methylaniline. A
molecule of DMA then reacts with (IV) to form
MBDMA. Attack of (I) on MBDMA could then lead
to a molecule of leuco crystal violet, LCV. Since LCV
is more easily oxidized than DMA, formation of crystal
violet dye from LCV ensues. In addition to all this,
there is a parallel reaction pathway, the one classically
cited, whereby TMB is formed by coupling of two
DMA radicals. The over-all reaction pathway is shown
in Fig. 3. Due to the coupling reactions occurring in
these systems, protons are generated in substantial
amounts; protonation of DMA and the various products
certainly occurs, but this has not been shown for the
sake of clarity.

Several alternative paths to this general mechanism
are possible and should be mentioned, although they
are difficult or impossible to verify. Reaction [3] in
Fig. 3 may go by the pathway shown below! rather
than by attack of (I) on the methyl group of a parent
DMA molecule. The over-all result is identical in both
cases, i.e., formation of (II), but this alternative mech-
anism is certainly a possibility.

.
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These mechanistic steps are consistent with the fact
that MBDMA and crystal violet are formed only at in-
termediate and high DMA concentrations, where par-
ent DMA molecules are available to act as bases to-
ward DMA cation radicals. Deprotonation of the cation
radical (I) has also been suggested from the results of
chemical oxidation studies (23). This work is particu-
larly pertinent since the oxidizing agents employed,
chloranil and copper (II), are one-electron types and
hence might furnish data more applicable to reactions
of the DMA cation radical. In fact, the product dis-
tribution obtained in this study was markedly similar
to that from the present electrochemical work.

L This alternative mechanism was suggested by a referee.
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Fig. 3. Proposed reaction pathways for the anodic oxidation of
N,N-dimethylaniline in acetonitrile.

Reaction [6] in Fig. 3 is also somewhat less than
certain. It would seem just as likely that the formation
of leuco crystal violet might occur via reaction between
oxidized MBDMA and parent DMA, rather than by the
opposite radical-parent route; this is so because the
oxidation potentials of DMA and MBDMA are almost
identical. Thus, it was not possible to carry out studies
where one would be electrolyzed in the presence of the
other to induce formation of leuco crystal violet. Again,
the pathways are different, but the end product is
identical; verification of the correct pathway must
await more sensitive studies in order to differentiate.

Repeated attempts were made to isolate the sub-
stituted benzyl amine intermediate by terminating
electrolyses well short of the calculated end point and
attempting recovery by chemical means. These at-
tempts were singularly unsuccessful probably due to
the fact that this intermediate is quite unstable; the ap-
plication of even moderate heat induces its conver-
sion to MBDMA in the presence of any excess DMA.

It was felt that detection of N-methylaniline (NMA)
in the electrolysis mixtures was essential to verifying
the proposed mechanism, but this task was hampered
by the fact that NMA is oxidized at about the same po-
tentials as DMA, leading to unknown products. How-
ever, visible absorption spectra of electrolysis solutions
of DMA and NMA show a common peak at about 550
my that cannot be ascribed to any of the DMA oxida-
tion products previously mentioned. Likewise, a com-
mon spot is obtained on thin-layer chromatograms of
the two solutions. Further work now under way on
the oxidation of NMA may clarify this aspect of the
work.

At higher DMA concentrations (10-!M and higher),
less MBDMA is found; as shown in the reaction scheme
the next highest analog, leuco crystal violet, is formed
in small amounts and a goodly portion of the yield
is in the form of the dye crystal violet. This is an in-
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tensely colored dye and its presence was confirmed
by comparison of the visible absorption spectra of a
DMA electrolysis solution and an authentic sample of
the dye; the match-up is striking. The gradual forma-
tion of the dye can be seen in the visible absorption
spectra shown in Fig. 4. These spectra were recorded
after various times of electrolysis of a 0.2M solution of
DMA in acetonitrile. Note that even at this concentra-
tion it appears that TMB is formed initially. However,
as the electrolysis proceeds the concentration of crys-
tal violet increases and the TMB fades away in com-
parison. At the end of the electrolysis the only species
giving rise to an absorption band in the visible region
of the spectrum is the crystal violet dye. It is felt that
parallel reaction pathways are operative to produce
TMB and the other electrolysis products; fairly ex-
tensive studies on the electrochemical oxidation of
TMB alone and in the presence of DMA, though com-
plicated, have not shown evidence for formation of
MBDMA or crystal violet (24). At first, the concept of
crystal violet being formed from the oxidation of DMA
is implausible at best, but again recourse to the litera-
ture shows that it is not unheard of. In fact, chemical
oxidation of DMA by chloranil and copper (II) leads
to appreciable yields of crystal violet (23,25) (see
above).

In order to verify that all the products cited are
formed concurrently, a constant current electrolysis of
a 1M DMA solution in MeCN was run and terminated
well before completion (n = 0.5). The major products
formed were MBDMA and LCV; small amounts of
TMB and crystal violet were also detected. It would
seem, then, that the formation of the various products
depends markedly on DMA concentration. This is cer-
tainly true, but another variable was also found to
be important, namely current density (or electrolysis
duration). At low current densities (or long electrol-
ysis times), more of the crystal violet and its leuco
form were produced from DMA. This was confirmed
with a series of constant current electrolyses at vary-
ing current densities, and it was found that solutions
containing intermediate concentrations of DMA (10-2
to 10-1M) yielded progressively larger amounts of the
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Fig. 4. Visible absorption spectra recorded during electrolysis of
a DMA solution (0.2M) in acetonitrile/0.1M TEAP. Concentrations
are not comparable (samples were diluted to various extents) from
one curve to the next. Curve A, early in the electrolysis; curve B,
middle electrolysis; curve C, late in the electrolysis.
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dye with decreasing current density. This is reasonable
in view of the deprotonation mechanism mentioned
above. At low current densities, the ratio of parent
DMA to cation radical is greater and deprotonation is
more likely to occur.

Several other N,N-dialkylanilines were briefly in-
vestigated to determine whether the bulk and abstract-
ability of the alkyl group would have an effect on the
course of the electrochemical oxidation pathway. The
electrochemical properties of DMA and these other
N,N-dialkylanilines are shown in Table I. Over-all, the
properties do not vary a great deal with the nature of
the alkyl group; most of the variation can be ascribed
to differences in diffusion coefficients. Electrochemical
data for N,N-dimethyl-p-anisidine, a model one-elec-
iron, reversible system, are included for purposes of
comparison. The n-value data obtained at varying con-
centrations confirm the relatively uncomplicated be-
havior at low concentrations, i.e., formation of benzi-
dines, and the complex nature of the electrode process
at higher concentrations, especially for DMA. At low
concentrations, one would anticipate a ratio of reverse
to forward current of 0.5 if only benzidine formation
were taking place, analogous to the triphenylamine-
tetraphenylbenzidine system (26). This is generally
observed for all the dialkylanilines at low concentra-
tions and for all but DMA at intermediate and higher
concentrations. The very low value for DMA at 10—!M
is due to the fact that the major product formed by
multiple electrochemical and chemical steps, crystal
violet, is not re-reduced after the initial oxidation.

When exhaustive electrolyses were carried out on
10—IM solutions of the ethyl and n-hutyl derivatives,
only the para-para-benzidines corresponding to the di-
alkylanilines were isolated, with some difficulty and
in only moderate yields of 40-50%. The fact that the
ethyl and n-butyl analogs of MBDMA and crystal
violet were not detected is further evidence to confirm
the origin of the central carbon of MBDMA and crys-
tal violet as coming from DMA itself and not the sol-
vent or supporting electrolyte. No other products could
be isolated and identified in these systems, although
the rather low yield of benzidines indicates further
complications. This may be due, in fact, to follow-up
reactions involving the benzidine dications. These sys-
tems, previously thought to consist only of reversible
electron transfer steps, have been found to contain
chemical complications as yet undefined (24).

From the foregoing data, it would seem that the
products formed in the anodic oxidations of N,N-di-
alkylanilines depend on a number of factors, namely,
concentration, length of electrolysis (or current den-
sity), and the nature of the alkyl groups attached to
the amine nitrogen. The concentration dependence

Table I. Electrochemical properties of N,N-dialkylanilines

NR:
Ep/  ip/v1/2CP it1/2/Cec  n-valuest irev:/itor.
R=CHj, 0.72 35.0 57.0 1.1,1.0,1.2 0.50, 0.34, 0.05
C:Hs 0.70 34.0 54.0 1.1,1.1, 1.4 0.50, 047, 0.37
n-C;Hy 0.69 32,5 49.6 1.2,1.2,1.4 0.48,0.40,0.35
sec-CHyp 0.70 33.5 51.0 1.1, 1.2 0.54, 0.48
n-CioHzy 0.69 29.0 43.0 1.0, 1.1 0.47, 0.42
es
0.52 36.0 58.0 1.0, 1.0 1.0, 0.98
Me ¢

@ Half-peak potentials measured at a scan rate of 21.0 V/min; in
votlts vs. SCE. There is a marked anodic shift with increasing scan
rate.

b Peak current data; values stated are averages from several dif-
ferent scan rates ranging from 3.0 to 60.0 V/min,

¢ Chronoamperometry data; values stated are average values
taken from current-time curves from 0.5 to 8.0 sec.

4 Values stated are for concentrations of 10-5, 10- and 10-'M,
respectively.

¢ One-electron model compound; data are presented for purposes
of comparison.

! Ratio of reverse to forward integrated currents taken from
coulometric n-value determinations shown. The oxidation potential
was set at +0.90V; re-reduction was effected at 0.00V; thus proton
reduction is not included in irev..
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most likely stems from the relative concentrations of
parent amine and radical cation near the electrode
surface, the area in which the homogeneous chemijcal
reactions take place. At low bulk concentrations of
parent amine, the ratio of radical to parent near the
electrode surface is high, hence radical-radical
coupling occurs to form the benzidines. At higher bulk
concentrations there is more parent amine near the
electrode surface, and so the rather complicated series
of homogeneous chemical reactions leading ultimately
to crystal violet dye ensues. However, even at high
DMA concentrations benzidine formation still occurs
as a parallel reaction pathway.

It was not unexpected that the anodic oxidation
pathways of the other N,N-dialkylanilines, as opposed
to DMA, would be less complicated. In the former spe-
cies, the alpha-carbon of the dialkylamino groups is
much less susceptible to attack by incoming radicals;
therefore, it is not surprising that benzidine forma-
tion predominates even at higher concentrations.
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Preparation of N-Alkylacetamides by the
Anodic Oxidation of Carboxylic Acid Salts

D. L. Muck* and E. R. Wilson
The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati, Ohio 45239

ABSTRACT

The possibility of preparing N-alkylacetamides by the electrolytic oxida-
tion of carboxylate ions at a carbon anode in the presence of acetonitrile has
been investigated. A yield of substituted acetamide of about 50% was ob-
tained with potassium valerate, but it gradually dropped to zero in favor of
the Kolbe coupled product in going from potassium octanoate to potassium
laurate. An explanation of this effect involving specific orientation of the ad-
sorbed long chain carboxylates on the electrode surface is included. Products
derived from intermediate carbonium ions were found, and a mechanism for

their formation is proposed.

After a period of time when little work was done
on the Kolbe electrosynthesis, the last few years have
seen a definite surge of interest in the reaction. Most
of this recent work has been directed toward the
elucidation of the mode of electron transfer taking
place at the electrode surface, but one very important
feature which may have definite synthetic implications
is the relatively recent discovery that carbonium ions
are sometimes formed in the reaction (1-14). The im-
portant variables affecting carbonium ion formation
are apparently the nature of the anode material and
the structure of the carboxylate salt employed. In the
case of an oxidation run under normal Kolbe conditions
where platinum anodes are employed, carbonium ions
are apparently formed only when the radical initially
generated in the reaction has an electron impact ion-
ization potential (I.P.) of less than 8 eV (3). However,
Koehl (6) has shown that the use of a carbon anode
promotes carbonium ion formation even with carbox-
ylates derived from simple straight chain fatty acids,
where the I.P. may be 8-10 eV. We have been very
interested in this development, since it ideally presents
a way to functionalize the alkyl chains derived from
fatty acids.

In addition to the more common nucleophiles known
to react with carbonium ions, acetonitrile has been
shown to give nitrilium salts (7, 15) which can then
react with water to give N-substituted acetamides. A
precedent for

(¢]
CH3;CN + H,0 il
R+ —— > R—N=C—CH3 —— RNHCCH;3 [1]

the trapping of anodically generated carbonium ions
with acetonitrile had previously been set by Eberson
(7), so we also used acetonitrile and employed carbon
anodes to promote carbonium ion formation. During
the period of our work, the results of a similar study
were published by Kornprobst and co-workers (12). In
this case, however, the oxidations were carried out at
platinum anodes, so that products derived from car-
bonium ions were isolated in yields of more than 20%
only when branched chain carboxylates were employed
(where the LP. of the alkyl radical was less than 8
eV). In our work we have found that butyl cations
react with acetonitrile and water to give two unex-
pected products, an N-acylvalerylamide and an N-
butylvalerylamide in addition to the desired acetamide
and other by-products. This work confirms and comple-
ments the results of Kornprobst and co-workers. We
have also uncovered an intriguing phenomenon involv-
ing a gross variation in reaction products: longer chain
* Electrochemical Society Active Member.

Key words: Kolbe electrosynthesis, n-alkylacetamides, carbon
anodes, carbonium ions.

fatty acid carboxylates give decreasing amounts of car-
bonium ions as the chain length increases, thereby
yielding larger quantities of normal Kolbe coupled
products. Explanations for this variation are discussed.

Experimental
Materials.—The acetonitrile employed was Mathe-
son, Coleman, and Bell spectral grade. The carboxylic
acids, the isomeric heptyl alcohols, and docosane used
were all obtained commercially and were used with-
out further purification.

Apparatus.—A d-c power supply capable of produc-
ing 5A current and potentials of up to 220V was em-
ployed. The electrolysis cell consisted of a resin pot
with 3 ground glass joints in the lid through which
the electrode leads and a cooling coil were sealed. The
system was flushed with He before each reaction. The
gases evolved during the reaction were passed through
the tube of Drierite, a tared tube of Ascarite, and
finally through a trap cooled in lig No. The electrodes
were carbon rods 1 in. in diam and 2 in. long (A =
7.0 in.2; 45.7 cm?). Infrared spectra were obtained with
a Perkin-Elmer Infracord spectrophotometer, while
the NMR spectra were obtained on Varian T-60 and
HA-100 spectrometers. Gas chromatographic separa-
tions were made on an F&M Model 700 equipped with
a 6 ft x 0.25 in. column packed with 10% Apiezon L
on 60-80 mesh Chromosorb W, acid washed and di-
methyldichlorosilane treated. Mass spectra were ob-
tained with an Atlas CH-4 instrument.

General electrolysis procedure.—A description of the
oxidation of potassium valerate is given as being typi-
cal. Potassium valerate (140.0g, 0.10 mole) was dis-
solved in 22 cc of water and diluted with 200 cc of
acetonitrile. A d-c voltage of about 20V was applied
until a current of 2.0A flowed. The applied voltage
was then held constant and the electrolysis was con-
tinued for a period equal to three times the half-life of
the reaction (the half-life of each reaction was taken
as the time required for the current to drop to 50% of
its original value). The reaction solution was then re-
moved from the cell, the cell was rinsed with a little
water, and the rinse was combined with the bulk solu-
tion. The resulting solution was analyzed for octane
and butyl alcohol by GLC, and then refluxed under a
condenser connected to a lig Ny trap to collect any
remaining volatile hydrocarbons. The solvents were
then removed from the reaction solution on a rotary
evaporator, about 75 cc of water were added, and this
solution was extracted with ether. The ether extracts
were combined, dried over MgSO4, and concentrated
on a rotary evaporator to give about 5g of organic
products. The aqueous layer was acidified with 6N

1358



Vol. 117, No. 11

HCI, extracted continuously overnight with ether, and
the resulting ether layer was dried over MgSO4 before
evaporation on a rotary evaporator to give 0.5-3g of
unreacted valeric acid. The volatile hydrocarbons col-
lected in both lig N, traps were warmed to dry ice-
acetone temperature before being weighed, and were
then analyzed by NMR and mass spectrometry. They
were found to be essentially the same mixture of
butenes and methyl cyclopropane as previously re-
ported. The liquid organic products were isolated and
purified by preparative scale GLC. The identities of
the products were established by comparison of GLC
retention times, IR spectra and NMR spectra with those
obtained on samples prepared by independent methods.

Preparation of N-alkylacetamides.—Samples of the
various N-alkylacetamides needed for comparison pur-
poses were prepared by adding an ether solution of
acetyl chloride drop-wise to an equimolar quantity of
the appropriate amine in ether at room temperature.
The resulting ether solution was filtered and the sol-
vent removed from the filtrate on a rotary evaporator.
The crude acetamides were then purified by prepara-
tive scale GLC.

N-(sec-butyl)-N-acetylvalerylamide.—To 4.8g (0.03
mole) of N-(sec-butyl)valerylamide which was pre-
pared by reacting valeryl chloride with sec-butyl amine
were added 100 ml of ether and 4.8g (0.06 mole) of
pyridine. A solution of 2.4g (0.03 mole) of acetyl
chloride in 20 ml of ether was added drop-wise, and
the resulting solution was refluxed for 2 hr. More acetyl
chloride (1.2g; 0.015 mole) was then added and the
mixture was refluxed for 2 hr more. About 5 ml of
ethanol were added, and the resulting solution was
washed twice with dil HCI, 3 times with satd. NaHCO3,
and finally once with water before drying over anhyd
MgSO4. The solvents were removed with a rotary
evaporator to give 1.0g (17%) of a clear oil with no
N-H infrared absorption. Purification by preparative
scale GLC gave a colorless liquid.

Anal Cale for C;H21NO,: C, 66.33; H, 10.55; N, 7.04.
Found: C, 66.50; H, 10.85; N, 7.32.

Stability of N-(sec-butyl)-N-acetylvalerylamide to
reaction conditions.—The conditions for the electroly-
sis of potassium valerate as described above were re-
peated, except that 15% water in acetonitrile was used
as the solvent, and 2.0g of N-(sec-butyl)-N-acetyl-
valerylamide were added. The electrolytic oxidation
of the valerate was then carried out as before, and the
products were isolated. Octane (0.1g; 0.0009 mole) and
N-sec-butyl acetamide (1.8g; 0.016 mole) were ob-
tained along with 4.8g of the above substituted valeryl
amide. Subtracting out the amount of this latter mate-
rial that was added to the initial reaction solution
(2.0g), a yield of 2.8g (0.014 mole) was obtained,
which is very close to the average of 2.4g obtained in
three normal reactions.

Electrolysis of potassium octanoate in water.—Octa-
noic acid (14.4g; 0.10 mole) and 5.6g (0.10 mole) of
potassium hydroxide were dissolved in 200 ml of water
and electrolyzed according to the general procedure
described before. The aqueous solution obtained was
then extracted three times with ether, and the com-
bined extracts were dried over anhydrous magnesium
sulfate. The solvent was then removed on a rotary
evaporator to give 0.8g of heptyl alcohols. This mix-
ture was analyzed on capillary column GLC using
known samples of the various isomeric heptyl alcohols
as standards. The following amounts of each were
found: 1-heptanol, 18.5%; 2-heptanol, 43.8%; 3-hep-
tanol, 37.7%.

Results

Since long-chain compounds are often difficult to
work with, potassium valerate was employed initially
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as the starting material. In every case, contrary to
normal Kolbe reaction conditions, the valeric acid was
completely neutralized, since it has previously been
shown that high carboxylate concentrations favor car-
bonium ion formation (14). For anodes, we initially
attempted to use the types of carbon used before by
Koehl (6), but the acetonitrile dissolved the organic
binders they contained and eroded the electrodes badly.
A shift was then made to regular amorphous hard car-
bon rods, the apparent density of which varied in the
range of 1.42-1.53 g/ml, and these anodes seemed to
serve very well. A cylindrical perforated copper cath-
ode was used, and the initial reactions were run in a
10% water in acetonitrile solvent mixture. We did ob-
tain the desired acetamide 2 in a 26% yield, but we
also isolated the unexpected products 3 and 4 as well
as isomeric butenes and methyl cyclopropane arising
from loss of a proton from the intermediate butyl
cation.

—H+ C4Hs products
C4Hy™.

CH3CN
+
CsHyN=CCHj

o O CHs o
C4H9NH£3|CH;( ClH{)‘(.l/NCIHCQH:} + C;HU(LJNHCHCZH:,
i f]“ICHg (lng
- 3 4

In an effort to maximize the yield of the desired
acetamide 2, a study of the variation of products with
an increase in the amount of water employed was
made. Concentrations of water below 10% were not
used because the starting material was not completely
soluble. At least four runs were made for each set of
conditions, and the average values of these are shown
in Table I. The yields for each run were generally
within 5% of the average value, but they sometimes
varied as much as 15% from the average.

Since it was conceivable that products 2 or 4 could
have resulted from a degradation of 3, a sample of 3
prepared by an independent synthesis was added to a
normal electrolytic reaction to check its stability to
reaction conditions. The amount of 3 obtained from
this reaction was greater than normal by essentially
the amount added to the reaction, and the quantities of
other products isolated were within their normal
ranges. Therefore, 3 is stable to the reaction conditions
and could not be a source of 2 or 4.

In order to investigate the possible variations in the
product distribution with changes in the type of carbon
used for the anode, normal graphite as well as pyrolytic
graphite anodes were also used. The characteristics of

Table I. Product distribution as a function of the water
concentration

Yields are based on mole per cent of the organic products.

Per cent water 10 15 20 25 30 35 40

i
CHyCNHCHC:H; 26 50 50 40 26 31 26
i
CHj3(CHa)sCNCHC:H; 35 23 15 12 2 0 0
ﬁCHa
o
Il
CH3(CHz)sCNHCHC:H; 8 8 11 8 6 3 0
|
CHs
CHs Products 21 13 23 39 23 44 26
CxHis 10 6 1 1 0 0 0
CiHoOH 0 0 43 22 48
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these materials are shown in Table II, and the data on
the product trends observed in a 15% water in acetoni-
trile solvent mixture are listed in Table III. The yields
obtained on a platinum anode are included in Table
IIT for the sake of comparison.

From Table I, one can see that the best yields of
N-sec-butyl acetamide were obtained in 15-20% water
in acetonitrile solvent mixtures. Therefore, the potas-
sium salts of octanoic and lauric acids were electrolyzed
under these conditions to verify that similar results
could be obtained with longer chain fatty acids. Sur-
prisingly however, the results differed with these salts.
As the length of the carbon chain attached to the
carboxy group increased, the amount of normal Kolbe
coupled product increased markedly to the point at
which only docosane, Cz2Hgs, was formed in the oxida-
tion of potassium laurate. A summary of the data ob-
tained from the oxidation of these salts is shown in
Table IV.

Kornprobst and co-workers (12) observed a number
of alkyl group rearrangements in their work. With
potassium valerate we found the same isomerization of
the C4Hy chain to give sec-butyl derivatives. In order
to study the alkyl rearrangements in longer chain salts,
we analyzed the alcohols obtained from the oxidation
of potassium octanoate in a 50% water in acetonitrile
solvent mixture by capillary column gas chromato-
graphic comparison with known samples of the isomeric
heptyl alcohols. The results showed 18.5% 1-heptanol,
43.8% 2-heptanol, and 37.7% 3-heptanol with no 4-
heptanol found.

Discussion

Oxidation of wvaleric acid.—The products obtained
from the oxidation of potassium valerate were gen-
erally those expected. It has previously been estab-
lished that side reactions of the butyl cation give iso-

Table 11. Carbon used for anodes

Apparent
density

Form of carbon Manufacturer Type (g/ml)

Unmachined amor-

phous carbon Great Lakes Carbon BC 1.42-1.53
Graphite Poco Graphite AXZ 1.50-1.60
Graphite Poco Graphite AXZ-5Q 1.80-1.88
Pyrolytic graphite General Electric EC 2.20-2.23

Table 111, Product distribution as a function of the anode

Yields are based on mole per cent of the organic products.

Amor- Pyro-
phous lytic AXZ AXF-5Q Plati-
carbon graphite graphite graphite num

O CHs
i
CH3;CNHCHC:H; 50 29 49 46 19
g e
CHs(CHz)sCNCHC:H; 23 3 10 18 0
ﬁCHs
o
Il
CH:!(C}‘I?):{CNHC‘HCM 8 12 10 8 6
CHs
CiHs Products 13 56 31 28 42
CsHis 6 0 0 0 33
CiHOH 0 0 0 0 0

Table 1V. Kolbe product distribution as a function of chain length

Yields are based on amount of starting acid used up.

Acid Product Yield
CHyCO:H CsHyy 10
C7H1;CO-H CusHao 58
CuHzCO:H CuxHig 69
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meric butenes as well as some methyleyclopropane (6).
The fact that butyl alcohol was observed in these reac-
tions is not unusual because its formation from a car-
bonium ion generated in the presence of water would
certainly be predicted, but it does seem unreasonable
that the amount of water would have to be greater
than 25% for this reaction to take place. One can
justify the result by assuming that adsorption of car-
boxylate ions and/or acetonitrile on the anode surface
prevents the water from reaching the reactive car-
bonium ion generated on that surface.l

While the above products were generally expected,
the formation of the N-acyl amide 3 and the valeryl
amide 4 was somewhat unusual. In order to explain the
formation of these products, the following is presented
as a reasonable mechanism which is consistent with
the observed results. The basic concept was substan-
tiated by the report of Kornprobst and co-workers
(12), who also explained the formation of the N-acyl
amide 3 by rearrangement of 5. The rearrangement of
5 to the products 3 and 4 is postulated in our mech-
anisms as proceeding via a 4-membered ring transition
state which may or may not be a concerted process.
The hypothetical intermediate 6 is shown to illustrate
the rearrangement more clearly. A similar rearrange-
ment involving a 1,3-acyl migration from carbon to
nitrogen has been reported by Curtin and Richman
(16).

I
OC(CHz)3CH,

+ S.M.
CH3CH;CHN=CCHj3 —— CH;3;CH;CHN=C—CHj3
CHj CH; 5
1 /
cl,_
CH;3(CH3)3C—0
CH3CH2(|:HN—S_:—CH3
CHj;
6
H0 3]
(0] o-

||
CHa(CHz)a(lj 0]

CH3;CH;CHN—C—CH3 CH3CH;CHN—C—CH3s
CHs CH; OH:

3 | l
0

Il
CH;(CHz)3sC 0
CH;CH,CHNHl C—CHj
CHj OH

|
CH3(CH2)3(|'J—O

The trends in the variation of these products as the
concentration of water changes are generally consist-

1 A referee has suggested that the anode potential in these reac-
tions may be high enough that water is being oxidized, thereby
depleting its concentration at the electrode surface. This could ex-
plain the high concentration of water required to form alcohol from
the butyl cation. We cannot rule out this possibility but tend to dis-
count it for the following reasons. Numerous electrochemical
studies in the past have demonstrated that the electrolysis of water
ceases in the Kolbe electrosynthesis when the potential becomes
anodic enough to oxidize carboxylate ions. In addition, one would
not expect the current to decrease in value with time as it does
in these reactions if water were being electrolyzed because the
amount of water is so great that its concentration would remain
essentially constant during the time span involved.
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ent with the scheme above. The yield of N-(sec-
butyl) acetamide, 2, increases sharply as the per cent
of water changes from 10 to 15%, indicating that the
concentration of water is such that it can effectively
compete with the starting material for reaction with
the nitrilium cation. The large molar excess of water
required for this to happen may be the result of the
carboxylate anion adsorbing on the positively polar-
ized anode. The yield of substituted acetamide then
begins to decrease with increasing water concentration
due to increased side reactions of the butyl cation,
initially to form olefins and later to react directly
with the water to form alcohol. The drop in the amount
of the N-acyl amide 3 formed with an increase in the
amount of water present would be predicted. The
over-all yield of N-(sec-butyl) valeryl amide formed
was never high and, therefore, the small changes ob-
served are not significant. The Kolbe product in this
case is octane, and while about 10% was formed in the
10% water in acetonitrile solvent system, generally
negligible quantities were observed in the solutions
with greater amounts of water present.

Although the data obtained in the above studies in-
volving varying water concentrations were reproduci-
ble only to about =+ 15%, there seems to be no obvious
explanation. Each experiment was conducted with a
new carbon anode, and while a third electrode for
maintaining a controlled potential at the electrode
surface was not employed, each reaction was initiated
at a potential necessary to generate an initial current
of 2A. The applied potential was then held constant
throughout the reaction and the current allowed to de-
crease as the starting material was depleted. An at-
tempt was made to use a third electrode for monitor-
ing the potential near the surface of a rotating carbon
rod, but the potentials observed were so high (3.5-5V
vs SCE) that it was apparent that uncompensated IR
drop was making the measurement meaningless. A fac-
tor which might have caused the inconsistency in the
yields of products would be variation in the extent of
reaction of the starting material. Most of the reactions
were continued for a period of time equivalent to three
half-lives of the reaction (as measured by the current
drop). However, varying amounts of unreacted valeric
acid were recovered from these reactions. When a
series of oxidations was run to a degree of complete-
ness where essentially equal amounts of valeric acid
remained, a similar trend in product distribution was
obtained. Since an accurate measure of the net poten-
tial at the electrode surface was not attainable, the
nonreproducibility in yields observed may simply be
due to a variation in the potential obtained at the sur-
face of the anode. It has been suggested (13) that the
potentials required for the oxidation of carboxylate
ions and for the oxidation of alkyl radicals are signifi-
cantly different to allow two distinct waves. Assuming
that the oxidation of an alkyl radical to a carbonium
ion takes place at a more anodic potential than the
oxidation of a carboxylate ion, it is possible that some
of the reactions described herein might have been car-
ried out at potentials slightly more cathodic than that
required for efficient oxidation of the alkyl radicals to
carbonium ions. This would lead to differing rates of
formation of carbonium ions, and thereby varying
yields of products from these ions.

The results obtained from the electrolysis of potas-
sium valerate at a number of different anodes (Table
IIT) indicate that similar processes are taking place at
amorphous carbon and normal graphite anodes. This
agrees with the work of Koehl reported earlier (6).
However, of the other carbons studied, pyrolytic
graphite behaved atypically. This is not unreasonable
since the surface structure of pyrolytic graphite is es-
sentially voidless due to the layered platelet structure
it possesses.
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When platinum anodes were employed, much larger
quantities of the normal Kolbe dimer were obtained,
as would be expected. However, the amount of prod-
ucts derived from the butyl cation are higher than
would be predicted. The N-(sec-butyl)acetamide
formed in a 19% yield represents carbonium ion which
has reacted with acetonitrile, while the 42% yield of
C4Hg products indicates the amount of carbonium ion
which lost a proton. Since the electron impact ioniza-
tion potential of the n-butyl radical is higher (8.64 eV)
than the 8 eV limit suggested as being the maximum
value for promoting carbonium ion formation, this
combined yield of 61% of ion is unreasonably high.

Oxidation of octanoic and lauric acids.—The obser-
vation that the yield of Kolbe coupled products in-
creased with increasing chain length in the fatty acids
studied was not anticipated. The yield of dimer ob-
tained under normal Kolbe reaction conditions is gen-
erally constant as the chain length increases, except
for propionic and butyric acids which give unusually
low yields (17).

In considering an explanation of the phenomenon
observed in this work, the most logical proposal to
make is that attractive forces between the long chain
alkyl radicals are keeping them from reaching the
electrode surface where they would undergo further
oxidation. A reasonable scheme based on this premise
can be proposed if two assumptions are made. First.
assume that as the carboxylate anions approach the
electrode surface they will assume an orientation de-
pendent on the chain length of the molecule involved.
Short chain carboxylates (possibly up through Cs)
will be adsorbed on the surface in a more or less
random fashion. However, as the alkyl chains become
longer, they will tend to adsorb in an orientation per-
pendicular to the electrode surface, with a subsequent
stacking or layering effect becoming pronounced as
more and more ions are adsorbed. This stacking effect

"OzCCHzCHgR
—0,CCH:CH:R

[4]
—OQCCHZCHQR

—0,CCHCHsR

+ RCH,CH;CO;~ —>

AN
AN

would be predicted to be enhanced by the Van der
Waals attraction of the hydrophobic alkyl chains for
each other, since they would constantly be searching
for a more organic environment than the polar solvent
surrounding them. Now also assume that the radicals
generated in this reaction are separated from the elec-
trode surface at the instant of formation by the width
of the leaving CO; molecule (about 6A), as has been
previously postulated by Eberson (3, 10). The over-all
net effect predicted then would be that the radicals
would be generated in layers perpendicular to the
electrode surface, and about 6A away from the surface.
Whether or not the intermolecular attractions these
radicals experience would be enough noticeably to
slow their migration through such a short distance is
debatable, but it is certain that the stacked orientation
described would be predicted to increase significantly
the probability of radial coupling.

/ 0.CCH:CH:R /-cmcm CHLCH:R
/ -0,CCH,CH:R 1. —e / -CH,CH,R CH,CH,R
/ < 1 . 5]
0.CCH,CHR 2. —CO, / -CH:CH:R CH,CH.R
/ 0.CCH:CH:R A cnener CH.CH.R

Since both the processes of radical-radical coupling
and migration through a few angstroms of solution
would be expected to be very fast, it would not take
much of an effect to noticeably favor one or the other
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of these processes. The simple slowing of the rate of
migration of long chain alkyl radicals due to the in-
crease in molecular weight might even be enough of
a factor to cause the observed change in reaction.

The assumption made above that the radicals formed
in the Kolbe reaction are separated from the electrode
surface by the width of a molecule of carbon dioxide
deserves further discussion. Eberson made this pro-
posal after obtaining evidence that the radicals gen-
erated under similar conditions did not react stereo-
specifically as one would predict for reaction of an
adsorbed radical. It now appears that the “long chain
effect” observed in this work supports Eberson’s postu-
lation. If the radicals were generated in an adsorbed
state and were never really “free,” the only obvious
way one could explain the observed increase in cou-
pling with increasing chain length would be by assum-
ing that there existed enough difference in the ioniza-
tion potentials of the alkyl radicals to cause preferen-
tial oxidation of those with shorter chain lengths.
However, this argument is unreasonable since the
jonization potentials that have been measured for alkyl
radicals decrease with increasing chain length, which
would indicate that the long chain radicals would be
more easily oxidized to carbonium ions.
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Polarography in Acetone of Tris(Dithioacetylacetonato)-Complexes

of Iron(lll), Ruthenium(lll), Osmium(lll), and Rhodium(lIl)

A. M. Bond, G. A. Heath, and R. L. Martin

ABSTRACT
Polarographic studies have been carried out in acetone on the dithio (acetyl-
acetonato) -complexes [M(SacSac)3] (SacSac~ = CH;3-CS:-CH-CS-CH3™)

where M = Fe(III), Ru(III), Os(III), (all d5 low-spin) and Rh(III) (ds,
low-spin). The iron and osmium complexes are reversibly reduced at the DME,
whereas the ruthenium complex undergoes a quasi-reversible reduction. For
the d5 systems the electrode reaction is believed to be [MII(SacSac)3] + e~
= [M!(SacSac)3]—. However reduction of [Rh(SacSac)s] is highly ir-
reversible and may involve adsorption or compound formation at the mercury
surface. Millicoulometric studies indicate the electrode reaction is Rh(III) +
2e~ - Rh(I). The half-wave potentials (Fe, —0.21; Ru, 40.04; Os, —0.05; Rh,
1.05V vs. Ag/AgCl) accord with the known chemistry and spectroscopic prop-
erties of the complexes. The development of polarographic techniques for use
in acetone is described in detail.

Department of Inorganic Chemistry, University of Melbourne, Parkville, 3052, Australia

Recently, considerable attention has been directed to
transition metal derivatives of the sulfur-containing
ligand dithioacetylacetone (1-17). Complexes of all
the group VIII transition metals have been character-

Key words: polarography, tris(dithi ylacetonato) -
acetone.

ized although the parent ligand has not yet been iso-
lated in the monomeric state. X-ray structural in-
vestigations confirm that the coordinated dithioacetyl-
acefonato anion is planar and attached to the metal
by both sulfur atoms as in (I). Table I summarizes
the compounds [M(SacSac),] (I) presently known.
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Studies by various workers have employed the tech-
niques of infrared, electronic, e.s.r., p.m.r.,, and mass
spectroscopy. Magnetic susceptibility and magnetic
anisotropy measurements have also been performed.
However, until recently no electrochemical studies had
been reported.

The polarographic method is capable of furnishing
considerable thermodynamic and structural informa-
tion on such compounds. It is also an effective means
of identifying new species which are related to the
known compounds by oxidation or reduction. In this
way further synthetic and chemical investigations may
be suggested.

Examination of Table I reveals that the complexes
[Co(SacSac)3] and [Co(SacSac):] provide the only
instance where dithioacetylacetone derivatives have
been characterized for two oxidation states of the one
transition metal.

The reduction of [Fe(SacSac)s;] with sodium di-
thionite was reported to yield ‘“auto-oxidizable”
[Fe(SacSac)s], but no further characterization was
described (3). Attempts to repeat this work have
been unsuccessful (18). A more recent report of
[Fe(SacSac).] (12), based on a sulfur analysis only,
has been questioned (14) and, in our hands, the pub-
lished method reliably yields [Fe(SacSac)s;] with the
expected analytical and physical properties (15). In
these circumstances, we thought it worthwhile to make
a detailed polarographic investigation of the redox
behavior of [Fe(SacSac)3].

The compounds [Fe(SacSac)3], [Ru(SacSac)s], and
[Os(SacSac)3] were thus chosen as a representative
group for the initial polarographic studies of dithio-
acetylacetone complexes. Each of these low-spin de
chelates was found to undergo a ready one-electron
reduction which might be regarded as completing the
metal de subshell. A convenient comparison was pro-
vided by the polarographic behavior of the low-spin
deb complex [Rh(SacSac);3], in which the metal de sub-
shell is fully occupied. These results, which have been
briefly reported elsewhere (15), are now discussed
in detail.

Recently, polarographic data for the analogous co-
balt (II) and nickel(II) complexes were described in
a note by Ouchi et al. (19). However, neither the com-
pounds, the solvent system, nor the reference electrode
are common to the studies described herein.

The dithioacetylacetone complexes are insoluble in
water. Acetone was chosen as a suitable solvent since

Table I. Dithioacetylacetone complexes

Spin Structure
[M(SacSac).] state, S (by x-ray) References
[Ni(SacSac):] 0 Planar2.17 1), (2), (4), (9), (12), (19)
| Pd (SacSac)2] 0 - (1), (12)
[Pt(SacSac):] 0 — (1), (12)
[Co(SacSac)=:] Va Planar?.? (1), (2), (9), (12), (13),

(16), (19

[Co(SacSac)s] 0 — (10), (11)
[Rh(SacSac)s] 0 Octahedrall? (10), (11)
[Ir(SacSac)sl 0 — 0), (11)
[Fe(SacSac)al Y2 Octahedral't  (3), (14), (15)
[Ru(SacSac)s] ¥ —_ 15)
[Os(SacSac)s] Y — (15)
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preliminary investigations showed that a stable Ag/
AgCl reference electrode could be maintained in this
solvent. Furthermore, acetone was known not to inter-
act chemically with the compounds and was commer-
cially available in sufficient purity. Polarographic
techniques, suitable for use in acetone, have been de-
veloped and are described here. These techniques in-
clude conventional and rapid polarography with a
dropping mercury electrode (DME), inverse polarog-
raphy with a hanging drop mercury electrode
(HDME), and the millicoulometric determination of n
values with a DME.

So far as the present authors are aware, acetone
has been used only occasionally as an electrolytic sol-
vent (20), and rarely for polarography (21). One
of the problems confronting its use is the need for a
suitable reference electrode system. Aqueous calomel
electrodes have been used (20), but are undesirable
in otherwise nonaqueous media, particularly if junc-
tion potentials are to be minimized. A satisfactory
Hg/HgsCly, LiCl (acetone) system has been reported
(22), but the Ag/AgCl/LiCl(acetone) electrodes de-
scribed here commend themselves for stability and
ease of construction.

Acetone is a versatile solvent for both organic and
complex inorganic compounds; the development of this
simple reference system may encourage its much wider
use as a polarographic medium.

Experimental

Polarography.—Conventional d-c¢ polarographic stud-
ies were carried out in B.D.H. Analar grade acetone
with tetraethyl-ammonium perchlorate (0.1 mole/
liter) as the supporting electrolyte. A Metrohm
Polarecord, E 261, was used in conjunction with a
Metrohm IR compensator, E 446, and a three-electrode
system. The two reference electrodes were identical
Metrohm Ag/AgCl EA 425 electrodes filled with a
solution of LiCl in acetone (0.1 mole/liter). The glass
capillary dropping mercury electrode (DME) had the
following characteristics in acetone/0.1M Ets;NCI1O4 (at
open circuit and a mercury column height of 40 cm):
flow rate of mercury, m = 3.25 mg sec!; drop time,
t = 2.70 sec; m2/3t1/6 = 2.58. In the rapid polaro-
graphic method, the short controlled drop times were
achieved with a Metrohm Polarographie Stand, E 354.
Hanging mercury drops used in this work were 0.52
mm in diameter with a surface area of 1.38 + 0.04 mm?
and were produced by a Metrohm BM 5-03 hanging
drop mercury electrode (HDME).

Preliminary experiments showed that acetone/0.1M
LiClO4 gave a polarographically useful potential range
of +0.8 to —1.6V at the DME vs. Ag/AgCl, whereas
for acetone/0.1M Et4NClO4 the useful range was +0.8
to at least —2.0V. The latter supporting electrolyte was
preferred because of the wider potential range. The
reference electrodes were fitted with geometrically
identical salt bridges containing acetone/0.1M Et;NC1O,
to minimize LiCl leakage into the test solution. Poten-
tials measured relative to a Ag/AgCl(acetone) refer-
ence electrode are qualitatively similar to those mea-
sured relative to Ag/AgCl(water). In acetone, LiClOy4
and Co(ClO4), reduction and Hg oxidation all occur
at potentials about 0.4V more positive than the corre-
sponding processes in water.

The very high resistance of acetone, even with a
carrier electrolyte, makes compensation of the large
ohmic potential (IR drop) essential. The three-elec-
trode system provides a convenient means for achiev-
ing this. For optimum compensatior, the measuring
reference electrode should be positioned in the field
shadow of the mercury electrode and the working
reference electrode, i.e., the three electrodes must be
in one plane. Identical Ag/AgCl electrodes were thus
employed and were symmetrically disposed in the test
solution in relation to the mercury electrode. With
only one reference electrode in circuit (i.e., no IR com-



1364

pensation), the ohmic potential drop rendered any
polarographic wave unobservable (c.f. Fig. 4).

The reliability of the three-electrode system and the
stability of the nonaqueous reference electrodes were
checked throughout this work by frequent recording
of the polarogram of [Rh(SacSac)s] in acetone solu-
tion (among other tests). As reported below, this sys-
tem has a well-defined wave with E1/; = —1.05V vs.
Ag/AgCl. Over three months duration, the reproduci-
bility of this value was better than =10 mV. Trans-
position of the functions of the two Ag/AgCl electrodes
was regularly confirmed not to alter the polarogram
in any respect.

Test solutions were degassed with argon which was
previously passed through two acetone-filled wash
bottles and a spray-trap. Twenty minutes was suffi-
cient for effective deoxygenation. All solutions were
thermostated in a water-jacketed cell at 20.0° + 0.1°C,
unless otherwise stated.

Millicoulometry.—The number of electrons involved
in the reduction of [Rh(SacSac)3] was determined by
coulometric studies involving controlled-potential re-
duction at the DME. The decrease in concentration due
to reduction was conveniently measured by the change
in the polarographic diffusion current. The coulometric
determination of n values with the DME employed a
considerably smaller volume of solution than that used
in conventional polarography. The small volume limits
the time necessary for the reduction of the compound
at controlled potential to cause a significant decrease
in concentration. The polarographic cell was modified
as in Fig. 1 and enabled volumes between 0.5 and 3 ml
to be used. For [Rh(SacSac)3], electrolysis times were
between 30 min and 1 hr.

Each test solution was prepared by dissolving the
compound in degassed acetone/0.1M Et;NCIO4 in a
5-ml standard flask fitted with a rubber seal. By means
of a micrometer syringe an accurately known volume
was transferred directly to the inner coulometry cell,
the whole apparatus having been previously flushed
with argon. Throughout the electrolysis, the whole
vessel was thermostated at 0°C to minimize evapora-
tion, and acetone-saturated argon was gently bubbled
through the acetone in the outer “moat”. Blank runs,
where no electrolysis occurred, showed that the con-
centration of the test solution did not alter measur-
ably over 90 min.

Fig. 1. Millecoulometry apparatus: a, three-electrode planar ar-
ray, viewed side-on; b, inner cell; c, test solution; d, argon inlet;
e, acetone moat; f, rubber seal, with argon outlet.
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Materials.—Tetraethyl-ammonium perchlorate was
prepared by admixture of aqueous solutions of Et ;NI
and NaClOy. The precipitated product was recrystal-
lized three times from 95% alcohol and dried under
vacuum. The pure compound was stored over silica gel
until use. Solutions in dilute nitric acid gave no pre-
cipitate with silver nitrate.

The dithioacetylacetonato chelates [Fe(SacSac)s]
(14,15), [Ru(SacSac);] (15), [Os(SacSac)s] (15),
and [Rh(SacSac);] (10) were prepared and purified
as described elsewhere. The concentration of each
compound in solution was checked spectrophotometri-
cally by reference to the known optical spectrum (15).

Results and Discussion

[Fe(SacSac)3], [Ru(SacSac);], [Os(SacSac)s].—
These complexes form a useful group for comparison
since the first, second, and third row transition metals
are all represented, and in each case the central metal
atom formally has oxidation state III and d electron
configuration de>. The complexes each exhibit one ex-
tremely well-defined polarographic reduction wave at
a potential near zero volt vs. Ag/AgCl. Figure 2 shows
a typical [Os(SacSac)s] polarogram. Polarograms of
the other complexes have a similar appearance.

For each complex, graphical plots of diffusion cur-
rent, ig, vs. concentration are linear, and pass through
the origin. Plots of i4 vs. the square root of the mer-
cury column height, h, are linear. The waves are there-
fore diffusion controlled.

Plots of Eg4,. wvs. log i/(ig —1i) are linear for
[Fe(SacSac)3] and [Os(SacSac)s]. In each case the
slope of this plot is 60 == 2 mV, indicating that the
electrode reaction is a reversible one-electron step.
For [Ru(SacSac);], the log plot (Fig. 3) is slightly
curved and the electrode reaction is quasi-reversible.
The limiting slope, determined from potentials at the
foot of the wave, is 62 mV in accord with a quasi-
reversible one-electron reduction (23).

For the iron and osmium systems, the (Ei/y — Ej/4)
values are independent of DME drop-time and equal
to 58 = 2 mV, providing further evidence for the re-
versible nature of the electrode reactions. In the case
of [Ru(SacSac)s], (Eiy;s — Esu) values increase
slightly with decreasing drop-time (Table II). The
latter feature is consistent with the electrode possess-
ing a high but not complete degree of reversibility,
and confirms the quasi-reversible assignment.

The Eq/» values for each complex (Fe, —0.21; Ru,
+0.04; Os, —0.05V vs. Ag/AgCl1/0.1M LiCl) are inde-
pendent of drop-time; typical results for [Ru(SacSac)s]
are included in Table II.

In general, reversible half-wave potentials E;/’,
rather than measured Ei/; values, have real thermo-
dynamic significance as they are closely related to E°
values. For the reversible iron and osmium electrode
reactions, E;»" = Ej». For the quasi-reversible
[Ru(SacSac)3] electrode process, Ej/»" may be calcu-

-03 -02 -01 [¢] +01 02
Epve (volts vs. Ag/AgCl)

Fig. 2. [Os(SacSac)3] polarogram (in acetone/0.1M Et;NCIO,)
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Fig. 3. Logarithmic analysis of [Ru(SacSac)3] polarogram
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Fig. 4. [Rh(SacSac)3] polarogram (in acetone/0.IM Et4NCIOy4):
a, IR compensated, 3-electrode system; b, uncompensated, 2-elec-
trode system,

lated (23) from the limiting slope of the logarithmic
analysis shown in Fig. 4 and is found to be +40.055V
vs. Ag/AgCl. Comparison of the E;/o" values shows that
the standard free energy required for reduction of the
complexes decreases in the order Fe > Os > Ru.
When a reversible electrode process is observed, it
is implied that the charge transfer kinetics are rapid
compared to the time scale of the polarographic experi-
ment. It generally follows that the oxidized and re-

Table II. Variation of E1/2 and (Ey/4 — E3/4) with drop-time for

[Ru(SacSac)s]
Drop-time, Eyp, (Evs — Eypy),

t, sec V vs. Ag/AgCl mV
421 +0.040 72
3.67 +0.044 74
3.10 +0.042 76
2.70 +0.040 8
2.15 +0.038 80
+0.042 80
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duced forms have the same molecular structure and
differ only in their electronic populations. Therefore,
in the present systems, the suggested electrode reaction
is

[M(SacSac)s] + e~ = [M!(SacSac)3]~

The reduced form, [M!(SacSac)s]~ should have es-
sentially the same six-coordinate structure as the
original [M(SacSac);] species. If the reduction did
involve gross structural change, such as the loss of a
bidentate ligand, then this step would be unlikely to
occur rapidly in terms of the polarographic time scale
and a nonreversible electrode process should result.
The kinetic inertness of low spin d® and df systems is
well known. That rapid, reversible, and complete lig-
and dissociation does not occur is indeed clear from the
absence of subsequent polarographic steps which would
be anticipated for the free divalent metal ions. The
slight departure of the Rulll » Rull wave from re-
versibility might result from a minor structural modi-
fication during the reduction; however, it is not clear
why [Ru(SacSac);] should behave differently from its
congeners.

Several interesting features of the polarography of
these complexes are apparent. First, all three com-
pounds are reduced around 0V wvs. Ag/AgC], i.e., re-
duction of the complexed metal ion to the divalent
oxidation state is relatively easy. However no further
reduction occurs in the useful potential range. The
ready one-electron reduction corresponds to comple-
tion of the stabilized metal de subshell so that the re-
duced species [MII(SacSac);]~ would be isoelectronic
with the neutral Co(III), Rh(III), and Ir(III) com-
plexes. Further reduction would require electrons to
be placed in the much higher energy dy level.

Second, these compounds are typified by rather low-
frequency ligand-to-metal electronic charge transfer
transitions as well as ready one-electron reduction
waves (15). Both these properties are no doubt associ-
ated with the vacancy in the metal de subshell. The
readier reduction of [Ru(SacSac)s] than either its
first or third row congener, while unexpected in
itself, correlates nicely with the observation that
[Ru(SacSac)3] has the lowest frequency ligand-to-
metal charge transfer absorption.

Finally, crystalline derivatives of the postulated
[MII(SacSac)3] — complex anions are now being sought.
The polarography suggests that the trivalent com-
plexes should react readily with moderately strong
reducing agents. Sodium dithionite has been re-
ported to reduce [Fe(SacSac)s] to a species having
no es.r. signal (3), however the suggested product,
neutral [Fel’(SacSac);], is now questioned. It is, of
course, possible that chemical reduction takes a differ-
ent route from the polarographic electrode process, or
that the complex anions are only stable during the
life-time of the polarographic experiment.

[Rh(SacSac)3].—This complex shows one well-
defined reduction wave at the DME with Ej;p =
—1.05V vs. Ag/AgCl (Fig. 4).

The graph of ig vs. concentration is linear, and the
dependence of ig on h is almost linear (Fig. 5). The
electrode process therefore possesses a high degree of
diffusion control. Table III shows that, as the drop-
time increases, E1/» remains constant but (Ey/4 — Eg/4)
values increase markedly. Plots of Eg.. vs. log i/ig — i
also vary greatly with drop-time. Such behavior indi-
cates that the electrode reaction is highly irreversible.

In this case the number of electrons involved in the
reduction, n, cannot be evaluated by the logarithmic
analyzis of the polarographic wave.

The current-voltage curve obtained with an HDME
in unstirred solution (Fig. 6) was almost identical to
the conventional d-c polarogram. A potential at half-
wave height, Ep/;p, of —1.00V vs. Ag/AgCl and a
(Ep/4 — Esp/s) value of 80 mV were observed using a
potential scan rate of 1 V/min. Such current-voltage
curves were only obtained as the first scan on a new
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Fig. 5. Dependence of ig on \/}T for [Rh(SacSac)3] (concentra-
tion = 6.5 x 10~ 5M).
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Fig. 6. [Rh(SacSac)s] current-voltage curve at the HDME (in
acetone/0.1M EtsNCIOy).
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mercury drop. Repeated scans using the same drop
produced diminishing currents until no reduction was
observable. When a fixed potential more negative than
that required for reduction was maintained, the
cathodic current decayed to zero within a few minutes.
After such electrolysis at —1.45V vs. Ag/AgCl, inverse
scanning in the positive direction revealed no anodic
wave. The mercury drop was not affected by mere
immersion, but became obviously tarnished during
electrolysis.

Apparently, at sufficiently negative potentials, a re-
duced species or decomposition product becomes ad-
sorbed on the HDME. The adsorbed substance event-
ually covers the entire surface of the drop preventing
further reduction. Since inverse scans do not strip this
species from the drop it must be tightly bound. Pos-

Table I11. Variation of E1/2 and (Ey/4 — E3/4) with drop-time for

[Rh(SacSac)3]

Drop-time, Eq/a, (Ev/s — Ey1),
t, sec V vs. Ag/AgCl mV
3.41 —1.048 72
2.03 —1.050 84
1.68 —1.052 88
1.38 —1.056 96
113 —-1.052 104
0.32¢ —1.050 120

@ Drop-time of 0.32 sec by rapid polarographic method.
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sibly mercury compound formatjon rather than ad-
sorption occurs at the drop surface.

The interaction of [Rh(SacSac)s] with the HDME
indicated that coulometric evaluation of n would re-
quire a continually renewing mercury surface. A mille-
coulometric method at the DME was resorted to in the
apparatus described above. A controlled potential of
—1.45V vs. Ag/AgCl was employed, and the charge
consumed by the electrode process was calculated by
graphical integration of the current-time curves. Four
independent determinations gave n values of 2.27, 2.09,
2.18, and 2.05.

The suggested electrode process is therefore Rh (III)
+ 2e~ - Rh(I). The electrode reaction is undoubtedly
more complicated for [Rh(SacSac)3] than for the pre-
vious complexes, It shows substantial diffusion control,
irreversibility, and evidence for compound formation
or adsorption at the mercury surface. A feasible prod-
uct of the two-electron reduction of [Rh(SacSac)j]
would be [Rh(SacSac)2]—, isoelectronic with the well-
characterized planar d® complex, [Pd(SacSac).]. How-
ever, the reduction product is not identified by these
electrochemical studies.

It seems that, for [Rh(SacSac)s3], the completely
filled metal de subshell is associated with two proper-
ties; the highly negative E;/y value and the absence of
low energy ligand-to-metal charge transfer. In com-
parison, one-electron reduction of the d5 systems,
[Fe(SacSac)3], etc., occurs relatively easily to give
complex anions isoelectronic with [Rh(SacSac)3]; not
surprisingly, no further reduction is observed.

Reduction of [Rh(SacSac);] has been attempted
using zinc amalgam, sodium borohydride, and other
strong chemical reductants without success. This is
understandable in view of the polarographic data.

In conclusion, it appears that the polarographic
results for the present complexes are consistent with
their known chemical and spectroscopic properties.
The existence of new stable entities has been indi-
cated. Polarographic studies on other dithioacetylace-
tonato derivatives have been equally informative, and
will be reported shortly.

Manuscript submitted May 25, 1970; revised manu-
script received July 8, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
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Oxygen Adsorption on Gold and the
Ce(Ill)/Ce(lV) Reaction

R. A. Bonewitz*! and G. M. Schmid*
Department of Chemistry, University of Florida, Gainesville, Florida 32601

ABSTRACT

In 1N HCIO4 and in 2N H»SO,, “oxygen” uptake on Au electrodes begins at
1.25V vs. NHE. Using a roughness factor of 1.4, monolayer coverage (600
ucoul/cm?) is reached at 1.45V; a second monolayer is completed at 1.75V.
Oxygen, once adsorbed, is removed at approximately 1.3V. Thus, the kinetic
parameters of the Ce(III)/Ce(IV) reaction in 1IN HCIO4 and in 2N H.SO4
can be obtained at oxygen coverages ¢ = 1.5-2.0 and ¢ = 0.7-2.0, respectively.
Apparent exchange current densities, i,%, were obtained from low overvoltage
data (=10 mV). The charge transfer coefficient, « = 0.65 + 0.06, was deter-
mined from the slope of plots of log i,% vs. equilibrium potential. It is inde-
pendent of oxygen coverage in the range indicated. The apparent rate constant,
ko2, was calculated from i,2 and « to be k,¢ =~ 3 x 10—4 cm/sec in the range
1=60=2 (1.5 = ¢ = 2.0 in HC10,). Extrapolation of the data to 6 = 0 yields
ko =~ 12 x 10—* cm/sec. This change in k., can be interpreted as a change in
the potential across the inner double layer which appears as a change in ¢s,
A¢y = 7.9 mV. It appears that up to § = 1, oxygen adsorbs uniformly and is an
excellent electronic conductor which simply serves as an extension of the elec-

trode surface. The constancy of k.2 at 1 = ¢ =

2 indicates no changes in the

over-all structure of the interface in this region.

The influence of noble metal surface “oxides” on
redox reactions has been known for some time. Davis
(1) noted an increase in the standard rate constant of
the vanadium (IV)-vanadium (V) reaction on platinum
electrodes in the presence of surface oxides followed
by a decrease in the rate constant as the oxygen cov-
erage increased. A similar effect was shown for the
oxidation of oxalic acid and the reduction of iron (III).
Baker and MacNevin (2) found that heavy platinum
oxides decreased the electrolysis currents for iron (II)
and arsenic (III) by approximately an order of magni-
tude. Greef and Aulich (3) have shown that the re-
duction of cerium(IV) is inhibited more by platinum
oxides in perchloric than in sulfuric acid.

Anson (4,5) has explained the increased reversi-
bility of the iron (II) -iron (III) reaction and the iodate
and vanadium (V) reduction by an increase in electrode
surface area due to platinization upon oxide reduction.
Miiller, on the other hand, pointed out that the plati-
num oxides themselves can have a twofold effect. At
low oxide coverage they exhibit a catalytic effect on
the reduction of such molecules as hydrogen peroxide
(6, 7), thiosulfate (8,9), iodate (8), hypochlorate (10),
nitrous acid and hydroxylamine (8). Here the oxide
effects a catalytic heterogeneous dissociative adsorp-
tion breaking or weakening the X-O or X-OH bond
(X represents the main portion of the molecule) al-
lowing reduction to proceed more readily at more
anodic potentials than might ordinarily be found. As
the oxide coverage increases, however, the electro-
chemical charge transfer is inhibited and the reduction
current decreases. On the other hand, reduction of
such species as cobalt(III) (8,11) and oxygen (6,7)
is inhibited only. Thus the presence of surface oxides

* Electrochemical Society Active Member.

1 Present address: Alcoa Research Laboratories, New Kensington,

Pennsylvania.
Key words: oxygen coverage, gold, kinetics of redox reaction.

may have a variety of effects on the reaction of an
electroactive species.

Except for the work of Davis (1) no attempts have
been made to determine quantitatively the influence
of oxides on the standard rate constant of an electro-
chemical reaction. The present work was undertaken
in view of the theoretical interest attached to the
effect of adsorbed layers on reaction kinetics. The
system cerium (III) -cerium (IV) -gold was chosen be-
cause the cerium (III) -cerium (IV) reaction is a rela-
tively simple one and because gold is inert in acidic
solution. In addition, oxygen shows considerable hys-
teresis in its adsorption on gold (12,13) and the ki-
netics of a redox reaction can be studied for a variety
of oxygen coverages for any given equilibrium poten-
tial of the particular electrochemical reaction.

Experimental Procedure

The all-Pyrex cell was of standard design with the
reference electrode compartment separated from the
main cell by two ground glass stopcocks to prevent
chloride contamination of the test solution. It initially
contained a cylindrical platinum gauze polarizing elec-
trode (Engelhard Industries) of approximately 100 cm*
apparent area. Use of this electrode apparently caused
platinum plating at the test electrode. The gauze was
therefore plated with gold from a cyanide bath pre-
pared according to Rosebury (14). In measurements
where rapid stirring was important the gauze was
removed and replaced by a gold foil electrode. The
reference electrode was a saturated calomel electrode.
All potentials are reported with respect to the normal
hydrogen electrode.

The test electrode was a gold disk 0.071 em?2 in ap-
parent (geometric) area. It was made by pressure
sealing a gold rod (Engelhard Industries, Fine Gold)
into a Teflon mount according to Breiter (15). The
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test electrode was prepared by grinding with No. 1 to
No. 4/0 emery paper and then polishing the surface
with 600 grit alumina (Buehler). Excess alumina was
removed by polishing the electrode on a clean cloth
using copious amounts of water. The electrode was
cleaned with warm chromosulfuric cleaning solution
and rinsed thoroughly with triply distilled water be-
fore being placed in the cell. Before use all test elec-
trodes were electrochemically “aged” by holding the
potential alternately at 1.65 and —0.25V for 10 min
each. The cycle was repeated three times to bring the
electrode to a reproducible state.

All solutions were prepared from water first dis-
tilled from alkaline permanganate and then twice more
in a Heraeus quartz still. The supporting electrolyte
was 1N perchloric or 2N sulfuric acid prepared from
Baker reagent grade 70% perchloric or concentrated
sulfuric acid, Ultrahigh-purity perchloric acid (E.
Merck Suprapur), acid-washed charcoal, and acid
treated with H»O, according to Visscher and Devana-
than (16) did not affect the results and were therefore
not used.

Cerium sulfate solutions were prepared from G. F.
Smith reagent grade cerous and ceric sulfate without
further purification. The 0.IN stock solutions were
standardized with ferrous ammonium sulfate using
Ferroin as an indicator (17). Cerous solutions were
first oxidized with ammonium persulfate. When ceric
sulfate solutions were first oxidized and then standard-
ized, their normality was increased by 7.5%, indicat-
ing the presence of cerous ions. Test solutions were
prepared volumetrically from the standardized stock
solutions taking the amount of cerous ion in the ceric
sulfate into account. Solutions were made with either
the cerous or ceric concentration constant at 0.01N,
varying the other between 0.01 and 0.0008N.

Solutions were prepared, also, using cerous sulfate
which had previously been recrystallized three times
from triply distilled water. These solutions were elec-
trolyzed between gold electrodes to obtain the correct
ceric concentrations for the desired equilibrium po-
tential. In all cases the cerous concentration was 0.01N.
The concentrations were checked by the Brucine
method (18).

Cerium perchlorate solutions were prepared using
G. F. Smith reagent grade cerous perchlorate salt and
ceric perchlorate solution. Because perchlorates inter-
fere with the oxidation of cerous to ceric ion with
ammonium persulfate (17), silver (II) oxide was used
as the oxidant (19). When the ceric perchlorate solu-
tions were first oxidized and then standardized, the
normality increased by 3.5%, again indicating the
presence of cerous ion. Because of the high equilibrium
potentials, E., in perchlorate solutions (see below) and
the danger of irreversible oxidation of the gold at
potentials above 1.75V, only test solutions containing
0.01N cerous and from 0.001 to 0.0001N ceric ion were
used.

The solutions were purged of oxygen with a constant
stream of helium (99.99% pure). This gas was purified
by passing it through a 12 cm column of Linde 5A
molecular sieve pellets held at —78°C. All gas lines
were made of Pyrex glass and 5/16-in. Teflon tubing
connected with Teflon Swageloks.

The charge necessary to remove adsorbed oxygen
was determined by constant current cathodic strip-
ping. The potential from which stripping was initiated
was set with a Wenking 61TRS potentiostat allowing
the potentiostat to buck the current from a Hewlett
Packard 881A power supply. After waiting 10 min for
the oxygen coverage to come to steady state, the po-
tentiostat was removed from the circuit with a West-
ern Electric mercury wetted relay (total switching
time 1 msec), and the potential time curve was ob-
served on a Tektironix 549 storage oscilloscope. The
constant current from the power supply was measured
with a Keithley 602 electrometer. The current density
was usually 1.27 mA/cm?2 referred to the geometric
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area. Going in the anodic direction the electrode was
first held at potentials less than 0.5V where the surface
was free of adsorbed oxygen. The potential was then
set to a value in the range of 1.25 to 1.75V. After 10 min
at this potential, the constant cathodic current was
applied and the charge due to adsorbed oxygen was
obtained from the potential-time curve. Going in the
cathodic direction the potential was raised from a value
less than 0.5V to between 1.40 and 1.75V. The potential
was held there for 10 min and was then lowered to
the desired value =1.25V for another 10 min. The
electrode was then stripped, and the charge obtained
as before.

In order to determine the influence of cerium in solu-
tion on the charge due to the adsorbed oxygen on gold,
a linear cathodic potential sweep of 50 mV/sec was
applied, and the current was recorded as a function of
time with a Beckman Electroscan 30. The area under
the reduction peak represents the charge necessary for
removal of the adsorbed oxygen.

The apparent exchange current, i,%, for the ce-
rium (IIT) -cerium (IV) reaction was obtained at vari-
ous equilibrium potentials between 1.35 and 1.50V and
electrode coverages with adsorbed oxygen between
¢ = 0.7 and 2. First, the electrode was set for 10 min
at the anodic potential giving the desired electrode
coverage with a Wenking 61TRS potentiostat. The
potential was then lowered to about 15 mV above E.
as estimated from the Nernst equation, and the cur-
rent was measured at 5 mV intervals over a range of
30 mV through E.. These potentials could be set to
within 0.1 mV using a Keithley 660 guarded differen-
tial voltmeter. The current was determined by placing
a standard resistor (+0.1%) across the recorder output
of the potentiostat and measuring the potential drop
across it with a Keithley 602 electrometer. The ap-
parent exchange current was then calculated from the
slope of the potential-current curve taking into ac-
count the proper correction for mass transfer.

Results and Discussion

Cathodic stripping.—In preliminary work in 1N per-
chloric acid on etched disk electrodes, two types of
stripping curves were found, one with arrests at 1.25V
and at 0.75V, and one with only one arrest at 1.25V
(20). Several aspects of the electrodes with an arrest
of 0.75V were observed: (A) the total charge on the
electrode surface was the same whether one or two ar-
rests were present; (B) the length of the second ar-
rest was not dependent on the stirring rate, indicating
that it was not due to bulk solution impurity; and (C)
electrodes with an arrest at 0.75V showed higher H»
evolution currents (order of magnitude) at —0.25V
than did freshly prepared electrodes. The arrest at
0.75V appeared only on electrodes that were not re-
polished over a period of several weeks; then if they
were polished, the arrest disappeared.

Because the tendency of platinum to dissolve under
mild anodic conditions has been recently recognized
(21-24), contamination of the test electrode with
platinum from the auxiliary electrode seemed possible.
Therefore, an electrode with only one potential arrest
(at 1.25V) was cathodized in a 2% solution of plati-
num chloride in 2N HCI for 10 sec at 10—5 A/cm?. After
potentiostating for 10 min at 1.65V and at —0.25V
each several times, the arrest at 0.75V became apparent.
Simultaneously, the H, evolution current increased
from 10 to 200 mA/cm? at —0.25V. This is in agree-
ment with Breiter (25), who demonstrated that as
gold is made richer in platinum the activity of the
electrode towards the Volmer reaction increases. Thus
it appears that the arrest at 0.75V found in this labora-
tory (13,20) and by other workers (26) is due to
platinum deposition on the test electrode. After the
auxiliary electrode was goldplated, the arrest at 0.75V
was never detected and H; evolution currents always
stayed below 10 mA/cm?2 at —0.25V. The adsorbed
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oxygen is removed during cathodic stripping with 1.27
mA /cm? during a single arrest at 1.25V.

Charge-potential curves for a freshly mounted and
polished gold electrode (never used in the presence of
platinum) are shown in Fig. 1. The charge due to oxy-
gen adsorption differed from electrode to electrode by
+20%. Any one electrode could be reproduced to +5%.
Each point shown was done in triplicate in 1N per-
chloric and in 2N sulfuric acid. There were no differ-
ences in the two media, and the results were computed
together.

The charge values found here agree well with the
results of other work. For example, at 1.65V they are
within 10% of the data shown by Laitinen and Chao
(12), Vetter and Berndt (27), and Schmid and O’Brien
(13), and within 25% of those of Brummer and Ma-
krides (26). The values of Will and Knorr (28) are
some 35% higher. The hysteresis between the charge
found on electrodes cathodically pretreated and those
which were anodically pretreated has previously been
noted by Schmid (13) and by Laitinen and Chao (12).
A break at 1.45V in the curve coming from cathodic
potentials is apparent in Fig. 1 at 600 ucoulombs/cm?2.
Hickling (29) has calculated the charge equivalent of
a monolayer of divalent oxygen adsorbed on gold and
found it to be about 450 pcoulombs/cm2. Brummer and
Makrides (26) considered the break at 1.45V to be the
point at which a monolayer of divalent oxygen atoms
are adsorbed on the surface. Adopting this interpreta-
tion leads to the conclusion that the electrodes used
here had a roughness factor of about 1.4, a reasonable
value for mechanically polished electrodes. Brummer
and Makrides (26) found only 400 ucoulombs/cm? for
monolayer coverage. However, they were using elec-
tropolished electrodes which might be expected to have
a roughness factor very close to 1.0.

Various values have been given for the potential at
which oxygen adsorption on gold goes to zero. The
cathodic stripping data presented here show that this
potential is 1.25V, i.e., adsorption at this point is less
than about 25 xcoulombs/cm2, the smallest charge that
could be clearly measured in the present work. Brum-
mer and Makrides (26) concluded that the surface was
essentially free of oxygen below 1.3V and Huq (30)
found it free below 1.2V. Laitinen and Chao (12) find
oxygen adsorption at potentials as low as 0.65V. How-
ever, if one linearly extrapolates the major portion of
their charge curves to zero charge, one finds a value
of 1.25V. This is also the actual potential of the arrest
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Fig. 1. Charge vs. potential for oxygen adsorption, Au in IN
HCIO4 and in 2N H»S04.
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in their stripping curves. The electrodes used by Laiti-
nen and Chao were heated to 300°C. It has been noted
by Clark, Dickenson, and Mair (31) that the potential
arrest on annealed electrodes is followed by a region
of slope much less steep than one usually associates
with double layer charging. They suggest that this is
due to impurities in the gold accumulated on the sur-
face during heating. Apparently, Laitinen and Chao
mistook this for oxygen adsorption. Thus, it appears
that significant oxygen adsorption is absent at poten-
tials below 1.20 to 1.30V.

The cerium(III)-cerium(IV) reaction.—The cerium
redox couple shows different apparent standard po-
tentials in solutions containing various electrolytes.
Thus, in 2N sulfuric acid a formal potential of 1.44V is
found (32). Here, cerium(IV) is complexed to
Ce(S04) T+, Ce(S0y4)2, and Ce(S04)3=, with stability
constants of 3500, 200, and 20, respectively (32, 33).
Therefore, virtually all the cerium (IV) is in the form
of Ce(S04)3= and the activity of the free cerium (IV)
ion is considerably less than its formal concentration.
Also, about half of the total cerium (III) in solution
undergoes complexation to Ce(SO4) * (32,34). On the
other hand, in 1N perchloric acid the formal potential
is about 1.70V (32). This higher value is due to the fact
that neither cerium (IV) nor cerium (III) forms com-
plexes with the perchlorate ion. Instead cerium (IV)
hydrolyzes to Ce(OH) *3 which dimerizes to CeOCe 6,
the stability constant being 5.2 and 6.5, respectively
(32, 35). Cerium (III) apparently does not undergo any
reaction in perchloric acid (32). This difference in the
formal potentials between a sulfuric acid and a per-
chloric acid solution makes reaction kinetic studies
possible in various regions of oxygen coverage and was
used to advantage in this study.

Effect of cerium ion on electrode coverage.—Results
from potential sweep measurements showed an 11%
reduction in the charge associated with the oxygen
reduction peak in cerium-containing solutions as com-
pared to blank acid solutions. This is within the error
limits of the experimental procedure used in view of
a 5% reproducibility in the charge on the electrode
(stripping curve measurements), a 5% reproducibility
in peak area measurements, and a 5% reproducibility
of the Electroscan. It appears, then, that the oxygen
coverage of the gold electrode is determined only by
the potential pretreatment of the electrode and is in-
dependent of the cerium concentration in solution.
Greef and Aulich (3) obtained an identical result on
platinum. They concluded also that cerium had essen-
tially no effect on oxygen adsorbed on their electrodes.

The apparent exchange current—The polarization
resistance, Rp, was obtained as the slope of the po-
tential-current curves at =zero overvoltage. It is
thought to be composed of a charge transfer resistance,
Ry, and a diffusion resistance, R4, according to

Rp=Rt+Rd

RT(I ) RT §°
T aF 1% +nFﬁ

where y; and iq,; are the stoichiometric factor and dif-
fusion limiting current of species j. From this the
apparent exchange current, i,%, was found as a function
of oxygen coverage of the electrode by appropriate
selection of the initial anodic potential of the elec-
trode. As can be seen in Fig. 1, the coverage initially
set at potentials >1.30V is retained down to 1.30V and,
therefore, for a given E. in the range from 1.75 to
1.40V various initial coverages could be chosen. All
values for i, were averaged from three separate deter-
minations.

The results of these experiments are shown in Fig.
2-4. All values are given in terms of the true area by
using the roughness factor of 1.4 previously obtained.
The reproducibility of i,¢ in all sulfate solutions was

vj

id,j
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Fig. 2. Apparent exchange current, io% vs. coverage, Au in 2N
H2S04 with 0.01N Ce(lll) and A:1x 1072, [0:5x 1073, and O:
1 x 103 N Ce(lV) sulfate (recrystallized).
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Fig. 3. Apparent exchange current, io9, vs. coverage, Au in 2N
H2504 with 0.01N Ce(l11) and A:1x10=2, [(0:5x 1073, and O:
1 x 1073N Ce (IV) sulfate.
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better than +6%. Agreement between recrystallized
and unrecrystallized salts was good. A slight depres-
sion which appears in the i,2 for unrecrystallized salts
(Fig. 3) at 6 = 1.2 is not significant and is probably
due to the adsorption of impurities. The i, with
cerium(IV) = 0.01N is smaller by a factor of 0.8 in
unrecrystallized salts as compared with the recrystal-
lized ones. This is possibly due to the greater amounts
of impurities introduced in unrecrystallized solutions.
In perchlorate solutions, due to the large E. poten-
tials, the i,% could be obtained only for coverages of
# = 1.5 to 2.0. The relative standard deviation there
was less than 5%

The charge transfer coefficient.—The anodic charge
transfer coefficient, o, was obtained using the ex-
pressions (36)

(9 log i,9/0E;) ¢r = oF/2.3RT
and
(9 log i,9/9E.) ¢y = — (1 — «)F/2.3RT

where ¢, and ¢, are the concentrations of the oxidized
and the reduced species, respectively. Thus, « is ob-
tained from the slope of plots of log (i,%) wvs. E,,
keeping either ¢, or ¢, and the coverage with adsorbed
oxygen constant. One such plot is shown in Fig. 5
for 6 = 1.3, the coverage set at 1.55V. The slope was
determined by a least squares analysis (37), assuming
E. to be known precisely. At a 70% confidence level
a = 0.65 = 0.06 for all values of 6 between 0.7 and 2 in
both sulfuric and perchloric acid.

Values of « for the cerium (III) -cerium (IV) reaction
have been reported by other authors. Galus and Adams
(38) determined « to be 0.79 and 0.72 on platinum and
carbon paste electrodes, respectively. Vetter (39) de-
termined « to be 0.75 on platinum. The charge transfer
coefficient found here is somewhat less but not signifi-
cantly so. This indicates that the mechanism of the
cerium reaction is essentially independent of the elec-
trode material.

The constancy of « with oxygen coverage found here
is in agreement with the results obtained on other
systems. Davis (1) found no change in « with the ex-
tent of oxygen coverage of a platinum electrode for
either the vanadium(IV)-vanadium(V) or arse-
nic (IIT) -arsenic (V) couples. This same phenomenon
has also been found with adsorption of organic species.
Aramata and Delahay (40) found that « for the
zinc (IT) discharge on a zinc amalgam electrode was
not affected by coverage with n-amyl alcohol. Biegler
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Fig. 5. Plot of log io® vs. equilibrium potential, Au in 2N H2504
with Ce(l11)/Ce(1V) sulfate, oxygen coverage § = 1.3.
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and Laitinen (41) concluded that for the discharge of
cadmium (II), « possibly decreased slightly on mer-
cury, but this conclusion is not at all certain. On the
other hand, Miiller (10) found that for hypochlorate
reduction on platinum « decreases with coverage.

The standard rate constant.—From the data for i,¢
and «, the standard rate constant, k,%, was calculated
using the equation (36)

ioa — anoacr(lga) Co%

with « = 0.65. The concentrations ¢, and ¢, were taken
as their bulk values since the diffusion-limiting cur-
rents (not shown) are the same in both sulfuric and
perchloric acid and approximately of the magnitude
expected from the analytical concentration of ce-
rium (III) and cerium(IV) in solution. Thus, even
though the equilibrium potential is dependent on the
activity of free cerium, all the cerium is available
when needed for reaction. This means that there is no
limiting chemical reaction step and kinetic parameters
may be calculated on the basis of bulk concentrations.

Values of k,* vs. oxygen coverage are given in
Fig. 6. Each point on this curve was averaged from five
values in sulfates and four values in recrystallized
sulfates and perchlorates corresponding to the differ-
ent cerium (III) -cerium (IV) ratios obtained for each
coverage. The relative standard deviation was 7% in
unrecrystallized sulfates and *+17% in recrystallized
sulfates and perchlorates.

It is seen that in sulfates ko is approximately con-
stant at 4 x 104 cm/sec above § = 1.0, i.e., above
monolayer coverage with oxygen. This can be com-
pared to k¢ = 3.7 x 10~4 cm/sec (38) and 4.8 x 10—¢
cm/sec (39) found on platinum and k,* = 3.8 x 10—¢
cm/sec (38) on carbon paste electrodes. The similarity
between k,¢ found on different electrode surfaces in-
dicates that the energy of activation is essentially in-
dependent of the electrode surface for the cerium (III) -
cerium (IV) reaction. In perchlorates k. appears to de-
crease from 6 = 1.5 to 2.0. However, this is still within
experimental error and may not be significant. Further,
the point at 1.5 is based on limited data so that specu-
lation seems tentative.

The presence of adsorbed oxygen can have several
effects on an electrochemical reaction. (i) It can cause
a change in A¢., the potential drop across the compact
double layer, and since the electrode potential is kept
constant, this will result in a change in ¢», the poten-
tial drop across the diffuse double layer. This changes
the electric field and would directly affect k,® but not
«. (i1) Alternatively, the presence of adsorbed oxygen
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Fig. 6. Standard rate constant for the Ce(lll)/Ce(IV) reaction
on Au as a function of coverage with oxygen. @: Recrystallized
sulfates, Ce(lll) = 0.01N, (O: sulfates, Ce(lll) = 0.0IN, A:
sulfates, Ce(IV) = 0.01N, [J: perchlorates, Ce(lll) = 0.01N.
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could result in a change in the position of the effec-
tive plane at which the reaction occurs, leaving the
electric field unchanged. This would lead to a change
in the fraction of A¢. effective on the activation energy
and would thus change «. (iii) It could cause a change
in both A¢. and the effective plane of the reaction.
This would cause a change in both « and k.2 Finally,
(iv) a change in the reaction mechanism may lead to
a change in « and k,2.

The results presented here indicate that « is inde-
pendent of coverage, and possibilities ii, iii, and iv
can therefore be discarded. This means, as a first order
approximation, that there is no change in the reaction
mechanism and that the plane of the reaction is not
affected by the adsorbed oxygen, at least not with
respect to the potential across the compact double
layer. Because k,* does decrease, however, there must
be a change in A¢. with a concomitant change in ¢s.

This change in ¢o can be estimated from the follow-
ing consideration. Assuming that there is an apparent
standard rate constant for oxygen covered surfaces, k..
and one for bare surfaces, k., then the latter can be
obtained to a first order approximation by linear ex-
trapolation to 6 = 0 of the plot in Fig. 6. Thus,
ko =~ 12 x 10~ cm/sec. Then, writing

kot = kot exp [— (2r + o) F/RT ¢3] (36)
and
kot = kot exp [— (2r + a) F/RT ¢2']

where kot is the true standard rate constant and
z, is the charge of the reduced species, one obtains
Aps = ¢2 — @2’ = 7.9 mV as the difference in A¢. be-
tween a bare surface and an oxygen-covered surface
at any given potential E.

This small change in A¢. indicates that the adsorbed
oxygen is a good electronic conductor which con-
tributes only little to the potential drop in the compact
double layer. The adsorbed oxygen then acts simply
as an extension of the electrode surface, and the double
layer forms outside the adsorbed oxygen atoms as
usual. Thus, the over-all potential drop effective on
the electrochemical reaction is the same as before, less
a small potential drop of a few millivolts in the ad-
sorbed oxygen layers.

The gradual decrease in ko up to 6 = 1.1 indicates a
uniform adsorption of oxygen over the gold surface.
This occurs possibly by a continuous transition with
increasing potential from adsorbed water to adsorbed
oxygen, with little difference in the electron

H 9— Ho+
e —e
— Au---0

AN N\

H H
09— —e
— Au---0 —— Au=0
—H+
H Ho+

exchange through adsorbed water, adsorbed hydroxyl
radical and/or adsorbed oxygen.

The constancy of k., at higher coverages where
# > 1 indicates that once a monolayer is formed fur-
ther adsorption has little effect on the reaction rate.
This argues that there is little change in the over-all
structure of the interface in this range.

Au (0]
—H+

Au—O0

Conclusion

The adsorption of oxygen on gold electrodes in 1N
perchloric acid and in 2N sulfuric acid was measured
as a function of potential and potential-prehistory
using constant current cathodic stripping. Coming
from potentials <1.20V, oxygen uptake begins at 1.25V.
A slight inflection in the charge-potential curve at
600 wcoulombs/cm?2 (1.45V) is thought to indicate
monolayer coverage and corresponds to an electrode
roughness factor of 1.4. A coverage of ¢ = 2 is reached
at 1.75V. Coming from potentials = 1.35V the cover-



1372 J. Electrochem. Soc.:
age with adsorbed oxygen is essentially independent
of potential down to 1.35V. The electrode is free of
adsorbed oxygen at = 1.20V. Potential arrests found
in cathodic stripping curves below 1.20V are probably
due to platinum deposition on the gold electrode, either
from solution or from the interior of the electrode.

The kinetic parameters of the Ce(III)/Ce(IV) re-
action on gold in 1N perchloric acid and in 2N sulfuric
acid were obtained at coverages 6 = 1.5-2.0 and 0 =
0.7-2.0, respectively. Apparent exchange current den-
sities, i,%, were calculated from potentiostatic low over-
voltage data. The anodic charge transfer coefficient, a,
was determined, at constant coverage, from the slope
of plots of log i, vs. the equilibrium potential at
constant Ce (III) or Ce(IV) concentration. At the 70%
confidence level « = 0.65 + 0.06. Apparent standard
rate constants, k.9, were calculated from i,® and « to
k,* =~ 4 x 10~* em/sec, independent of coverage 1=4¢
= 2. Extrapolation of the data to ¢ = 0 yields k,* ~ 12
x 10—* cm/sec.

The slight change in k,* in going from 6 =0 to
# =1 (at constant potential) is considered to be due
to a change in the potential drop across the inner
double layer caused by the adsorbed oxygen accom-
panied by a corresponding change in the potential
across the diffuse double layer, ¢». The latter can be
calculated to 7.9 mV. Once monolayer coverage has
been reached, further adsorption to # =2 does not
change the potential drop across the double layer.

It seems that the adsorbed oxygen on gold in acidic
solution, as far as the Ce(III) /Ce(IV) reaction is con-
cerned, is an excellent electronic conductor, contributes
only little to the potential drop across the inner double
layer, and simply serves as an extension of the elec-
trode surface. There is little discernible change at
1=06=2 and this suggests no change in the over-all
structure of the interface in this region.
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Correction
In the paper “Oxygen Reduction on Oxide-Free
Platinum in 85% Orthophosphoric Acid: Temperature

[AG#* + (1 — B) (AG, — AGY) ]

and Impurity Dependence” by A. J. Appleby which
appeared on pp. 328-335 in the March 1970 JourNAL,
Vol. 117, No. 3, on p. 333, Eq. [1] should read

. kT
Yorward = FT (6*)[H*] ( ex

p ) ( (1 —B)FV
-exp— | ————
RT RT

) [1]



Oxygen Reduction and Corrosion Kinetics on

Phase-Oxide-Free Palladium and Silver Electrodes

as a Function of Temperature in 85%
Orthophosphoric Acid

A. J. Appleby*
Institute of Gas Technology, Chicago, Illinois 60616

ABSTRACT

Oxygen reduction on oxide-free palladium and silver surfaces has been
studied as a function of temperature in purified 85% orthophosphoric acid. In
each case, oxygen reduction is first order, and available evidence suggests
that on both metals the reaction

Oz + H30* + e~ > (OzH)

is the rate-determining step. Experimental activation energies, extrapolated
to the reversible oxygen electrode potential, are 22.4 + 2.0 kcal on palladium
and about 26 kcal on silver. Activity of the palladium electrode is only
slightly (< one decade) less than on platinum under the same conditions,
whereas silver is even less active than gold. On palladium, as with platinum,
the extrapolated activation energy includes a heat of adsorption term corre-
sponding to the effect of Temkin-type equilibrium adsorption of —O species
derived from water oxidation, which are present on the electrode under the
experimental conditions. This term may be eliminated by considering activa-
tion energies extrapolated to potentials at which —O adsorption is small, where
an activation energy difference between silver and palladium on the order of
9.8 kcal occurs. This suggests that the intermediate (OxH) is relatively strongly
adsorbed on palladium and only weakly on silver, and accounts for the rate
difference on the two metals.

Rest potentials of the metals are corrosion mixed potentials and the metal
dissolution reaction is fast in both cases so anodic processes are under Nernst-
ian control. Palladium passivates at potentials greater than 900 mV HRE.

No passivation of silver was observed.

Studies on oxygen reduction on silver and palladium
electrodes in acid solution have been reported rela-
tively infrequently in the literature.

On silver, Krasil'shchikov (1,2) reported a pH-
independent mechanism in neutral and acid solutions
down to pH 2, and suggested that under these condi-
tions the reaction

Oz + e~ = Oy~

is rate-determining. Akopyan (3) reported the effect
of temperature on the electrode reaction and Nikulin
(4) showed the specific effect of single crystal faces on
oxygen reduction. Bianchi et al. (5,6) have shown
that silver electrodes give Tafel slopes for oxygen re-
duction of 2 RT/F in 0.5M H»SOy4 at overvoltages even
higher than those for gold (7) under similar conditions.
Again, pH-dependence was shown to be small (5) at
least in the neutral pH range thus confirming Kra-
sil’shchikov’s mechanism (1, 2).

Palous and Buvet (8) also examined oxygen reduc-
tion on silver over a wide pH range. Their results
show an H* dependence for the reaction in the pH
range 0-2, with no pH dependence at higher pH. Hy-
drogen peroxide has been detected as a reaction prod-
uct (1-3, 5).

In contrast with acid solution the amount of work
reported on silver oxygen electrodes in alkaline solu-
tion is considerable and has been reviewed (9, 10).

Oxygen reduction on palladium electrodes was re-
ported by Sawyer et al. (11,12) to resemble that on
platinum in acid solution. In oxygen-saturated 2N
H»SO4 solution Hoare (13,14) reported rest potentials
of palladium electrodes of about 870 mV HRE and po-
tentiostatic Tafel plots of slope 102 mV/decade (14) for
oxygen reduction on electrodes that had been anodized,

* Electrochemical Society Active Member.
Key words: oxygen reduction, corrosion, palladium, silver.

then reduced. Damjanovic et al. (15-17) indicated that
Tafel behavior of oxide-free palladium and platinum
in dilute HC1O4 was almost identical, although palla-
dium electrodes were about 50 mV less active than
corresponding platinum electrodes. This and other con-
siderations, for instance, —O adsorption character (18),
suggest similarity of rate-determining step, which is
supported by ring-disk electrode experiments using the
two metals (19).

In this paper, oxygen reduction on and corrosion
behavior of phase-oxide-free palladium and silver
electrodes are studied in 85% orthophosphoric acid
as a function of temperature.

Experimental Techniques

The present series of experiments was conducted in
an all-silica cell (20) using the same galvanostatic
technique as in previous work (21). Temperatures
were maintained to = 0.2°C by means of an oil bath
or arefrigerated bath, as appropriate.

The electrodes used were palladium and silver foils
of 99.99% purity, with areas of approximately 1 cm2
The palladium foils were welded to gold wires and
were hung in the cell in Teflon sliding seals as des-
cribed in previous experiments (20). The silver foils
were similarly suspended in a separate series of ex-
periments, although in this instance silver wires were
used.

A gold counterelectrode was used in all experiments
to avoid the possibility of contamination of working
electrodes with electroactive deposits (as is the case if
platinum is used). For the same reason, the electrolyte
(85% orthophosphoric acid) was not given pre-elec-
trolytic purification treatment before being used in the
cell. Cleaning of the solution was done by refluxing
several times with 5% hydrogen peroxide, followed
by distillation of the excess water.

1373



1374

Oxygen or oxygen-nitrogen mixtures were supplied
to the cell via presaturators from a capillary flowmeter
gas mixing system and a purification train.

A dual isothermal bubbling hydrogen-85% phos-
phoric acid reference electrode was used, to which all
potentials throughout this paper are referred (HRE
potentials).

Results

Palladium electrodes.—Oxygen reduction data.—The
palladium foil electrodes were degreased with organic
solvents and washed with concentrated HCI, conduc-
tivity water, and the electrolyte itself before use. They
were then potentiostated for a short time in oxygen-
saturated electrolyte at 22.0°C at 350 mV HRE to re-
duce any residual oxide. After this preparation, elec-
trodes took up rest potentials in the range 895-898 mV;
these rest potentials fell by about 10 mV after 1-2 hr,
thereafter remaining constant. A descending cathodic
galvanostatic steady-state Tafel plot was then made
on each electrode, allowing sufficient time (5-15 min)
between points for a final potential to be set up at
each applied current density that varied by less than
1 mV/min. This polarization study was followed by a
similar ascending plot. These have been shown in Fig. 1
as “initial” Tafel plots. Results were very reproducible,
and Tafel lines could be accurately retraced forward
and backward.

Cathodic Tafel plots were also obtained by means
of the pulsing technique used in previous work (21).
Before each point was taken, the electrode was given
a series of anodic and cathodic galvanostatic pulses to
ensure that a surface in a reproducibly clean condition
was present. Potentials were read after 2 min at each
current density.

Pulses for palladium were restricted to 4+ 850---200
mV HRE. At the high potential, some dissolution starts
to occur. Below about 4200 mV palladium starts to
occlude large quantities of hydrogen. The plot for the
palladium surface in this clean condition is shown in
Fig. 1. The electrode is only slightly less active than
platinum under the same conditions and has a similar
Tafel slope (~RT/F).

Corrosion behavior.—Corrosion behavior was tested by
means of a steady-state anodic plot (Fig. 1). A Tafel
plot was obtained with the low slope of RT/2F in the
anodic direction. The slope led into what was appar-
ently a diffusion current at about i = 3.5 x 10-6 A/cm?2.
" Corrosion currents were estimated by extrapolation of
anodic and cathodic Tafel plots to their point of inter-
section (represented by dashed lines in Fig. 1).
The electrolyte in the cell was replaced after each
series of anodic polarization studies on the electrode.

Temperature dependence.—Results were repeated at
52.0°, 76.0°, and —3.0°C. Although the freezing point
of 85% orthophosphoric acid is normally quoted as
being 21.1°C, it may be supercooled to a very viscous
liquid at well below 0°C (22). Results obtained are
shown in Fig. 2-4. In the anodic polarization experi-
ments, no passivation was observed at 76.0°C, whereas
at the other temperatures studied the onset of passi-
vation occurred at a potential of about 900-930 mV.
At —3.0°C no definite corrosion behavior was seen in
the anodic plot, and anodic currents above 4.0 x 108

1000 T T TV LA T

W
O INITIAL PLOT, DESCENDING

800[— A INITIAL PLOT, ASCENDING Ong, 3
O PLOT ON CLEAN SURFACE L

| ANODIC PLOT B
Lol 1 I B o]
-6 -4

700 - SR
-8 -7 5

T T T TIT T e |

POTENTIAL, mV/HRE

109iq i, A/sacm

Fig. 1. Cathodic reduction of oxygen on palladium and anodic
production of Pd* * at 22.0°C.
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Fig. 2. Cathodic reduction of oxygen on palladium and anodic
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Fig. 3. Cathodic reduction of oxygen on palladium and anodic
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Fig. 4. Cathodic reduction of oxygen on palladium at —3.0°C

A/cm? resulted in passivation. Under these conditions,
palladium exhibits a behavior like that of platinum.

Tafel slopes and 1/« values for the oxygen reduction
reaction together with values of the exchange current
obtained by extrapolation of the Tafel line to the
reversible potential at each temperature are given in
Table I. Similarly, data for the anodic dissolution re-
action are given in Table II. The corrosion current
and the corrosion potential are in each case obtained
from the intersection of the extrapolated anodic and
cathodic Tafel plots.

Order of reaction in oxygen reduction.—A series of
experiments was carried out on the same palladium
foil electrode using oxygen partial pressures of 1.0,
0.26, 0.080, and 0.025 atm at 22.0°C.

The pulsing procedure mentioned previously was
used before each point to ensure that a reproducible

Table 1. Oxygen reduction on palladium

Slope, X
Temp, °C mV/decade 1/a iy, A/cm?
— 58 1.08 3.0 x 10-16
22.0 63 1.08 1.9 x 10-18
52.1 68 1.06 3.5 x 10-12
6. 71 1.04 2.2 x 101
Table 11. Palladium corrosion data
Anodic slope, teorrs Ecorr,
Temp, °C mV/decade 1o A/cm? mV/HRE
—-3.0 — — 1.7 % 10-8 905
22.0 31 0.53 1.7 x 10-7 888
52.1 32 0.50 1.6 x 10-¢ 849
76.0 35 0.51 6.3 x 10-" 830
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surface was present. Results obtained are shown in
Fig. 5, which also includes an anodic plot obtained at
0.025 atm oxygen partial pressure.

Inspection of the data indicates that oxygen reduc-
tion approximates to first order at constant potential
(Fig. 9).

Activation energy for oxygen reduction on palladi-
um.—Figure 6 shows an Arrhenius plot of extrapolated
ip values on oxide-free palladium, corrected to 1 atm
oxygen partial pressure. Activation energy at the re-
versible potential is 22.4 =+ 2.0 kcal, close to the
values previously reported on oxide-free rhodium
(22.0 kecal) and platinum (22.9 kecal).

Silver electrodes.—Silver foil electrodes were de-
greased, welded to silver wires, and mechanically
polished using graded alumina powders. They were
then washed in dilute nitric acid and lightly etched
in a dilute hydrogen peroxide-ammonium hydroxide
solution. Preliminary experiments established that
electrodes prepared in this way gave high results when
cathodically polarized, with nonstirring-dependent
reduction currents that were in excess of the limiting
current for the oxygen reduction in the electrolyte.
These high currents were apparently due to the re-
duction of passivating silver oxides and oxygen dis-
solved in the silver foil; such electrodes exhibited rest
potentials 100-200 mV higher than the eventual cor-
rosion potentials. The electrodes showed a limiting
behavior after cathodic polarization for 5-8 hr at 2.0
wA/cm?, after which consistent cathodic oxygen re-

2000

——- ANODIC DATA AT
& 0025 atm

-

©
o
o

®
o
o

POTENTIAL , mV/ HRE
~
o
<]

500 | |
Iogm\ ,A/sqcm

Fig. 5. Oxygen electrode on palladium at 22°C in 85% ortho-
phosphoric acid; effect of oxygen partial pressure.
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Fig. 7. Temperature dependence of cathodic reduction of oxygen
and anodic production of Ag* on silver in 85% orthophosphoric
acid.

duction Tafel plots could be obtained. Under these
conditions the rest potential (corrosion potential) of
the silver electrode was 360-365 mV HRE at 22°C. An
alternative preparation procedure, involving heating
the etched electrode in a stream of hydrogen at 330°-
400°C for 5-10 min followed by cooling under hydro-
gen, gave electrodes with the same properties as those
that have been electrochemically reduced. The oxygen
electrode and corrosion behavior reported here refer
to electrodes that have been prepared by final treat-
ment in hydrogen.

Oxygen reduction data.—Hydrogen-reduced electrodes
took up rest potentials of 340-345 mV HRE at 104.0°C
to 362-365 mV HRE at —5.0°C in the oxygen-saturated
electrolyte. A galvanostatic descending Tafel plot was
started immediately on immersion. As in the case of
the experiments on palladium electrodes, the silver
electrodes were left for sufficient time (2-5 min at each
applied current density) for stabilization of the po-
tential to within 1 mV change in 1 min. These plots
could be traced forward and backward several times
with little hysteresis. Potentials, once established at
any given current density, were very stable and
showed no tendency to decay. Preliminary pulsing of
the electrode galvanostatically between 50 mV HRE
and open circuit caused no changes in the Tafel plot.
Silver is thus insensitive to impurity deactivation when
acting as an oxygen reduction surface in acid solution.
Previous work has demonstrated that gold is also es-
sentially unaffected by impurity adsorption (23).

Tafel plots on different silver electrodes were gen-
erally within 10 mV at the same current density, the
differences between individual electrodes being tem-
perature independent. A series of Tafel plots for a
typical hydrogen-reduced electrode is shown in Fig. 7;
kinetic data as a function of temperature are given in
Table IIL.

Corrosion behavior of silver electrodes.—After com-
pletion of the oxygen reduction tests on the above
electrode a series of plots was carried out to show the
anodic behavior of the electrode as a function of tem-
perature. Ascending galvanostatic Tafel plots were
made at each temperature, starting from the open-
circuit potentials of the electrode, using a freshly pre-
pared electrolyte for each plot. At each applied cur-
rent density a stable potential was very rapidly at-
tained (within 30 sec. at the lowest current densities

Table 111. Oxygen reduction on silver

Slope,

Temp, °C mV/decade Ve i0,* A/cm?
—5.0 110 2.07 4.5 x 10-17
6.0 118 2.13 5.2 x 10-16
22.0 119 2.03 2.4 x 10-1
37.0 131 2.13 4.6 x 10-14
52.1 133 2.07 1.9 x 10-1
6.0 139 2.04 2.5 x 10-2
104.0 150 2.01 4.8 x 10-11

85% orthophosphoric acid.

*1i, values are approximate.



1376
Table IV. Silver corrosion data
Anodic slope, . Ecorr,
Temp, °C mV/decade 1/a tcorrs A/cm? mV/HRE
-5.0 62 17 1.35 x 10-8 364
22.0 62 1.06 8.5 x 10-% 363
37.0 65 1.06 2.8 x 10-7 358
52.1 66 1.02 8.1 x 10-7 353
76.0 71 1.04 4.2 x 10-% 352
104.0 72 .96 2.0 x 10 344

studied, within a few seconds at 10-5 A/cm?), and no
sign of passivation was observed. Normally the elec-
trolyte was gently stirred with oxygen at the rate of
20 ml/min, and it was noted that the potentials
achieved at each current density were somewhat de-
pendent on the rate of stirring, as was the case with
palladium. Table IV gives data on the corrosion po-
tential and corrosion current obtained by extrapolation
of anodic and cathodic Tafel lines, together with anodic
Tafel slopes and 1/« values as a function of tempera-
ture.

Order of reaction for oxygen reduction.—Tafel plots
were obtained on a silver electrode at oxygen partial
pressures of 1.0, 0.26, 0.080, and 0.025 atm at 22.0°C. The
plots obtained are shown in Fig. 8, which includes an
anodic plot at the lowest oxygen partial pressure
studied. The limiting current region of the plot at
0.025 atm merges with the plot for the hydrogen evolu-
tion reaction.

A log pOs-log i plot at constant potential is given
for the Tafel region of both palladium and silver elec-
trodes in Fig. 9. In both cases the oxygen reaction
order is close to unity.

Activation energy for oxygen reduction on silver.—Be-
cause of the difficulty of extrapolation over many
decades of current density back to the theoretical re-
versible oxygen potential, activation energy for oxygen
reduction has been estimated by plotting the current
densities at an overpotential within the measurement
range, at n = 960 mV (300 mV HRE at 22°C). Current
densities have been corrected to 1 atm oxygen partial
pressure.

An Arrhenius plot on this basis is shown in Fig. 10.
Activation energy is 15.5 =+ 0.8 kcal under these poten-
tial conditions. Tafel slopes for the oxygen electrode
on silver have close to theoretical temperature de-
pendence; the mean slope is 2.07 RT/F. Consequently,
assuming the same reaction is still rate determining
at the reversible potential, we may expect that the
activation energy at n = 0 to be 15.5 4+ a nF kcal.

For o« = 1/2.07 and n = 0.96V, a nF ~ 10.7. Thus the
activation energy at the reversible potential should be

500

400— ANODIC DATA AT 0.025 atm

o
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100—
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109 -7 -6
log,,i , A/sqcm

Fig. 8. Oxygen electrode on silver at 22°C in 85% orthophos-
phoric acid; effect of oxygen partial pressure.
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Fig. 9. Oxygen reduction reaction order at constant potential
(Tafel Region) on palladium and silver electrodes.
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26 28 30 32 34 36 38
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Fig. 10. Arrhenius plot of i at n = 960 mV, corrected for oxygen
partial pressure, for oxygen reduction on silver in 85% orthophos-
phoric acid.

about 26.7 kcal on silver for the primary charge trans-
fer step. This is somewhat greater than the value pre-
viously determined (23) on gold electrodes (23.6 kcal).

Discussion

Corrosion of palladium and silver.—Tables II and IV
indicate that the anodic log current-potential plots on
palladium and silver have slopes of RT/2F and RT/F,
respectively.

Because of the stirring dependence of the plots and
the fact that the dissolution reaction in silver has been
shown by Gerischer and Tischer (24) to have an ex-
change current considerably in excess of the current
range explored here, it is reasonable to suppose that
the reactions on both metals are diffusion controlled.

In such a case we can write for the anodic process

RT
E=E,+ —In [X?+]
zF

where E, is the standard potential of the electrode, and
X** is the concentration of the ion of valence z pro-
duced in the double layer by anodic dissolution.
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If the reaction is under diffusion control
o
DzF

Xz+ = (ia + i'c) = k (ia + i'c)

where i, is the imposed anodic current at potential E,
and ', is the current due to the cathodic process (oxy-
gen reduction) under the same conditions. In this ex-
pression D is the diffusion coefficient of X** and § is
the thickness of the Nernst diffusion layer. The other
symbols have their usual meanings. Thus

RT . .
E—E,=——In [k(ia +ic)]
zF

., . oF
1c=tcexp—R—T (E — E,)

where o is the transfer coefficient for the oxygen re-
duction reaction, and i, is the rate of the oxygen re-
duction reaction at potential E,, we obtain

ig = ! : (E —E;) —i ‘ (E — Ey)
g = — exXp — — — i.exp — — —
¢ k B RT ° ¢ ¥ RT ¢

This expression has a similar form to the Butler-
Volmer equation, and the right-hand term may be dis-
carded at comparatively small values of E — E,, when

0E/dln ia = RT/zF

The experimental Tafel slopes are close to RT/F for
silver and RT/2F for palladium, indicating dissolution
as Ag*t and Pd+*+ ions or complexes with the same
oxidation number. The passivation of Pd at about 900
mV appears to be due to the formation of a film of
Pd(OH); (25) or PdO. Corrosion of palladium under
these conditions is a result of its lower lattice energy
compared with that of platinum.

Oxygen reduction reaction.—Palladium.—Palladium
has a low Tafel slope for oxygen reduction (~RT/F)
and in this respect resembles platinum (21,26) and
rhodium (27). On all three oxide-free metals oxygen
reduction has been determined to be first order at
constant potential (21, 26, 27), implying that the
stoichiometric number (v) of the rate-determining
step is unity. It has been shown previously that an
RT/F Tafel slope with v =1 is not explicable if Lang-
muirian adsorption of reaction intermediates is as-
sumed. In the case of rhodium and platinum electrodes
in the phase-oxide-free state, a mechanism has been
proposed in which the heat of adsorption of the prod-
uct of the rate-determining step (—O.H) falls as the
total coverage of —O and —OH radicals derived from
water oxidation rises (26). The coverage of —O and
—OH rises linearly with potential (26) and the experi-
mental coverage potential data are explained in terms
of an isotherm in which adsorbed molecules are con-
sidered immobile and in which interaction effects are
accounted for in the second virial coefficient (Frumkin
isotherm or in the coverage range 0.1 <6 < 0.9, the
Temkin isotherm). When such an isotherm operates,
it effects the heat of adsorption of all adsorbed species
on the electrode (28). A similar explanation of the
effect of adsorbed anions on the hydrogen evolution
reaction, which assumes that the chemical potential of
the activated complex in the charge-transfer reaction
depends on the second virial coefficient for the adsorp-
tion of the adsorbed anion, was recently provided by
Parsons (29).

On this basis it can be shown that the observed Tafel
slope and oxygen reaction order, together with the pH
dependence at constant ionic strength, are consistent
with theory (21, 26,27). In view of the resemblance
of linear potential-scan oxygen pseudocapacitance data
on platinum (30,31) and rhodium (32) to that on
palladium (32) in acid solution, all of which may be
accounted for by Temkin behavior (31), it is reason-
able to suppose that the reaction
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Oz + H3O* 4+ e~ = (OgH) ags

is also rate-determining on palladium. This view is
supported by the similar experimental activation en-
ergies at the reversible potential on palladium, 22.4
kecal (27), and platinum, 22.9 kcal (21), for the oxygen
reduction reaction.

Silver.—On silver, —O and —OH equilibrium coverage
(from water oxidation) in the potential range where
experimental measurements were made may be ex-
pected to be low because the electrode potential under
these conditions was ~850 mV lower than the revers-
ible potential for oxide formation (33). In alkaline
solution, silver and gold electrodes show almost in-
distinguishable cyclic voltammetric scans (34), so on
this basis a generally similar —O adsorption behavior
would be expected, with low coverage (Langmuir
conditions) on both metals.

Experimental Tafel slopes on silver are approxi-
mately 2RT/F, and again oxygen reduction is first
order. As has been shown for gold and iridium (23),
these data are consistent with a primary charge trans-
fer under Langmuir adsorption conditions. Thus the
two possible rate-determining steps on this metal are

Oz + H3O*t 4 e~ > (O:H)
Oy + e~ - 0y~

Reaction A:
Reaction B:

Reaction A, involving a superoxide ion, is improbable
in strongly acid solution, although it has been postu-
lated by Krasil'shchikov (1,2) to explain his pH-
independent results for oxygen reduction on silver at
pH 2., However, rotating electrode results of Palous
and Buvet (8) show (gn/9pH); > RT/F at pH values
between 0 and 2 [see also ref. (5)]. On this basis Re-
action B, shown already to be the rate-determining
step on gold electrodes, appears to be the most likely
rate-determining step on silver. Both metals have
similar Tafel slopes (2RT/F) and similar activation
energies at the reversible oxygen potential (23.6 kcal
on gold, 26.2 kcal on silver).

The cyclic voltammetric data (34) imply similar
heats of adsorption for oxygenated species on gold and
silver. As this quantity, to a first approximation, is the
only factor that determines activation energy differ-
ences between electrode materials, the similar experi-
mental heats of activation on gold and silver are thus
accounted for.

Conclusions
The rate-determining step in oxygen reduction on
palladium and silver in strongly acid solution is a
primary charge transfer, in all probability involving
a proton
02 + HsO+ + e~ » —OH

Although both metals have similar activation ener-
gies at the reversible potential (22.4 kcal on palladium,
26.2 kcal on silver), the figure on palladium includes a
heat of adsorption term that depends on the equilibri-
um coverage of —O and —OH derived from water
oxidation adsorbed on the electrode (21,26). This
coverage is linearly potential dependent—that is, ad-
sorption follows the Temkin isotherm. For this reason
it is more legitimate to compare activation energies on
the two metals at potentials where —O coverage is
low. Under such conditions there is a marked differ-
ence in activation energy between palladium and sil-
ver. At a potential of 750 mV HRE, where both metals
can be expected to show low oxygen coverage (Lang-
muir conditions of intermediate adsorption), the ac-
tivation energy will be approximately

Ei — E3 + (a; — a2) nF

where E and « are the respective reversible potential
activation energies and transfer coefficients and n is
the overpotential. Taking n to be —500 mV (4760 mV
HRE at 25°C), with a3 = 1.0 (Pd), &y = 1/2.07 (Ag),
E silver-E palladium ~ 9.8 kcal.
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Thus, the intrinsic heat of activation for oxygen
reduction on phase-oxide-free palladium (in the ab-
sence of poisoning effects due to equilibrium —O and
—OH coverage) is appreciably lower than on silver,
which accounts for the much greater rate of the reac-
tion on palladium electrodes. Palladium and platinum,
both with d-band vacancy values of about 0.6 (18),
show similar oxygen reduction rates (15), whereas
gold and silver electrodes, both with filled d-bands,
give rates some orders of magnitude lower. The differ-
ence in rates in acid and alkaline solution for the latter
two metals is particularly striking.
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The Ultraviolet Photovoltaic Effect in Evaporated

Silver Bromide Conduction Cells

Joseph I. Masters

Technical Operations, Incorporated, Burlington, Massachusetts 01803

ABSTRACT

Ag/AgBr/Ag cells fabricated by a suitable masking of three overlapping
evaporations exhibit a photovoltage when one semitransparent silver electrode
is illuminated with 3650A light and the AgBr electrolyte layer is much thicker
than an absorption length for this radiation. Below a saturating illumination
of approximately 1 mW/cm?, a photocurrent proportional to the intensity of
illumination flows in an external circuit. In this linear range the quantum
yield is typically 40%; however, the energy conversion efficiency is only
about 0.01%. In general, discoloration and gradual cell deterioration were ob-
served as a result of photovoltaic operation. Conclusions are drawn from a
comparison, using the same cell, of photoconduction and of dark conduction
produced by an applied voltage. The former is characterized by a lower

internal resistance.

We are concerned with the specific cell Ag/AgBr/Ag
in which a current may be passed from one silver
electrode to the other through an evaporated AgBr
electrolyte film. The electrochemistry of solid electro-
Iyte cells employing various types of electrodes was
treated by Wagner (1,2), and several authors (3-9)

Key words: Dember effect, photolysis, solid electrolyte, thin films,

silver/silver bromide.

have studied mixed conduction in cells using electro-
lytes of compressed AgBr pellets or bulk AgBr crystals.
Recently, reproducible miniature rechargeable bat-
teries in the form of evaporated Ag/AgBr/Pt and
Ag/Agl/Pt concentration cells were fabricated and
studied (10).

On the other hand, photovoltaic activity from an
AgBr electrolyte in contact with Ag is less well known.
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In 1929, Vanselow et al. (11) reported voltages in the
millivolt range from the illumination of one electrode
of an (Ag, AgBr)/liquid electrolyte/(AgBr, Ag) cell.
Within the last decade, Eggert (12) investigated and
described a photovoltaic effect caused by the illumi-
nation of an Ag/AgBr/Ag sandwich cell in which the
AgBr layer was grown by brominating the surface of
a bulk silver substrate rather than by the evaporation
method employed here. The bromination method gave
poor sample reproducibility. It was, nevertheless, pos-
sible to make observations of linearity in response, a
high quantum yield, and a strong dependence on the
wavelength of the illumination. By employing the
evaporation method of deposition, reproducible cell
samples can be fabricated more readily, allowing a
convenient configuration for confirmation of earlier
findings as well as a more detailed view and further
study of the photovoltaic effect. The latter includes a
comparison of the transient and steady photocurrent,
believed characterized by both electronic and ionic
diffusion, with the predominantly ionic dark current
produced by application of a d-c voltage step.

Interest in the AgBr uv photovoltaic effect stems
from a general interest in quantum detection, as well
as from a parallel interest in evaporated AgBr as a
photographic recording surface. The charge separation
process associated with the effect almost certainly in-
volves the diffusion and trapping of photolytic species,
the basis of photographic sensitivity in AgBr systems.
Generally speaking, successful deposition of reproduci-
ble silver halide layers by evaporation is a recent
technology, and measurements of the type performed
in the past using relatively thick AgBr materials have
yet to be made on samples of thin evaporated AgBr
films and cell structures.

Cell Fabrication

Pinhole-free Ag/AgBr/Ag overlapping sandwich
cells were made by the successful evaporation pro-
cedure reported previously (10). Even in AgBr films
of submicron thicknesses, continuous coatings of a con-
tiguous domain structure are readily obtained, as
shown in the Fig. 1 electron micrograph of a 0.5u
film. The sequence of evaporations for cell fabrication
is shown in Fig. 2. The Ag and AgBr evaporations are
best performed in separate vacuum systems to avoid
bromination of the Ag electrodes by free bromine
present when AgBr is evaporated. In the purification

b

e i

A

Fig. 1. Electron micrograph of a 0.5 um evaporated AgBr layer

\ i
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ot 3200A

Fig. 2. Schematic of overlapping configuration
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of AgBr used in this work, the prevalent impurities
are silicon, iron, lead, and copper. Normally, the con-
centration of silicon is held to less than 25 ppm, and
the remaining impurities to less than 5 ppm. Further
purification results from deposition of the AgBr by
evaporation.

Ag/AgBr/Ag cells were made with an AgBr cover-
age of 8 mg/cm?, and as a check on thickness depen-
dence, two cells were covered with 3 mg/cm?2 of AgBr.
Films in this thickness range approach a density equal
to the bulk density of 6.5, yielding thicknesses esti-
mated, respectively, of 13 and 5 um. The bottom Ag
electrodes were deposited to an arbitrarily opaque
thickness on a glass substrate. The top electrodes were
deposited to give about 20% transparency at 32004, the
approximate peak of the uv window in silver.

After fabrication, the cells’ electrolyte resistance
was measured with a 1000 Hz a-c bridge and their
open-circuit voltage with a high-impedance vacuum-
tube voltmeter. The cells with a 3 mg/cm? layer of
AgBr had an a-c resistance in the 21-25 ohm range,
and the a-c resistance of cells with an 8 mg/cm?
layer of AgBr was in the 42-46 ohm range.! The non-
linearity in the dependence of the measured values of
electrolyte resistance with electrolyte thickness is an
expected consequence of boundary effects (see follow-
ing section). In general, measured values of AgBr thin
film resistivity at room temperature are about 3 to 4
order of magnitude lower than bulk crystal values be-
cause the films are structure-sensitive and conduction
along low resistance domain boundaries predominates.

Because of the chemical symmetry of the cells, they
would be expected to have no open-circuit voltage.
However, this was not the case. Cells produced by the
method indicated in Fig. 2 had what appeared to be a
random distribution of open-circuit voltage in the
0.0001 to 0.0005V range, with the top electrode always
positive. The effect is believed to result from a differ-
ence in electrode potentials caused by a difference
in the stress at the two electrodes, in turn caused by
the shrinkage of the AgBr deposit in cooling to its sub-
strate temperature. This suggests that the bottom Ag
electrode remains under compression with respect to
the top electrode. Support of this hypothesis is given
by some related work on the deformation potential in
solid-state cells (13).

In the measurements reported here, corrections for
the deformation potential are made as required. How-
ever, measurements are normally under closed-circuit
conditions, causing a relaxation of the open-circuit
deformation potential to a much lower value.

Total Dark Conductivity

In an ionic semiconductor such as AgBr, conduction
at room temperature is predominately by interstitial
Agt ions and silver ion vacancies, V—. In addition,
there is a small electronic contribution to the con-
ductivity. The magnitude and type of the electronic
portion of the total conduction (electrons or holes)
depends on the AgBr sample’s metal/nonmetal ratio.
A silver excess, established by equilibration of AgBr
with an Ag electrode, results in an electronic current
predominately by conduction band electrons, and to
detect it, the much greater ionic current must be sup-
pressed by the use of a blocking or inert material such
as carbon as the positive electrode (3). However, when
a d-c voltage below the decomposition voltage is ap-
plied to an ideal Ag/AgBr/Ag cell, Ag* ion transport
between the Ag electrodes is unblocked and ohmic, and
the electronic contribution to the total conductivity is
negligible. Nevertheless, in practice, the reactions that
take place at the positive and negative silver electrodes
are not reversible, and a significant amount of elec-
trode resistance to Ag* ionic flow is encountered, gen-
erally much larger than the resistance within the thin
electrolyte. This is especially noticeable if no attempt
is made to fabricate graded or porous electrodes.

1 Stated values of cell resistance, current, capacitance, etc., are
for an effective cell area of 1 cm?,
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It is significant that R, the resistance to the ionic
current at the electrodes, is caused by a capacitive
pileup of ionic carriers unable to exchange charge
with the electrodes freely. As a first order approxima-
tion, the polarization lends itself to a parallel R, C
representation of the electrode interface impedance
shown in the circuit analogue insert of Fig. 3. The
build-up of cell voltage V to the steady state for this
circuit is given by the exponential function

\%4 R

] = 1
V. "RiIR {1 — exp [~ (RL + R)/RLRC]t} [1]

in which V, is the applied voltage, R and C are con-
stants, and where we have safely neglected the
small contribution of the electrolyte resistance term
R, << R.

We may note here that the standard method of de-
termining R, is suggested by the circuit analogue,
namely the substitution of d-c by an a-c voltage of
frequency high enough (>0.1 kHz) to reduce the elec-
trode impedance to a relatively low value of capacitive
reactance. The a-c method, in which an impedance
bridge is usually employed (10), yields upper bound
values of R, that may include a contribution from
electrode resistance that is in effect not capacitively
shunted.

From Eq. [1] the time constant of the equivalent
circuit may be broken down as follows

when

RL>>R, 1=RC [2a]
when

R>>Ry, t=R.C [2b]
and for the matching condition

Br=R, 3=RC/2 [2¢]

In an actual cell a dependence of R and C on cell
voltage, as well as differences in conduction at the two
electrodes, is expected. These factors are neglected in
this simple model. Nevertheless, it is a guide in the
evaluation of a typical cell’s dark current response to
a d-c voltage step.

By using an external circuit as shown inserted in
Fig. 3, typical rise and decay curves of cell voltage
were recorded for applied voltage steps from 0.003 to
0.03V. The electrode capacitance C derives from a very
thin double layer and for cell voltages <0.015V, is in
the order of 1000 uF/cm2. Therefore, the use of load
resistances smaller than a matching load was done in
accord with Eq. [2b] at a sacrifice in accuracy to avoid
a sluggish transient. Note that even in this low volt-
age range, the curves do not asymptotically approach
a true steady state. Rather the room temperature mass
transfer of silver from the positive to the negative
electrode appears to cause a continuous increase in
the value of R, which may be accompanied by some
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Vv CELL VOLTAGE
Re ELECTROLYTE RESISTANCE
015 |- R ‘LOADRESISTANCE

T T T T T T
R,C ELECTRODE INTERFACE RESISTANCE
AND POLARIZATION CAPACITANCE

Vo:0.025 V, Ry =33K, Rz 40K £20%
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Fig. 3. Transient cell voltage, Ag/AgBr/Ag conduction cell
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irreversible cell deterioration. Accordingly, cell pa-
rameters cannot generally be considered constant but
depend on cell history.

To compare the dark current’s slowly increasing R
values with the smaller internal resistance encountered
when the cell is operated as a photovoltaic element,
it was necessary to assume the attainment of a quasi-
steady dark current after an arbitrary 5 min time lapse,
roughly the time allowed in the measurement of
quasi-steady photocurrents. Thus, R is calculated from
Eq. [1] for t = o0, but using values of cell voltage ob-
tained from the curves of Fig. 3, at time t = 5 min.
The uncertainty of calculated effective internal re-
sistance values (Fig. 4) includes variations caused by
hysteresis observed as a result of reversing both the
order of the measurements and the polarity of the ap-
plied voltage. We note, however, an indication of an
increase in internal resistance with decreasing values
of the cell voltage.

The Photovoltaic Effect

Theory.—The photovoltaic effect produces a poten-
tial difference between the electrodes of a symmetric
Ag/AgBr/Ag cell. The phenomenon is observed if an
asymmetry existis in the density of photolytic species
as a result of the absorption of light close to a partially
transparent electrode. If, for example, a 10—3 cm thick
Ag/AgBr/Ag sandwich cell is illuminated with 4600A
light, for which the absorption coefficient is relatively
low (a == 102 em~—1), then asymmetry in the distribu-
tion of photoelectrons and photoholes would be negli-
gible, with no possibility of a detectable electrode
potential difference. In such a thin cell, asymmetry is,
however, assured by illuminating with light of wave-
length below 4000A, where the absorption coefficient
in AgBr rises sharply with decreasing wavelength. At
the wavelength of the convenient mercury 3650A line,
« is approximately 10¢ em~!, corresponding to an ab-
sorption depth of 14 in the AgBr electrolyte.

Clearly, the effect must depend on certain prop-
erties well established in AgBr crystals at room tem-
perature, namely, a sufficiently small recombination
rate for photoelectrons and photoholes allowing their
migration to trapping sites. The trapped photoelectrons

05 |- R,DARK CURRENT-

INTERNAL RESISTANCE (ohms)

R, PHOTOVOLTAIC CURRENT+30 PERCENT

4 | 1
0.005 0.01 0015
dc CELL VOLTAGE

Fig. 4. Internal resistance. Ag/AgBr/Ag conduction cell dark
current, photovoltaic current,
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attract available interstitial Ag+ ions, forming neutral
silver atoms. A photohole can be trapped and neutral-
ized by an existing negative silver ion vacancy V-,
or alternatively, by forcing a lattice Ag* ion into an
interstitial site. A bound neutral bromine atom is thus
formed.

Because of their much greater drift mobility (ap-
proximately 2 orders greater than the photohole mo-
bility and with a diffusion length roughly half the
thickness of a 13 ym cell), an appreciable fraction of
the photoelectrons are trapped at depth in the AgBr
layer, a small fraction possibly reaching the unlighted
electrode. This leaves a net positive space charge near
the lighted electrode due to the concentration of two
relatively immobile species; the photoholes and the
excess of interstitial Ag* ions resulting from the neu-
tralization of trapped photoholes. In the absence of
appreciable electrode charge transfer leading to an ex-
ternal photocurrent, this electrolyte polarization is ex-
pected to produce an induced or Dember effect photo-
voltage (14), measurable at the electrodes and with
the lighted electrode positive. Of interest here, how-
ever, is the more complex photovoltaic effect that
supports an external photocurrent of electrons from
unlighted to lighted electrode and depends upon a
charge transfer at both electrolyte-electrode interfaces.

The mechanism of negative charging of the unlighted
electrode is postulated as follows: We assume that the
aforementioned positive space charge prevents the
lighted electrode from supplying Ag* ions to the elec-
trolyte to make up for those that are neutralized by
photoelectrons at trapping sites. Instead these ions are
supplied primarily by the unlighted electrode giving
this electrode a negative charge. The unlighted elec-
trode is thus consumed by the flux of injected Ag+
ions which numerically approaches the external photo-
current flux. A mechanism providing for the numeri-
cally equal charge transfer required at the lighted
electrode is, however, less certain, as indicated by the
variety of competitive reactions listed in Table I.

As a result of the photocurrent, the lighted elec-
trode’s silver mass is increased or decreased to the ex-
tent of plating or bromination as described in reac-
tions of the type 3a or 3b (Table I). The photocurrent’s
quantum yield is less than unity to the extent of direct
electron-hole recombination and noncontributory re-
actions of the type 3b. Departure from this optimum
conversion would result from the arrival of some of
the photoelectrons at the lighted electrode, the very
unlikely arrival of the much shorter range photoholes
at the unlighted electrode, or the lighted electrode
acting as a donor of Ag* ions to replenish the electro-
lyte. These activities, assumed suppressed for cell
thicknesses large compared to the illumination’s ab-
sorption depth, cancel photovoltaic collected charges.
In terms of quantum yield they are, therefore, twice
as costly as recombination alone.

We must also account for a possible bromination
(discoloration) of the lighted electrode. Bromination
would require diffusion of normally bound neutral
bromine atoms through the lattice toward a boundary.
Although unlikely in a pure crystal, the outer layer of
a thin AgBr film is a dislocation region which can
support the diffusion of halogen atoms (15). This re-
lates to experiments (16, 17) in the vacuum photolysis
of thin silver halide films indicating that light ab-
sorbed close to the surface causes appreciable Brs
evolution from the surface. The positive vacancy left
by a diffusing neutral Br atom may be neutralized by

Table I. Lighted electrode reactions

Charge transfer by photohole migration: h + e - Br-
Charge transfer by electrons from external photocurrent that
neutralize h and Ag+ in electrolyte:
(a) e + h— Br- (recombination)
(b) e + Ag+-— Age (print out)
3. Results of Ag* and Bro generated by trapped photoholes:
(a) Ag* + e— Ag® (charge transfer, with plating)
(b) Br® + Ag° - AgBr (bromination, no charge transfer)

L=
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a neighboring Ag+ lattice ion jumping to an intersti-
tial site (leading to reactions 3a or 3b, Table I), or by
an electron (reaction 2b). Alternatively, a V- va-
cancy may trap and thus neutralize a photohole, this
neutral center then diffusing to the Ag/AgBr boundary
(18). Note, the diffusion of bromine atoms toward the
nearby lighted electrode, followed by electrode bromi-
nation (reaction 3b), is in itself a neutral process in
the sense that it fails to charge the lighted electrode
positively. However, to the extent that interstitial
Ag* ions, generated in the aforementioned production
of neutral Br atoms, are in turn neutralized at photo-
electron trapping sites or serve to replenish those
previously so neutralized, bromination represents a
loss in the collection of photolytic charges and, from a
quantum yield viewpoint, is equivalent to recombina-
tion.

Response of photovoltaic cells.—The photovoltaic
effect exists as an open-circuit cell voltage and does
not require an external circuit. For a continuous uv
illumination of the lighted electrode, the open-circuit
voltage increases, but various loss phenomena cause
the cell voltage to reach a quasi-steady value. Under
closed-circuit conditions continuous uv illumination of
the lighted electrode is partially converted, as dis-
cussed above, into a quasi-steady d-c photocurrent
with the lighted electrode as the positive electrode.

The photovoltaic effect in the Ag/AgBr/Ag cell is a
conversion process that alters, essentially irreversibly,
the original structure. At best, the unlighted electrode
is consumed and reappears as printout silver at trap-
ping sites. This case might be approached with low
current levels (low light intensity) and with small
values of load resistance. On the other hand, the use
of large light levels or a large load resistance appears
to saturate the mechanism and to intensify the com-
petitive processes of electrode bromination. In view
of the dynamic nature of the irreversibility, defining a
saturating radiant power level is difficult. For the
cells tested, however, it was found that illumiration
exceeding P = 1 mW/cm?2 of 3650A light caused in-
dications of saturation, and therefore measurements
were made at lower levels of illumination. Here we
do not make the distinction between saturation in
terms of nonlinear response, or intensification of cell
deterioration, hysteresis effects, electrode discoloration,
ete.

A study of the transient and steady behavior of the
photocurrent generated by photovoltaic cells was car-
ried out by illuminating the covering electrode of
each cell with a spatially uniform light beam from a
calibrated 3650A source; i.e., radiation in the 3650A
line from a stable mercury arc was isolated with suit-
able filters, and its radiant power measured with a
thermopile. The intensity was varied using attenuators
that were also calibrated at 3650A. The photocurrent
generated by a cell was recorded as the voltage com-
mon to both the cell and/its parallel load resistor,
which was varied in the 102 - 105 ohm range. Variation
of the load provided data for calculating the effective
internal resistance and for studying the dependence
of response time on load resistance. The illumination
of the cells was in the range from P = 0.03 mW/
cm? - 1.0 mW/cm?2, which allowed an observation of
linearity and quantum yield.

Typical response curves for 13 um thick cells under
various loads are shown in Fig. 5 for cells illuminated
with light at an intensity level of about 0.3 mW/cm2.
When R << R, the cell behaves as a current source
and the quasi-steady current is nearly independent of
the load. The transient is roughly exponential, and the
rise time, which is the order of 1 sec for R, ~ 102
ohms, increases with Ry.

The specific origin of the transient portion of the
photocurrent is uncertain, because of the variation in
the character of conduction throughout the electrolyte.
However, some insight may be gained by satisfying
charge conservation conditions. At the onset of illumi-
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Fig. 5. Photovoltaic response of a 13 um Ag/AgBr/Ag cell to
36504, 0.3 mW/cm? illumination.

nation, if the proximity of photolytic charge genera-
tion causes charge transfer to one electrode? charge
neutrality of the cell is satisfied, not entirely by an
equal and opposite charge on the other electrode, but
partially by an excess of charges of opposite sign in
the electrolyte. For example, if nearby photoholes first
charge the lighted electrode positively (reaction 1,
Table I), cell neutrality may result from a V— excess
created by a loss of Ag* interstitials to electron trap-
ping sites, and from some yet unneutralized sites,
rather than by a negatively charged unlighted elec-
trode. The transient phase of the photocurrent then
appears to be due to a sluggishness in the actual nega-
tive charging of the unlighted electrode by the sug-
gested electrode reaction Age - Agt + e. This reac-
tion describes Ag* injection into the AgBr lattice that
would be enhanced by the arrival at this electrode of
the diffusing V— species. The combination of low ion
mobility and electrode impedance, the latter as de-
scribed previously under dark conduction, are believed
responsible for the sluggishness.

As in the case of dark ionic conduction (Fig. 3), a
true steady photocurrent is not observed because the
cells deteriorate slowly. Once the cell is illuminated,
the transient response (as shown in Fig. 5) is fol-
lowed by a plateau in photocurrent of several minutes
duration, and then a gradual decay. For example, when
a 13 um thick evaporated cell connected to a 1 kohm
load was illuminated for a prolonged period by a 3650A
beam for which P = 1 mW/cm?, the photocurrent fell
by 30% in 1 hr.

Plateau values of the photocurrent iy, iz, . . ., obtained
by using various load resistances Rpi, Ris, ..., are in
approximate agreement with the ratio

it (R2+ R)

i2 (Rui+R)

This formula applies in the case of an emf in series
with an internal resistance R that is independent of
the load, as in a battery. From this formula, R is de-
fined as the effective internal resistance of an
Ag/AgBr/Ag photovoltaic cell. Not only was the photo-
voltaic internal resistance found to be approximately
independent of the load, but it was also nearly inde-
pendent of P. The estimated over-all accuracy in de-
termining the photovoltaic internal resistance is +30%.

When a dark cell’s internal resistance is compared
to the same cell’s internal resistance to a photocurrent
the latter is, therefore, constant over the applicable
photovoltaic cell voltage range (see Fig. 4). It is also

2 For a short duration after jllumination (<0.1 sec) nearby photo-
electrons may charge the lighted electrode negatively prior to dom-
inant positive charging. This effect, which was not observed using
the slow recording techniques of this experiment, has been reported
(11, 12) in cases where positive hole migration was chemically sup-
pressed using a halogen acceptor between electrode and electrolyte.
The cell voltage resulting from such charging should endure for a
time 7 ~ R.LC: where Ci is the relatively small interelectrode ca-
pacitance of the cell.
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much less than the voltage-dependent internal resist-
ance of the dark current. For either type of cell opera-
tion we recall that R >> R,, so that the origin of the
difference in R lies in a comparison of electrode re-
actions. The unlighted electrode of an Ag/AgBr/Ag
photovoltaic cell and the positive electrode of the same
cell supporting dark conduction are assumed doner
electrodes with similar roles, in the sense that they
both supply Ag+ ions to the electrolyte. The photo-
voltaic cell’s lower resistance may be due in part to a
larger V— concentration at its doner electrode due to
photolysis, or to dissimilarities at the acceptor elec-
trodes of the two cell types. At the dark conduction
cell’'s acceptor electrode plating occurs, reaction 3a,
Table I; whereas the reflecting surface of the photo-
voltaic cell’s lighted electrode, after prolonged uv ex-
posure (cited above), shows discoloration attributed
to bromination on an area strictly confined to the ex-
posure region with no evidence of silver plating. These
observations indicate that the electronic transport re-
actions 1 and/or 2, Table I, support the steady photo-
current whereas reaction 3b dominates over 3a and
causes bromination. A technique to show the relative
frequency of occurrence of reactions 1 and 2, which
would give evidence of photohole diffusion length, does
not seem possible in this type of experiment.

Quantum yield.—Determination of the quantum
yield of the photovoltaic effect involves the use of
the formula

@ = 3.2 x 103i/gP electrons/photon

where i is the photocurrent in amperes for a 1 cm?
cell, P is the intensity of the incident 3650A illumina-
tion in mW/cm2, and g is the fraction of these uv
photons transmitted by the silver covering electrode
(lighted) to the AgBr electrolyte. Values of the quasi-
steady current i were obtained by measuring the volt-
age across the cell’s load resistance with a precision
digital voltmeter. The radiation intensity was mea-
sured with a calibrated thermopile. Unfortunately,
because of the large uv absorption coefficient in AgBr,
8 was not measured directly. Instead the 3650A trans-
mission of the partially transparent electrode film was
measured at a region off the cell where it was not
backed by the AgBr layer. However, as a result of
equilibration with evaporated AgBr or cell aging
caused by photovoltaic operation, this technique
leaves some doubt as to the transmission of the part
of the silver film covering the cell surface. Since such
factors would tend to reduce the effective silver thick-
ness of the covering electrode film, and hence increase
B, the calculated values of @ are taken to represent, at
best, an upper bound approximation of the actual
quantum yield. For P < 1 mW/cm?, 13 um thick cells,
for which the measured value of 8 = 0.017 +20%, pro-
duced calculated values of @ = 0.4 +20%. This is in
rough agreement with a similar determination by
Eggert (12) for cells containing a 10 um thick layer of
AgBr fabricated by bromination of an Ag base. The
photocurrent measurements reported here were per-
formed on fresh cells and therefore represent a mini-
mum of cell usage. The calculated value of @ decreases
with prolonged use in proportion to the decrease in
photocurrent. In the case of the thinner 5 um cells
the quantum yield was considerably less, namely,
Q = 0.1 to 0.15, presumably a result of the aforemen-
tioned competitive phenomena arising from the prox-
imity of the unlighted electrode.

The efficiency of converting radiant power into use-
ful electrical power is

n = 12R.103/P = Q26FR./10%

where F = gP is the radiant power in mW/cm? de-
livered to the electrolyte, and the condition R;, = R is
implied for optimizing n. For the configuration of the
cells tested, in which g is the order of 0.01 and hence
the saturation value of F = 10—2 mW/cm?, the conver-



Vol. 117, No. 11

sion efficiency is very small, namley, n = 0.0001. It
would appear that n should increase if g and P are in-
creased. For instance, the efficiency of solar cells does
not become large (n = 0.1) until the power input ap-
proaches the solar constant (P = 100 mW/cm?2). How-
ever, more than likely any increase in the value of F
above the aforementioned estimated saturation limit
will bring down the value of @, and no increase in 7
will be realized. Relevant to this argument are some
measurements by Eggert (12). Although his data are
widely scattered, there is evidence of a decrease in @
as g is increased above the value of g = 0.01 employed
in this investigation.

Manuscript submitted Dec. 3, 1969; revised manu-
script received July 17, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
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Correction

In the paper “Theory of the Separation in Displace-
ment Electrophoresis” by G. Brouwer and G. A.
Postema which appeared on pp. 874-878 in the July
1970 JournaAL, Vol. 117, No. 7, on p. 876, Eq. [17]-[19]
should read

Bik = Ei/Ex [17]

it results in
Q
akCxk
P SR (18]
K=G pc/uK — Bik
for

1< Bk < pe/pn [19]



JOURNAL OF THE ELECTROCHEMICAL SOCIETY

SOLID STATE

SCIENCE

NOVEMBER
1970

Steady-State Chemical Potential Profiles in
Solid Electrolytes

N. S. Choudhury and J. W. Patterson

Department of Metallurgy and Engineering Research Institute, lowa State University, Ames, Iowa 50010

ABSTRACT

Steady-state chemical potential profiles in a solid electrolyte under open-
circuit and ion-blocking conditions, may be obtained by balancing the steady-
state flux at points inside the electrolyte. Steady-state oxygen chemical po-
tential profiles inside a scaling layer of thoria and inside yttria-doped thoria
specimens under open-circuit and ion-blocking (d-c polarization) conditions

are illustrated in special cases.

Wagner (1) has shown that the oxidation of metals
may be treated quantitatively in cases where the tar-
nishing is rate limited by steady-state transport through
the tarnishing layer. Many other problems may be
considered which also conform to this type of irrever-
sible thermodynamic steady-state treatment. A partial
listing might include specific diffusion problems and
thermal conduction problems as well as problems in-
volving charge conduction through mixed conductors
with various blocking electrodes. The important fea-
ture common to all such problems is that quantitative
expressions for local internal transport fluxes may be
integrated over the length of the transport medium.
By this integration device, the steady-state flux may
be written in terms of the boundary values of the
driving force potential, i.e., the limits of integration.
To arrive at explicit relationships, however, one must
know how the transport parameter (thermal conduc-
tivity, for example) depends on the magnitude of the
potential (temperature or thermal energy, for ex-
ample). Here we are concerned with the problem of
deducing steady-state profiles for certain of these
potentials inside transport media for which the re-
quired conductivity dependences are known functions.

In particular we are concerned with deducing the
steady-state chemical potential profiles (ux, or equiva-
lently log Px, vs. x) inside MaXp mixed conductors
subjected to selected boundary conditions and/or
boundary values for log Px,. Applying the analysis to
solid electrolytes allows interesting prediction regard-
ing the emf generated by double electrolyte tablets
placed in series in galvanic cell measurements (2-4).
The same analysis may also be used to calculate the
steady-state log Px, vs. x profile that prevails in a
homogeneous solid electrolyte being employed in a
typical solid electrolyte galvanic cell experiment.
Actually the profile determination in solid electrolytes
is a special case of the profile determination problem
for general mixed conductors. This more general prob-
lem is solved below and then used to discuss the log
Py, profile types that may occur in ionic and electronic
conducting scaling layers. In addition to these open-

Key words: chemical potential, solid electrolytes, mixed conduc-
tors, d-c polarization, scaling, electronic conductivity, hole conduc-

tivity, ionic conductivity, ionic transference number, open circuit
emf.

circuit type problems, the method may be used to
calculate the steady-state log Px, profiles induced in
mixed conductor specimens subjected to applied emf’s
under selected ion-blocking conditions. In particular,
log Px, vs. distance profiles corresponding to the Hebb-
Wagner (5-7) d-c polarization technique are calculated
and discussed below.

General Determination of Steady-State Profiles

Before proceeding to specific cases, we outline the
general features of the method by considering a some-
what generalized transport medium. We consider the
medium to be capable of supporting a flux transport
I, (where n may be mass, charge, heat, etc.). This flux
results locally from a gradient in some variable V
(where V may be a chemical potential, electrostatic
potential, temperature, etc.). The local flux equation
may be written as

/A = J,(x) = — an(x) VYV [1]

where J;,, = I;/A is the n flux or the amount of n trans-
ported per unit time and cross sectional area due to
the local gradient YV of the potential V. Equation [1]
is typical of conductive-type transport processes such
as Fick’s law of diffusion, Fourier’s law of heat con-
duction, or Ohm’s law of charge conduction. In such
processes VV acts as the driving force for the trans-
port process and the proportionality parameter o, is
called the conductivity parameter for n and very often
is found to be a function of V. Although more general
geometries may be readily considered, we limit con-
sideration to the case of linear conduction geometry
for simplicity. In this case VYV in Eq. [1] may be re-
placed by dV/dx so that the equation may be rear-
ranged and integrated to give

L V(L)=V"
J; —q dx:f o (V)dV (2]

A Vo) =v

Because we are considering the steady-state case, I, is
independent of x and because of the linear geometry,
A is independent of x. Equation [2] may be recast as

JyL=A [3]
where I;,/A has been replaced by J,
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V(L)=V"
A e f | an(V)aVv [4]

Vo)=v

and L is the total specimen thickness measured in the
direction of transport. Note that A may be evaluated
explicitly in terms of the end point values V(L) = V”
and V(0O) = V’ if the functional dependence of o, (V)
on V is known.

Applying these elementary results to the series com-
posite medium depicted in Fig. 1 yields for medium L

xlJy = A [5]
where
V(al)=VI
A= voyoyr O (V)dv [6]

and yields for medium R

(L — D) J,” = A" [71

VLY ="
e T

Vah)=VI
The primes and double primes denote quantities in the
left and right hand medium, respectively. To be con-
sistent with these steady-state expressions, however,

we must also invoke the additional steady-state rela-
tion

where

"(V)av (81

I =17 [9]

For the linear transport geometry being considered,
this result is equivalent to

It =J [10]
which, together with expressions [5] and [7], yields

! A’
L [11]
L A 4 A7

where A’ and A” may be evaluated from the integrals
in Eq. [6] and [8], respectively. Wagner used an alter-
native, equivalent approach to calculate the silver
chemical potential at the interface between contacting
Ag,S and Agl specimens (8).

In cases where the left and right side portions of
the transport medium are the same material, Eq. [11]
gives a formula for deducing the V vs. x profile. This
is done by merely picking values of V intermediate
between V'’ and V”, evaluating the A’ and A” integrals
from Eq. [6] and [8], and then calculating the x/L
values to which these selected V values correspond.
For example, in the analysis of oxide solid electrolyte
galvanic cell applications or of oxidation processes,

MEDIUM L MEDIUM R

V(O) =v*

%

V(L =v"

0 x! L

X——

Fig. 1. Schematic steady-state potential distance profile inside
two transport media in series contact.
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V’ and V” may be taken to be the end point log Po,
values log Po,’ and log Po,”, respectively. The A’ and
A” expressions are then generated by the appropriate
integration of Wagner’s general expression (1) for the
net flux of mobile ions through any compact MX,
scaling layer as discussed in more detail below.

In the cases where the composite medium is actually
two different materials, the log Px, profiles inside each
medium may be calculated individually according to
the procedure outlined above with both contacting
surfaces sharing the same ux, value, i.e., the interfacial
value, log Px,!. It is apparent from Eq. [6], [8], and
[11] that when the conductivity parameters of both
media are V independent, the V vs. x profiles reduce
to two straight line segments connected at the point
VI, xI, Much more interesting and less obvious profiles
result when the conductivities exhibit a more or less
complicated functional dependence on the driving force
variable V.

Application to Mixed Conductors under Open-Circuit
Conditions

Consider the case of a general mixed conductor
specimen pressed between two reversible electrodes
that establish the nonmetal chemical potential ux, at
the left and right hand faces of the specimen. Accord-
ing to Wagner’s scaling rate theory (1), J, for this case
may be taken to be the electronic current Je and the
driving force variable is the electrochemical potential
for electrons ne. Under various assumptions involving
local equilibria among various electronic, ionic, and
atomic components and assumptions involving virtual
stoichiometry constraints on the M,X; compound,
Wagner’s theory allows Vmne to be written in terms of
Vuxg so that the location-independent steady-state
electronic current density Je = I./A may be written in
terms of the alternative driving force variable ux, as
follows

= [1/(2zxF) Jtiontecdpux,/dx [12]

where zx is the anion’s valence, F is Faraday’s con-
stant, ¢ is the total electrical conductivity, and tion and
te are the ionic and electronic transference numbers,
respectively. Rearranging Eq. [12] and integrating
from x = 0 to ! and from x! to L (i.e., over two mixed
conductors in series contact at x!) yields

ux,!

A = [1/(22xF)] fuxf tion'te'a"duxs [13]
2

ux,”
A" = [1/(22xF) ] _fux , bion"te"d"dpxy [14]
2

These may be used in Eq. [11] to generate ux, vs. x
profiles in cases where the functional dependences of
tion, te’, ¢’ and tion”, te”, and ¢” on ux, are known. For ex-
ample, one may use Eq. [11], [13], and [14] to calcu-
late the ux, profile prevailing inside a scaling layer
growing on an oxidizing metal. This is done by letting
xI be any arbitrary location inside the scale. In such
cases, however, it is more conventional to use log Px,
instead of ux, as the variable V. Then, for the scaling
layer example, Px,’ is the Px, value established by
equilibrium coexistence between the metal and the
M.Xj, scale material and may be calculated from tabu-
lated data for the standard free energy of formation
AGe of the M,X}, compound. Px,”, the ambient Px, of
the “X-idizing” atmosphere, must be determined from
the specified ambient conditions. In this example the
interface at x! separates two regions of the same mate-
rial, hence the functional forms of tion, te, and o are
the same whether double or single primed. Figure 2
shows the results of such a log Po, vs. /L profile in-
side a scaling layer of ThOy forming on thorium metal
in O, gas at 1 atm pressure and at 1000°C. The neces-
sary transport parameters (P P , n and o as dis-

cussed in detail below) were deduced from reported
conductivity measurements on ThO,; (9,10) and also
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Fig. 2. Log Po, vs. x/L profile inside a ThO scaling layer form-
ing on Th metal at 1000°C in 1 atm Po,.

from as yet unpublished measurements on ThO; made
in our laboratory.

To further illustrate the application of these ideas,
let us specialize considerations to the class of mixed
conductors known as solid electrolytes. For these ma-
terials, tione = cion is known to be invariant over wide
ranges of log Px, and may therefore be moved outside
the integrals of A’ and A” in these ranges. Considering
the entire medium between x = 0 and L to be com-
prised of the same solid electrolyte material, Eq. [11]

reduces to
Px,f J‘mg Px,]
log PXz’ - log Px,’ tion d log PX2
x!
2 15
- [15]
Pxy” flog Py
log sz' — Jiog Py, tion d log Px,

where we have changed the variable of integration
from pux, to log Px, through the relationship

jixs = #xo® + 2.303RT log Px, [16]

According to an analysis by Schmalzried (11, 12) the
integrals appearing in Eq. [15] may be evaluated by
employing the formula

log Px,(b) e
f tion d log Px, = [2.303n/+/w]

log Px,(a)
2(Pxy/P )Un 4 1 —~/w | Px,»
o
log — [17]
Z(PXZ/P@3 YU 1 4+ \/w P
where
P 1/n
(5]
w=1—4 18
P [18]
]
In Eq. [17] and [18], Pe is the Px, where ¢ = oion.

©
P is the Px, where ¢ = oijon, and © and @ denote
[:] ]

excess electron and positive hole carriers, respectively.
The empirical parameter n characterizes Schmalzried’s
presumed dependence of the electronic conductivities
28 and o on Px,~1/n and Px,*1/n, respectively. Thus

the parameters Pe , P, and n must be known from in-
®

dependent experiments if quantitative results are to
be obtained. A computer program with these param-
eters and Px,” and Px,” as input is used to generate
xI/L values according to Eq. [15], [17], and [18] for
an array of Px,! values between Px,’ and Px,”. The re-
sulting tabulation of xI/L ws. Px,! values is then
plotted to provide the desired profiles. All the profiles
for open-circuit conditions, i.e., Fig. 2-5 were generated
in this fashion.

Figures 3-5 show the results of such an application
for the oxide solid electrolyte YDT (Thg.ss Yo.15 O1.925)
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Fig. 3. Log Po, vs. x/L profile inside a yttria-doped thoria elec-
trolyte far reversible electrode Po, values within the electrolytic
domain at 1600°C.
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Fig. 4. Log Poy vs. x/L profile inside a yttria-doped thoria elec-

trolyte for reversible electrode Po, values spanning the mixed con-
duction region between the electrolytic and excess electron con-
duction domains at 1600°C.
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Fig. 5. Log Po, vs. x/L profile inside a yttria-doped thoria elec-
trolyte for reversible electrode Po, values located at Ps and Pe,
respectively, at 1600°C.

at 1600°C. The values of Pe s P@ , and n at 1600°C were

determined from an assessment of conductivity and
galvanic cell data involving the electrolyte YDT. The
values of Po,” and Po,” were chosen so that three inter-
esting cases could be demonstrated. Figure 3 shows the
log Po, vs. x/L profile for the case where Po,” and
Po,” both lie within the electrolytic conduction domain!
for YDT. The Po," and Po,” values for Fig. 4 span a
mixed conduction region from the electrolytic domain
down into the domain where excess electron conduc-
tion becomes predominant. Similarly the Po," and Po,”
values for Fig. 5 were chosen well outside the domain
where ionic conduction predominates. Thus in this
case Po,’ = Pe and Po,” = P so that the entire elec-

trolytic domain is spanned. In addition to giving the
log Po, vs. x/L profile, each figure also shows the
tion vs. x/L profile. The tj,n values were determined

1That is, the log Po,, 1/T domain where tion > 0.99 according to
a recent paper (13, which also elucidates the details of electron
hole and excess electron conduction domain on log Px, 1/T di-
agrams. -
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for these log Po, profiles by evaluating
tion=[1+4+ P —1nPgol/n 4 Pe +1/n Po,=1/n]=1 [19]
]
Note that the log Px, profiles show a steep gradient at

the region where tjon is a maximum, the region having
predominantly ionic conduction. Wagner long ago (1)
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7, = dion Pel/ﬂ Pxy—1/n [23]
gion is Px, independent where as before ¢ = Gin at

Px, = P and o = ion at Px, = PQ. Equations [11],
@
[20], [21], [22], and [23] may be combined to yield

[I; —1/n Pg,1/n(0) {exp (—22xFE (x/L)/nRT) — 1} 4+ Pel/" Px,~1/n {1 — exp (2zxFE (x/L)/nRT}]

[24]

x
L [P€e —1/n Pg,1/n(0) {exp (—22xFE(L)/nRT) — 1} + PQ”" Px,~1/n {1 — exp (2zxFE (L) /nRT}]

alluded to this feature of such chemical potential pro-
files inside mixed conductors but reported no quan-
titative calculations.

This procedure may be readily adapted to the deter-
mination of log Px,! values that prevail at the contact-
ing interface between two different X (or M) ion
conductors in series. In cases where two different
oxide solid electrolytes are used in series for galvanic
cell emf measurements, it is important that the log
Pg,! value prevailing at their contacting interface lie
within the electrolytic domain for both electrolytes at
all times. Otherwise the measured emf’s will depart
from the thermodynamic values by unknown amounts.
However, by applying the above methods one may
readily calculate the log Po,! values to be sure they do
fall within the electrolytic domains. No example pro-
files for this type problem are offered in the present
context, however, because others (4,8) have already
solved this class of problems by an alternate method.

Application to Mixed Conductors Subjected to Applied
EMF’s and lon Blocking Conditions

Now let us consider the case of a mixed conductor
between a reversible electrode and an ion-blocking
electrode which are both capable of transporting elec-
trons with negligible impedance. Let an emf E be ap-
plied across the mixed conductor, as in d-c polarization
experiments (14-17). The situation is schematically
illustrated in Fig. 6.

For ion-blocking conditions, Wagner (6,7) has de-
rived a general expression for the steady-state current
due to electrons and holes in ionic crystals. Wagner’s
result is related to the quantity of Eq. 3 by the rela-
tion
ux, (L)
) Oe d#Xz [20]

A=J.L=— [I(ZZXF)]J;

2
x,(0)

where
pxa (L) = ux»(0) — 22xF E(L)
= ux2(0) + RT In [Px,(L)/Px,(0)] [21]

and where ¢ = c + L is the sum of the electron

hole @ and excess electron © conductivities inside the
specimen.

For most ionic compounds capable of predominant
ionic conduction we may assume the following trans-
port parameter dependences

¢ = gion P —1/2 Py,l/n [22]
@ )

x=0 x=L
REVERSIBLE MIXED CONDUCTOR 8L0'g|:‘|NG
ELECTRODE MoXy ELECTRODE

| I—o I
E

..

Pt Au

FoIL | Cur Cu0 | ThOy | gy

E

Fig. 6. Schematic cell arrangements for Hebb-Wagner d-c polar-
ization experiments.

Equation [24] combined with Eq. [21] gives the log
Px, profile within the mixed conductor under ion-
blocking conditions.

Figures 7 and 8 show log Po, profiles induced in
¥YDT under ion-blocking conditions at 1600°C. Figure
7 shows such a profile for both electrodes having Po,
values inside the electrolytic domain. The Pg, value at
the reversible electrode is established by the presence
of oxygen gas at 10—6 atm, whereas the effective Po,
at the blocking electrode is established at 10—10-75 atm
as a result of the imposed emf E = —0.442V. Figure 8
shows the effect of increasing the magnitude of the
applied voltage. In this case the reversible electrode is
presumed to be established at P so that the applied

e
emf of E = —1.951V renders the effective Po, at the
blocking electrode to be Pe = 10—19 atm at 1600°C.

Interestingly, an emf vs. x/L profile for Ag.S has
been obtained by Hebb (5). Unfortunately, his data
cannot be correlated with Eq. [24] because no effort
was made to establish the silver chemical potential
with a reversible electrode in Hebb’s experiment.

A comparison of Fig. 7 and 8 shows that, under
blocking conditions at least, a significant region of
an oxide conductor can be made substantially n-type
by merely controlling the magnitude of the applied
voltage. Theoretically reversing the voltage (under

-6.
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Fig. 7. Log Pos vs. x/L profile inside a yttria-doped thoria elec-

trolyte with the reversible electrode Po, at 106 atm and the ion-

blocking electrode at 0.442V negative polarity, T = 1600°C.
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Fig. 8. Log Po, vs. x/L profile inside a yttria-doped thoria elec-
trolyte with the reversible electrode at Po and the ion-blocking
electrode at a sufficient negative emf to induce an effective Po,
equal to Po at 1600°C.
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blocking conditions) should induce a p-type region.
This property could be important in catalysis engi-
neering where the electronic nature of the catalyzing
substrate is often vital, although the above calculations
assume that there is no source of oxygen (the mobile
species) other than at the reversible electrode. These
calculations do suggest that some degree of control
over the n- or p-type nature of an oxide lateral sur-
faces may be possible even if a limited amount of oxy-
gen exchange between the oxide and the ambient is
permitted.

APPENDIX

The Conductance of a Solid Electrolyte When Subjected to a
Difference in the N | Chemical Potential at the Ends
under Open-Circuit Condition

With reference to Fig. A-1, let us assume the mixed
conductor of length L and uniform cross section A,
subjected to nonmetal chemical potential ux,(1) and
uxp (2) at its two ends.

The conductance is then given by

L
1/G = [1/A] j; [1/«(1)1dl [25]

where G = total conductance and o(1) = the total
conductivity at location l.
We can write Eq. [25] as

L
1/G = [1/A] J:) [tion/zion (1) 1d1 [26]

In the case of solid electrolyte sion is a constant and is
independent of 1. Therefore

L
1/G = 1/(Aﬂion) fo tion (1) dl [27]

Since a plot of tion vs. x/L can be obtained, as discussed
earlier, graphical integration of Eq. [27] is possible,
yielding the value of G.

Experimental determination of the quantity G under
open-circuit condition becomes difficult if an a-c bridge
or any other instrument is connected across the ends of
the specimen, because the open-circuit condition is
violated. However, the cell assembly illustrated in
Fig. A-2 allows determination of the conductance.

The total conductance G’ of the double cell can be
determined with an a-c bridge without violating the
open-circuit conduction, because the nonmetal chem-
ical potentials at the two ends are identical. The total
conductance G’ is then given by

Ly L
/G = [1/(A<rion)]{fo tion (1) dl + J:’ tion (1) dl }[28]

The quantities on the right can be determined as ex-
plained earlier and thus an experimental check may
be obtained.

b, MK [ux,@)

Fig. A-1. A mixed conductor MaXy, of length L and uniform cross
section A, subjected to nonmetal chemical potential ux, (1) and
uXo (2) at its two ends.

l‘_ L1_’|‘_‘L2—’|
M4 1 MK

b, 1@

sz(‘)

Fig. A-2. A symmetric double cell with solid electrolyte M,Xj, to
determine the conductance when the solid electrolyte is subjected
to a difference in the nonmetal chemical potential at its two ends.
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LIST OF SYMBOLS
A cross-sectional area
electrical potential difference
E(L) electrical potential difference from O to L
E(x/L) electrical potential difference from O to x
F Faraday’s constant

G total electrical conductance

I, current of species n

Je electronic current density

I flux of species n

l distance coordinate inside the specimen

L total length of the specimen

n empirical parameter characterizing presumed
dependence of electronic conductivity

Px, partial pressure of nonmetal gaseous dimer
(X gas)

Pﬁ) Py, at which o = in

Pe Px, at which o, = in

R gas constant

te electronic transference number

tion ionic transference number

T temperature, °K

\4 generalized potential

v’ potential at location O

ez potential at location L

VI potential at location !

"] distance coordinate inside the specimen

Zx valence of anion

Ne electrochemical potential for electrons

“Xz chemical potential/mole of nonmetal gaseous
dimer (X, gas)

uXo° chemical potential for one mole of X, gas in
the standard state

4 total electrical conductivity

de total electronic conductivity

Gion ionic conductivity

oy conductivity parameter for species 7

c hole conductivity

L excess electronic conductivity
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Alkaline Earth Sulfide Phosphors
Activated by Copper, Silver, and Gold

Villi Lehmann*

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235

ABSTRACT

Emission spectra of cathodoluminescence of Cu, Ag, and Au in MgS, CaS,
SrS, and Ba$, at room temperature and near 80°K, are presented. The spectra
depend very much on the coactivators used including the alkalies and the
halides. The observations indicate the luminescence to be caused by centers
containing both activator and coactivator.

Copper, silver, and gold are well known to be most
effective activators in ZnS-type phosphors. They are
probably incorporated as acceptors and, for charge
compensation, require the simultaneous incorporation
of a donor impurity, e.g., a halide (except F) or a
trivalent metal (e.g., Al) as coactivator. Earlier
workers have noted already, that the situation is quite
different in alkaline earth sulfides where not Cl, Br,
or I but F is the preferred halide and where even
alkalies are effective coactivators (1, 2).

Investigations on alkaline earth sulfide phosphors
activated by copper, silver, or gold are surprisingly
rare, and the few publications are not always in
agreement with each other. Lenard (1) reported
three different emission bands, at 420, 512, and 600 nm,
respectively, in CaS:Cu, but in view of the uncertain
compositions of the materials of his days, the results
may be questioned. More recently, and apparently
working with better materials, Sorge (2) reports a
single emission band in CaS:Cu,F, at 430 nm with
0.1% Cu and at 480 nm with 1% Cu. Gradual replace-
ment of CaS by SrS and BaS shifts the copper emis-
sion to lower energies. Other reports on CaS:Cu in-
clude those by Avinor et al. (3) (one emission band
at 460 nm) and by Wachtel (4) (two bands, at 435
and 500 nm). Reports on silver or gold activated
alkaline earth sulfides do not seem to exist. Our in-
vestigations were made to clarify the reported con-
tradictions on CaS:Cu and, more generally, to improve
our knowledge of the entire alkaline earth sulfide
phosphor system.

The compounds MgS, CaS, SrS, and Bas$S all crystal-
lize in the cubic NaCl lattice. Some properties of in-
terest are summarized in Table I. The optical absorp-
tion “edge” actually is the spectral position where, in
a compound as pure as we could make, the optical
absorption coefficient goes through the value of about
100 cm~!, These points were determined by simple
powder reflection measurement at room temperature;
they are not necessarily identical to the true band
gaps of the compounds which may be (and apparently
are) obscured by various native defects, exciton ab-
sorptions, etc, and which may be slightly higher than
the “edges” mentioned in Table I. The cationic radii
are those reported by Pauling (5), and the next-
neighbor distances are simply the sums of cationic

* Electrochemical Society Active Member.

Key words: magnesium sulfide, calcium sulfide, strontium sulfide,

barium sulfide, alkaline earths, phosphors, luminescence, spectra,
copper, silver, gold.

Table I. Some properties of alkaline earth sulfides

MgS CaS SrS Bas
Optical abs. edge (eV) ~5.4 4.8 4.4 3.8
Cation radius 0.65 0.99 1.13 1.35
Next-neighbor distance (A) 2.49 2.83 2.97 3.19
Interstitial radius (A) 0.32 0.61 0.73 0.93

and anionic radii (with 1.84A for S——). The inter-
stitial radius is the maximum radius of a solid sphere
which could be placed interstitially in the lattice with-
out deformation of the latter.

Preparation

Alkaline earth sulfides of luminescence grade purity
do not seem to be commercially available. We pre-
pared CaS, SrS, and BaS by a method described by
Sorge (2) and Wachtel (4). The purest available
nitrates are dissolved in water and, for several hours,
kept boiling in the presence of magnesium metal
ribbon. Heavy metal impurities either deposit on the
magnesium or are trapped in small amounts of hy-
droxide which, afterwards, is filtered out. The sulfates
are then precipitated with HySOy, briefly washed in
water to remove excess acid, dried, and converted to
the sulfides by firing in an atmosphere of Hy and H.S
(4). The results are white, nonluminescent powders
contdining no spectroscopically detectable traces of
Fe, Mn, Cu, etc. The major remaining impurity is
silicon (usually about 100 ppm), probably from the
quartz containers. Oxygen, due to unavoidable con-
tact with atmospheric air, probably is also present but
cannot be detected spectroscopically. We believe
silicon to have no effect on the luminescence proper-
ties of the sulfides, and a possible effect of oxygen is
minimized by the strongly sulfurizing atmosphere of
the final firing step and by protection of the phosphors
from air by an inert atmosphere (e.g., argon) during
storage. Only MgS cannot be prepared in this way
(MgSOy is soluble in water). It was made by firing
MgCO; (luminescence grade purity) in argon loaded
with CS, (6). The conversion is quantitative but the
resulting MgS has, at best, only the purity of the
used MgCOs3.

Desired impurities were added to the prefired
pure sulfides before the final firing step. It is con-
sidered to be an important point in these investiga-
tions that, whenever possible, only one activator ele-
ment (here Cu, Ag, or Au) and one co-activator ele-
ment were tested in any one of the samples, and that
all other impurities were kept out as well as possible.
Copper and silver were added as sulfides, gold as fine
metal powder. Alkali metals, whose sulfides are too
inconvenient to handle, were added as sulfates or
carbonates. Halides were added as alkaline earth
halides (e.g., CaF; in case of CaS phosphors) or as
ammonium halides, the latter react quickly with the
host sulfides with liberation of small amounts of NHj
and H,S. The presence of traces of ammonium in this
case, or of carbon in case of added carbonates, are not
harmful since it was especially ascertained that both
have no visible effect on the luminescence of the final
phosphor. The presence of oxygen from decomposing
sulfate or carbonate is somewhat more serious, but
we believe to have reduced the influence to a
negligibly low level by means of the sulfurizing atmo-
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sphere during firing. All samples were fired in small
amounts (a few grams) either in open quartz boats
in flowing HsS, or in capped quartz tubes containing,
besides the phosphor, some free sulfur, and sur-
rounded by argon! for one to two hours, MgS and
CaS at 1200°C, SrS at 1000°C, and BaS at 800°C.
Strontium sulfide and especially barium sulfide tend
to form polysulfides if prepared in sulfurizing atmo-
sphere. They were converted back to single sulfides
by a brief refiring, at 700°C, in pure Ho.

Measurements

The emission spectra of luminescence were meas-
ured on thin powder layers excited in a demountable
cathode-ray tube by 10 kV electrons at approximately
1 xA/cm? current density, either at room temperature
or cooled to near 80°K. The luminescence was ob-
served through a quartz window, with a quartz prism
monochromator (Beckman DU) and a photomultiplier
(1P28) in quartz glass. Spot tests showed the mode of
excitation (electron beam or short wave ultraviolet)
to have little or no effect on the spectra. All spectra
presented here are corrected for monochromator
transmission and photomultiplier response by means
of a standard incandescence lamp supplied by the
National Bureau of Standards, and given in terms of
quantum intensity per unit energy interval as func-
tion of the quantum energy. The limit of spectral
resolution is about 0.02 eV, or better, fairly indepen-
dent of the spectral position. All spectra are normal-
ized to equal peak height (= 100 units) irrespective
of the emission intensities actually observed.

Experimental Results

The influence of the added copper concentration on
the emission spectra of a series of CaS:Cu,Na (3%)
phosphors is demonstrated in Fig. 1. The emission in-
tensity increases with the copper concentration up to
about 0.1% Cu and then decreases again. At low
copper concentrations, the spectrum consists of two
structureless bands about 0.28 to 0.30 eV apart. These

1 The latter method is described by Wachtel (4).

0 - 2 52//1\
—— Room Temp !
——— ~80%

0.05% Cu

50 -

/ \ 0.2 Cu

Quantum Intensities

2.0 25 3.0
Quantum Energy, eV

Fig. 1. Emission spectra of CaS:Cu,Na(3% added) phosphors of
varied copper concentrations.

J. Electrochem. Soc.: SOLID STATE SCIENCE

November 1970

two bands disappear at high copper concentrations
(about 0.5% and more) and, instead, a very broad
and irregularly shaped band with the peak at about
2.3 to 2.4 appears. We observe similar dependence on
the activator concentration also within other alkaline
earth sulfides activated by copper, silver, or gold. The
spectra observed at low concentrations apparently are
due to isolated luminescence centers and the broad
bands, observed at high concentration, to interaction
between adjacent centers. The following results are
limited to materials with low activator concentrations,
i.e., about 0.1 mole % or less.

Various co-activators have an influence (repro-
ducible) on the peak positions and the widths of the
two emission bands of CaS:Cu and (less quantita-
tively reproducible) on their intensity ratio. Some
representative spectra are shown in Fig. 2. The follow-
ing observations may especially be mentioned:

(a) Even CaS:Cu containing only copper (no inten-
tionally added coactivator) is well luminescent in two
separate emission bands.

(b) The observed peak positions, as function of the
added coactivator, scatter over a range clearly ex-
ceeding the unavoidable uncertainties in phosphor
reproducibility (about + 0.02 eV) and accuracy of
measurements.

(¢) The two emission bands resemble, in width and
separation, very much the two emission bands ob-
served in ZnS:Cu phosphors.

(d) The emission of CaS:Cu with Cl (similar also
Br) as coactivator is weak. Its emission spectrum re-
sembles the broad band observed, with other coactiva-
tors, only at high copper concentrations.

The influence of the coactivator on the emission
spectrum is not limited to CaS:Cu but almost uni-
versally observable within all alkaline earth sulfides
activated by Cu, Ag, or Au. It is very pronounced
in some cases (e.g. in SrS:Au, Fig. 3), weaker but
still clearly visible in others (e.g., in BaS:Cu, Fig. 4)
but nearly always present. This is demonstrated also
in Fig. 5 and 6 showing the peak positions of the
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Fig. 2. Emission spectra of CaS:Cu(0.1%) with different coacti-
vators (1% added).



Vol. 117, No. 11

100 /1\1495

Room Temp
S ¢

No Co-Activ

g
E
=
€
=
E
S
(=4
50 | / \\ 1% Na
// \\
7 N\
0 // 1 \\k T
wor e
7\
7N\ 2.5
// A / \\
\ 1% K
L / \ \
50 / \\\‘// \
7 X/ \
Z X \
0 1 - \\4 B 1
2.0 2.5 3.0

Quantum énergy. eV
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Fig. 4. Emission spectra of BaS:Cu(0.1%) with different coactiva-
tors (1% added).

emission bands of alkaline earth sulfides activated by
Cu and by Au as function of the used co-activator.
The length of each horizontal bar indicates approxi-
mately the accuracy of the determination of the peak
positions. It is clear that the scatter due to variation
of the coactivator by far exceeds the limit of accuracy
in many cases. It may especially be stressed here that
these variations are not accidental due to poor re-
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Fig. 5. Peak positions of alkaline earth sulfide phosphors all
made with 0.1% of copper and 1% of various coactivators, mea-
sured at room temperature.
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Fig. 6. Same as Fig. 5 but Cu replaced by Au (MgS:Au is non-
luminescent).

producibility of the materials; they are well re-
producible.

In view of these complications it is not surprising
that no simple “shift” of an emission spectrum to
lower energies is observed if, with any activator-
coactivator pair, the host crystal is varied from MgS
to CaS to SrS to BaS. Some spectra demonstrating
this are shown in Fig. 7-9. The closest resemblance to
a simple spectral shift exists for copper (Fig. 7), but
deviations appear here also. Any regular behavior is
missing in cases of silver (Fig. 8) and gold (Fig. 9).

The following general remarks may be made to the
efficiencies of copper, silver, and gold in alkaline
earth sulfide phosphors:

Copper-activated alkaline earth sulfides normally
are efficient phosphors, quantum efficiencies of photo-
luminescence of about 50% or more, and energy effi-
ciencies of cathodoluminescence of 10 to 15%, can
routinely be obtained. Exceptions are only materials
containing Cl, Br, or I which perform very poorly.

Silver is an inefficient activator in any one of the
alkaline earth sulfides and with any coactivator, effi-
ciencies of photo- and of cathodo-luminescence rarely
come to about 10% and 1%, respectively. Silver does
enter the lattices, however, and produces emission
spectra clearly different from those caused by copper
or gold.
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Fig. 7. Emission spectra of MgS, CaS, SrS, and BaS activated by
copper and sodium (1% added).
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Fig. 8. Emission spectra of Mg$S, Ca$, SrS, and BaS activated by
silver and potassium (1% added).

Gold-activated alkaline earth sulfides containing
Cl, Br, or I as coactivator are about as efficient in
photo- and in cathodo-luminescence as Cu-activated
materials containing halides. The alkalies perform
somewhat poorer in combination with gold. Gold is
completely ineffective in MgS, however. All attempts
to make luminescent MgS: Au phosphors, without or
with added coactivators (tested: F,Cl,Br,ILiNaK,
Rb,P) failed; the materials invariably were dead. It
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Fig. 9. Emission spectra of Ca$, SrS, and BaS activated by -gold
and potassium (1% added). MgS:Au is nonluminescent.

may be that gold is too big (ionic radius = 1.374)
to replace the small Mg2+ ion (0.65A) in the lattice
of MgS.
Discussion

The Schon-Klasens model of luminescence in ZnS-
type phosphors assumes the emission to be due to an
electron transition from the lower edge of the conduc-
tion band, or from a level very close to that edge, into
a previously emptied level (caused by Cu*, etc.) not
too far above the valence band edge. This model cer-
tainly does not apply to alkaline earth sulfide phos-
phors because:

(a) It would require independence of the emission
spectra on the used coactivator.

(b)It would require the emission spectra simply to
shift to lower energies, parallel to the change of the
width of the band gap, as the host crystal is varied
from MgS to CaS to SrS to BaS.

Both predictions are in strong disagreement with the
observations. The emission spectra do very definitely
depend on the coactivator, and there is no spectral
shift over a range corresponding to the change in band
gap (compare Fig. 5-7 with data in Table I)..The
observations can only be understood on the basis of a
Prener-Williams type of recombination (7, 8) in
which both, activator and coactivator, are directly
involved. Shionoya et al. (9) recently presented strong
evidence that this type of recombination is responsible
for all the main emission bands of copper and silver
in ZnS-type phosphors.

No attempt shall be made here to present a model
to explain quantitatively the observed variations in
alkaline earth sulfide phosphors activated by copper,
silver, or gold.
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Liquid-Phase Epitaxy of In.Ga, .As

G. A. Antypas*

Central Research Laboratories, Varian Associates, Palo Alto, California 94303

ABSTRACT

In,Ga;—.As layers grown by liquid-phase epitaxy were obtained in the
range of 0.0 < x < 0.23, when grown on the (111 Ga) plane of GaAs. Attempts
to grow alloys on the (110), (111 As), (100), and (112 As) planes resulted in
polycrystalline layers. The alloy composition was determined by x-ray
fluorescence and the band gap by infrared transmission. The ternary-phase
diagram was calculated using Darken’s quadratic formalism to describe the
ternary liquid and assuming the solid solution in equilibrium with the
liquid to be regular. It was found that the experimental results were in
good agreement with the calculated phase diagrams. A number of liquidus
isotherms were calculated in the temperature range of 700°-1200°C. Gallium
arsenide isoconcentration curves are shown for 0.95, 0.90, 0.80, 0.50, and 0.30

GaAs mole fraction.

Early experimental investigation of the solid solu-
tions of III-V compounds indicated that systems having
a column V common element do not form continuous
solid solutions, while systems having a common III ele-
ment do. This observation was based on the report by
Koster and Thoma (1) on GaSb-InSb, AlSb-InSb, and
GaSb-AlSb, and the work of Folberth (2) on the InAs-
InP and GaAs-GaP systems. Goryunova and Fedorova
(3), however, reported that complete solid solutions
were obtained in the InSb-GaSb system, and an almost
complete solid solution was obtained for the InAs-
GaAs system when the alloys were annealed at rela-
tively high temperatures for extended periods of time.
Since then, the InAs-GaAs system has received wide
attention primarily due to its wide direct band gap
range. Woolley and Smith (4) have obtained a series
of alloy compositions by annealing compressed pow-
ders at 900°C. X-ray diffraction studies on these sam-
ples indicate that Vegard’s law was obeyed. Abrahams
et al. (5) studied the electrical, thermal, and optical
properties of InGaAs alloys prepared either by gradi-
ent freezing or zone leveling techniques. Van Hook and
Lenker (6), using the techniques described by Shafer
and Weiser (7), obtained InGaAs alloys across the
whole composition range. All of the mentioned tech-
niques yielded polycrystalline material; furthermore,
the mixed crystals were annealed or grown at tempera-
tures close to the melting point of InAs (942°C).

Liquid-phase epitaxy as reported by Nelson (8) has
been used previously in growing high-quality epitaxial
layers with low native defect density (9). This tech-
nique was used by Antypas and James (10) in grow-
ing GaAs,Sb; -, epitaxial layers on GaAs substrates in
the range 1.00 > x > 0.75. Olsen et al. (11) reported
the growth of InGaAs epitaxial layers on GaAs sub-
strates in the temperature range of 750°-600°C. The
author, however, was unable to obtain any more in-
formation on the growth characteristics and/or prop-
erties of the grown layers. Recently, Stringfellow and
Greene (12) reported that Ewing grew InGaAs epi-
taxial layers across the alloy series on (111 As) InAs
substrates by liquid-phase epitaxy. Their results were
in excellent agreement with their calculated ternary-
phase diagram based on the quasi-chemical theory.

* Electrochemical Society Active Member.

Key words: III-V alloy semiconductors, InGaAs ternary phase
diagram.

The present investigation was oriented toward de-
veloping InGaAs epitaxial layers, preferably on GaAs
substrates, to be used as high-efficiency, long-wave-
length threshold semitransparent photoemitters. Simi-
lar investigations in our laboratory have led to the
development of high-efficiency 1.06x photoemitters
based on GaAs,Sb; -, epitaxial layers.

Experimental Procedure

The epitaxial layers were grown using the horizontal
technique initially described by Nelson (8). The In-Ga
melts are prepared in a carbon boat, over which
palladium-purified hydrogen is flowing, inside a quartz
tube. A preweighed InAs crystal which is the source
of As is also placed in the boat. The melts are heated
to the starting growth temperature (sgt) for approxi-
mately 3 hr. After the equilibrium amount of InAs is
dissolved, any further dissolution will result in the
growth of a ternary layer of InGaAs on the seed, which
will be in equilibrium with the melt. This would pre-
vent any further dissolution of the substrate.l

Following saturation, the undissolved InAs is re-
moved and reweighed, thus determining the composi-
tion of the melt. The saturation experiments are re-
peated for longer periods of time, and at 750°C (which
is the temperature of interest in our investigation)
weight losses between experiments of less than 1%
were observed. This could be accounted for by both
temperature fluctuations of the furnace and As evapo-
ration. In any event, the loss of As as a source of
error in determining the liquidus composition can be
neglected at low temperatures.

Prior to growth, the substrate was placed at one end
of the boat and a dendrite of GaAs was introduced in
the melt so that it would prevent any etch-back from
the substrate due to temperature fluctuations in the
furnace or due to the loss of As from the melt. The
furnace was then tilted about 10° from the horizontal
position so that the melt would roll over the substrate,
at which point a programmed cooling cycle was ini-
tiated. At the end of the growth cycle, the furnace was

1We attempted to identify this thin epitaxial layer on experi-
ments performed on the GaAsSb system by monitoring the photo-
luminescence spectra of GaAs seeds that were used in saturating
Ga-Sb melts. In all cases, only GaAs band gap radiation was ob-
served. Apparently the layers present cannot be detected by this
technique.
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Fig. 1. Cross section on cleaved (110) plane showing an
Ing.03Gag.97As epitaxial layer grown on (100) oriented GaAs sub-
strate.

tipped back to the horizontal position and the melt was
removed from the substrate with the aid of a quartz
hoe.

Experimental Results

During early experiments, it was observed that the
distribution coefficient of GaAs when grown from
In-Ga-As solutions is greater than unity. Similar be-
havior has been observed for GaAlAs when grown
from Ga-Al-As melts (13). Thus, epitaxial layers of
InGaAs will have to be grown from In-rich melts.
Figure 1 shows an epitaxial layer (sample No. 4-5-B)
of InGaAs grown on (100) Cr-doped GaAs substrates.
The sample was cleaved and etched in a HyO: H20y: HF
(10:1:1) delineation etch for 10 sec. Details of melt
composition, solid composition, and growth tempera-
tures are given in Table I.

A representative epitaxial layer grown on (100)
GaAs substrates from melts having higher In con-
centration than those from which sample No. 4-5-B
was prepared is shown in Fig. 2. The layers were poly-
crystalline in nature, with a very rough surface which
is the result of a great number of In-Ga inclusions.
Further experimentation showed that it was impos-
sible to grow high-quality InGaAs epitaxial layers
having InAs concentrations greater than 5% on (100)
GaAs substrates.

Growth of InGaAs layers on (110), (111 As), and
(112 As) GaAs faces exhibited similar characteristics
to those grown on (100) faces. However, when grow-
ing on the (111 Ga) plane, the layers have mirror-
smooth surfaces and planar interfaces. Figure 3 repre-
sents an epitaxial layer of InGaAs (1.17 eV band gap)
grown from In-rich melts, the details of which are
shown in Table I. The (111 Ga) GaAs substrates were
chemically polished in dilute NaOCI solutions. Epitaxial
layers grown on the (112 Ga) plane of GaAs were
of lower quality and did not have the mirror-smooth
surface exhibited by the layers grown on the (111 Ga)
plane.

The band gap of the epitaxial layers grown on GaAs
substrates was determined by infrared transmission
corrected for sample thickness. The absorption edge

Table I. Results and summary of the growth conditions
of the InGaAs epitaxial layers

Melt compo- Sub-
sition in a/o Growth Band strate
Sample temp gap orien-
No. In Ga As (°C) (eV)  xGaas tation
4-5- 555 405 4.0 740-690 135  0.97  (100)
9-15-A 61.5 33.5 5.0 740-700 1.30 0.94 (111 Ga)
9-16-A 67.0 21.5 5.5 740-700 1.26 0.93 (111 Ga)
9-17-A 71.0 21.5 1.5 750-720 1.22 0.91 (111 Ga)
8-28-A 74.0 18.0 8.0 730-700 1.17 0.89 (111 Ga)
9-29-C 81.0 8.5 10.5 740-690 0.98 0.77 (111 Ga)
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Fig. 2. Cross section of polycrystalline InGaAs epitaxial layer
grown on the (100) plane of GaAs substrates. Similar layers have
been obtained when InGaAs epitaxial layers are grown on the (110),
(111 As), and (112 As) planes of GaAs from melts resulting in
xmas > 0.05.

—_—
S0pu

Fig. 3. Cross section of representative InGaAs epitaxial layers
grown on the (111 Ga) plane of GaAs. Similar layers were obtained
in the composition range of 0.77 < xGaas < 1.0.

was very sharp, and the band gap was taken as the 10%
transmission point. Figure 4 shows the band gap varia-
tion as a function of alloy composition. The band gap
of InGaAs alloys reported by a number of investigators
is also shown.

Epitaxial layers of InGaAs grown on (111 As) InAs
substrates had mirror-smooth surfaces only when
grown at temperatures around 650°C. At higher tem-
peratures (~750°C), it was observed that on a num-
ber of occasions the layer substrate interface was
completely obliterated and, in general, the layers ap-
peared rougher than those grown at lower tempera-
tures.

Phase Diagram Calculation

Phase diagram calculations for ternary III-V com-

pounds have been reported by Stringfellow and Greene
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Fig. 4. Dependence of the band gap on the composition of InGaAs
alloys prepared by a variety of techniques.

(12) who used the quasi-chemical approach to describe
both the solid and liquid solutions, and by Ilegems and
Pearson (13) who calculated the ternary-phase dia-
grams of Ga,Al;—,As using the regular solution theory
to describe the ternary liquid and ideal solution for
the pseudobinary solid. Antypas and James (10) re-
cently calculated the ternary-phase diagrams of
GaAs,Sbi—,, using Darken’s (14) quadratic formalism
to describe the liquid and assuming the pseudobinary
solid to be described by a regular solution. They found
it to be in good agreement with experiment. Antypas
(15) has also calculated the ternary-phase diagram
of GaAsP based on the same theory and found it to be
in excellent agreement with available experimental
data.

In computing the conditions for equilibrium between
a ternary liquid solution A, B, C, (In,Ga,As) and a
pseudobinary solid solution AC-BC (InAs-GaAs),
Stringfellow and Greene (12) derived the following
equations:

Inyacx = In 4NaNc¢ + In (vave/vaSTCcSTC)
+ ASFsc(TFac — T)/RT
Inypc(1 — x) = In4NpNc + In (vpyvc/vBSTCycSTC)
+ ASFpc(TFpec — T)/RT [1]

where vac and ypc are the activity coefficients of AC
and BC in the solid solution, x is the mole fraction
of AC, N; and v; (i = A,B,C) are the atom fraction and
activity coefficient of i in the liquid solution, respec-
tively, v;STC is the activity coefficient of N; at the stoi-
chiometric composition, ASF4¢ is the entropy of fusion
of AC, TFyc¢ is the temperature of fusion of AC, R is
the universal gas constant, and T is the temperature
in °K.
Under the restriction

Na+ N+ Ne=1 (2]

Eq. [1] can be solved numerically on a computer to
yield two sets of curves, one describing the liquidus
isotherms and the other describing the solidus iso-
concentration curves of the system.

In previous investigations, the activity coefficients
were determined by the quasi-chemical equilibrium
(12) approach and by considering the ternary liquid as
a strictly regular solution (13). In the present com-
munication, however, the determination of the activity
coefficient in the liquid phase is based on Darken’s (16)
quadratic representation, which for a binary liquid is

LIQUID-PHASE EPITAXY

1395

In v4 = ascN¢?
In (v¢/vc®) = aac(—2Nc¢ + N¢?) [3]

where A is the solvent and C is the solute, y¢© is the
activity coefficient of C at infinite dilution, and aac is
the interaction parameter of the system. Equation [2]
reduces to that describing a regular solution if
In v¢® = asc. This formalism has been satisfactorily
applied by Darken (16) and Turkdogan and Darken
(17) to a number of liquid metallic solutions for con-
centration of up to 60%. This formalism is consistent
with the Gibbs-Duhem equation and satisfies Raoult’s
and Henry’s laws as the limiting cases. The activity
coefficients for a ternary liquid based on Darken’s
quadratic formalism are given by

Inv4 = aapNp? + aacNc? + (eap + aac — ac) NsN¢

In (yp/v8°) = —2a4pNp + (ac — aaB — aac) Nc
+ aaBNB? + aacNc? 4 (aaB + aac — ac) NsN¢
In (v¢/vc®) = —2ascNc + (apc — asp — aac)Np

+ @aBNp2 4+ aacNc¢? + (asaB + aac — apc) NaNc [4]

where component A is the solvent and components B
and C are the solutes, v5° is the activity coefficient of
component B at infinite dilution, and «;—; are the
interaction energies of the various binary systems.
The above formalism is also consistent with the Gibbs-
Duhem equation, and furthermore it reduced to the
binary quadratic formalism as one of the solutes in the
ternary approaches infinite dilution.

The solid solution in equilibrium with the ter-
nary liquid was assumed to be regular, i.e. AF%s =
asc—pcx (1l — x), where agc—pc is the interaction en-
ergy and x is the mole fraction of one of the compo-
nents in the solid. The activity coefficients are thus
given by

Invac = @ac-Bc(l — x)2

In vpc = eac—pcx? [5]

Substituting Eq. [4] and [5] in Eq. [1], the ternary-
phase diagram can be calculated numerically to yield
the liquidus and solid distribution curves.

The parameters necessary in calculating the ternary-
phase diagram are the temperatures TF and entropies
ASF of fusion of the III-V compounds and the interac-
tion parameters aAB, @Ac, aBc, and aac—pce. TF and ASF
for InAs and GaAs can be obtained directly from the
literature and are shown in Table II. Vieland (18)
has used regular solution theory to calculate the lig-
uidus of III-V compounds. The interaction parameter
obtained from such a treatment is

_ AT -THO 4 RS-
= 2(x — 05)2 :

where x is the column V element in solution. For a
regular solution, « should be independent of tempera-
ture and composition. Thurmond (19), however, dem-

onstrated that for GaAs « is a linear function of tem-
perature given by

agaas = 9960 — 11.15T [71

(When the interaction parameter, «, is divided by RT
so that it will be thermodynamically consistent with
Darken’s formulation, it takes the form of

0 et i [8]

Table II. Parameters used in calculating the ternary-phase diagram

InAs GaAs In-Ge InAs-GaAs
« (cal/mole) —9.160 T + 4300 -317T 1000 2000
ASF (eu) 14.52 [Ref. (24)]1 16.64 [Ref. (24)] o o=
TF (°C) 942 1238 —_ —
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which is of the form derived by Turkdogan and Darken
(17), where [ and & have the units of enthalpy and
entropy, respectively.)

In calculating agaas, Thurmond assumed a ASFgaas
value of 14.0 eu. Arthur (20) pointed out that, when
a recently measured value for ASFgaas of 16.64 eu is
used, then

agaas = 5160 — 9.16T

Arthur has also calculated the activity coefficient of
As from As vapor pressure measurements, and using
a regular solution treatment found that the interaction
parameter is accurately given by

agaas = —3.1T

A similar analysis performed on the InAs system
based on the solubility data of Hall (21) and Liu and
Peretti (22) resulted in an interaction parameter
given by

amas = —9.160T 4 4300

The interaction parameter for the In-Ga system was
calculated to be 1000 cal/mole by fitting the liquidus
curve to a regular solution model and comparing it to
available experimental data (23). Similarly, the inter-
action parameter of the InAs-GaAs system was deter-
mined by fitting the solidus curve to published data
of the InAs-GaAs pseudobinary. Calculations per-
formed are in good agreement with experiment when
aInas-Gaas = 2000 cal/mole. In the ternary phase dia-
gram calculations, the activity coefficient of Ga at in-
finite dilution, In vg.°, was varied between 0 and —1.8.
The best fit to the experimental liquidus, and solidus,
data for the 750° and 700°C isotherms were obtained
when 1n 6,0 = —0.8.

Figure 5 shows the calculated phase diagram where
the solid lines represent the liquidus isotherms, while
the dotted lines are the GaAs isoconcentration curves.
A number of experimental points are also shown. The
composition of the pseudobinary solid was determined
by x-ray fluorescence. The pseudobinary diagram ob-
tained from Fig. 5 is shown in Fig. 6. It is seen that
the calculated phase diagram is in good agreement
with available experimental data. For Fig. 7, we re-
plotted a portion of the ternary-phase diagram in
cartesian coordinates. It shows the calculated solidus
isotherms for 700° and 800°C along with experimental
results,

(GaAs)
(12380C)

G &= In

Fig. 5. In-Ga-As ternary-phase diagram. Solid lines represent
the liquidus isotherms, while dotted lines represent GaAs isocon-
centration curves. Details of the experimental points shown are
given in Table I.

J. Electrochem. Soc.: SOLID STATE SCIENCE

November 1970

1600 T -
—— Present Calculation

» Hockings et al.

1400 |— A Van Hook and Lenker
o Woolley and Smith

1200

/

Temperature °C

600

InAs 20 40 60 80 GaAs

Mole Percent (GaAs)
Fig. 6. InAs-GaAs pseudobinary phase diagram

100
\/F"?
—o/(
/ |
80 - ~
2
83
£
g & _ 8000C
a.
@ L 700°C
=
4 / S
2 5
0 |
0 10 2 30 40 50

Atomic Percent (Ga)

Fig. 7. The 700° and 800°C calculated GaAs solidus isotherms.
Details of experimental points are given in Table I.

Conclusions

InGaAs layers have been grown on GaAs substrates.
It has been observed that, when growing from In-rich
melts, epitaxy of In,Ga;-.As layers on GaAs with
x > 0.05 can be obtained only when growing on the
(111 Ga) face. The In-Ga-As ternary-phase diagram
was calculated using Darken’s quadratic formalism to
describe the ternary liquid while treating the solid as
a regular solution; it was found to be in good agree-
ment with experiment. The calculated pseudobinary
phase diagram was in excellent agreement with avail-
able experimental data. The composition of the mixed
crystals was determined by x-ray fluorescence tech-
niques, and the band gap by infrared transmission,
corrected for sample thickness. The variation of the
band gap was plotted as a function of composition
along with the data obtained by a number of investi-
gations for InGaAs alloys prepared by a variety of
techniques. Stringfellow and Greene (12) reported
that Ewing obtained alloys of InGaAs grown on InAs
substrates across the alloy series, from a starting
growth temperature of as high as 780°C. Our experi-
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ence is that high-quality epitaxial layers on InAs sub-
strates could be grown only at lower temperatures.
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Silicon Epitaxy from Mixtures of SiH. and HCI

J. Bloem*

Semiconductor Development Laboratory, N. V. Philips Gloeilampenfabrieken, Nijmegen, Holland

ABSTRACT

An investigation of the epitaxial growth of silicon from SiCly in Hp and
from mixtures of SiHy and HCI in H, indicates that the gas phase reactions
are slow and that equilibrium between solid and gas occurs at the interface.
Kinetic data point to a diffusion controlled reaction rate, and it is shown
that thermodiffusion in the stagnant gas layer on the silicon surface retards
the growth rate of silicon and enhances the etching reaction.

In the epitaxial growth of silicon several studies of
the thermodynamics and kinetics of the system have
been published. Surveys are given in ref. (1) and (2).

At temperatures over 1100°C the reaction is con-
sidered to be diffusion controlled, with chemical equi-
librium occurring at the solid-gas interface.

Recently Eversteyn et al. (2) introduced the concept
of a stagnant gas layer of constant thickness over the
substrates in a horizontal reactor. In the stagnant
layer a steep temperature gradient (~1000°/cm) is
present (2), and it is interesting to examine whether
gas phase reactions occur in this boundary layer and
whether the diffusion of species from and to the grow-
ing interface will be influenced by the presence of the
temperature gradient.

In this investigation epitaxy from SiCly in Hs and
from mixtures of SiHy and HCI in H, is studied be-
cause, if chemical equilibrium is attained in the gas
phase, SiCly in H, would be expected to give the same
growth rate and the same temperature dependence of
growth rate, as a mixture of SiHy + 4HCI in H,.

The calculations of Eversteyn et al. (2) on the
growth rate have been extended to include the effect
of thermodiffusion (3). The results of the extended cal-
culation are applied here to the growth rate of Si from
SiH4 and to the etch rate of Si by HCL The former
reaction is governed by the diffusion of SiH; toward
the reacting surface, the latter by the diffusion of the
reaction products of the etching reaction, mainly SiCl,
(1,4) away from the interface.

¢ Electrochemical Active N
Key words: silicon, epitaxy, vapor gmwth

Growth and Etch Rates

In a diffusion controlled reaction involving a stag-
nant layer of constant thickness,  cm, the growth rate
of silicon can be calculated from the material balance
at the interface.

The flux of material toward the interface in moles/
cm? sec, for a given position on the susceptor, is given
by (5)

n
Ty— < Din (1]

where D; is the diffusion coefficient of the rate-deter-
mining species in cm?/sec, n is the total gas density
(moles/cm3), m; is the concentration of the diffusing
species (moles/cm3), and ¥y is the direction perpen-
dicular to the growing interface.

In the Appendix the growth rate of silicon is cal-
culated for the case where the diffusion of SiH4 to-
ward the surface is the rate-controlling step.

At temperatures around 1150°C HCIl etching of
silicon proceeds via the reaction.

Si + 2HCl = SiCl; + Hp [2]
For py, =1
Psiciz
Ksiclg = ——— [3]
2T (a2

The value of Ksici, at 1500°K is nearly unity (1,4),
which implies that with puci = 10~2 the maximum
value of psici, Will be about 104 atm. For a diffusion
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limited reaction the silicon etch rate will be slow, be-
cause the diffusion of SiCl, away from the surface con-
stitutes the rate-controlling step in the steady-state
condition, assuming that the diffusion coefficients of
HCI and SiCl, in hydrogen do not differ markedly.
The HCI partial pressure at the silicon interface will
be nearly equal to the HCI partial pressure in the main
gas (~10-2 atm).

Because the growth rate depends on diffusion toward
the interface and the etch rate depends on diffusion
away from the interface, the ratio of growth and etch
rates may give information regarding second order
effects in the transport processes, i.e., thermodiffusion.

For a binary gas mixture in a temperature gradient a
concentration gradient is produced, given by (3,5, 6)

ny

d—

n K dlnT (4]
dy = dy

where n; is the concentration of the heavier molecule
in the gas (moles/cm3), Kr is the thermodiffusion
ratio, and T is the temperature with a gradient in the
y-direction (°K).

The thermodiffusion ratio can also be expressed as

ny ng
o (51
n

Kr=a

where o is the thermodiffusion factor, and n, is the
concentration of the second component in the binary
gas mixture.

Equations [4], [5], and [1] can be combined to give
the expected growth and etch rates including the
thermodiffusion effect. In the Appendix it is shown
that the ratio of growth rate (G) and etch rate (E),
neglecting thermodiffusion, is given by (13)

G Dsiny * Psing Dsing * Psing

E Dsicip * Psiclz Dsiciz * Ksiclp * (puci) ?

Including thermodiffusion for the simplified case that
a1 and a3 are equal the expression [20] in the Appendix
becomes

Dsing * Psing Tgn

E Dsic - Ksico(Prc)2 Ty

where Dg;uy and Dsici, are the diffusion coefficients in
H, of SiH4 and SiCly, respectively (cm2/sec), psiny is
the partial pressure of SiHy in the main gas (atm),
Psicl, is the equilibrium pressure of SiCl, at the sili-
con surface (atm). Tg and T are the temperatures of
the main gas and the substrate in °K, and o; and a2
are the thermodiffusion factors of SiH4 and SiCl,, re-
spectively.

The greater the values of « and the smaller the ratio
Tg/Ts the greater will be the difference between growth
and etch rates arising from the diffusion of SiHj to-
ward the interface being hampered and the diffusion
of SiCl, away from the interface being promoted. The
value of « depends on the relative molecular diameters
and relative masses of solute and solvent. For heavy
molecules in a light gas, relatively high values of «
can be expected, up to a value of about 3 for an ex-
treme case (6, 7).

Taking reasonable values for the molecular diam-
eters gives the following results

asing—Hy = 1.0; asicip—np = 1.5; asicly—np = 1.7

Not much is known about the temperature dependence
of «, but a slight increase with temperature is to be
expected (5).

Apart from thermodiffusion there are other factors
that can cause growth and etch rates to differ from the
values calculated. Two important ones are the tem-
perature dependence of the diffusion coefficients and
the value of the chemical equilibrium constant, Ksici,.
For the diffusion coefficients, the value of the expo-

J. Electrochem. Soc.: SOLID STATE SCIENCE

November 1970

nent, m, in the expression for the temperature de-
pendence D = Do(T/To)™, theoretically may vary
from 1.5 to 2.0 (8); a smaller value of m being ex-
pected for SiH4 than for SiCl,. Analysis of the litera-
ture (9, 10) indicates a value of 1.0 + 2.5 for the equi-
librium constant Ksicl, at 1500°K. Moreover SiH,Cl,
and possibly SiHCl; also occur in concentrations that
increase the etch rate, and an effective value of
Ksicyp of 2.5 therefore is not unreasonable.

The experimental approach involves: (a) estimating
the magnitude of the thermodiffusion effect for SiH,,
(b) selecting the temperature dependence of Dsiyy to
fit the experimental growth rate of silicon, (¢) using
the data of (a) and (b) to estimate reasonable values
of « and m for SiCl,, (d) obtaining an estimate of the
magnitude of Ksici, from the closeness of the fit be-
tween experimental and calculated rates, and from the
ratio of growth and etch rates.

Experimental

The conventional horizontal RF heated epitaxial re-
actor employed an 80 cm long quartz tube with rec-
tangular cross section (10 x 2.5 e¢m?), in which a SiC
coated graphite susceptor was placed (10 x 24 x 1.25
cm3). The total hydrogen gas stream was kept at 75
1/min giving a stagnant layer thickness over the heated
susceptor of about 0.30 cm at a mean gas temperature
of 750°K (2).

The exhaust gas left the system via a water-cooled
heat exchanger; the gas pressure in the system being
1 atm. Flow rates of SiH4, SiCly, and HCl were con-
trolled by calibrated flow meters. Ten silicon substrate
slices of 38 mm diameter were placed on the susceptor
in two rows. The slices were n-type, Sb-doped (0.007
ohm cm) with an orientation 3° from the (111) ori-
entation in the direction of the nearest (110) (11).
After slicing, the silicon substrates were lapped, etched
and polished to a surface finish good enough to allow
epitaxial growth, free of stacking faults without HCI
etching prior to growth. By giving the susceptor a tilt
of 1°30" against the direction of gas flow the growth
and etch rates over the length of the susceptor were
kept constant to within 5% excluding the first 4 cm
of the susceptor. Prior to epitaxial growth the silicon
slices were heated in Hy at 1250°C for 15 min. Growth
rates were obtained from measurements of epitaxial
layer thickness by the infrared interference technique.
A linear plot of layer thickness vs. growth time was
found. In the thickness determination the ASTM cor-
rection for the phase shift at the interface between
epitaxial layer and substrate was used (12). The tem-
perature of the substrates were measured with an
optical pyrometer, and the values were corrected for
the emissivity of silicon and absorption of the quartz
wall (13).

Results and Discussion

In Fig. 1 the growth rates from SiH4 + 4HCI in Hy,
SiCly in Hj, and SiHCl; in H, are given as a function
of temperature. In the literature conflicting data are
presented on the temperature dependence of the
growth rate, but the results given here agree with
those of Shepherd (1), Charig (14), and Oldham et al.
(15). It will be noted that, in order to reach a growth
rate of 1 u/min, concentrations of about 0.1% for SiH,
(10—3 mole SiH4/mole Hz), 0.2% for SiHCls, and 0.5%
for SiCly were required. In the high-temperature re-
gion the temperature dependence of the growth rates
was small and the influence of concentration was great,
as expected for a diffusion controlled reaction rate
(Fig. 1, curves for SiCly 0.1% and 0.5%). At lower
temperatures the temperature dependence was much
greater, with surface reactions controlling the rate
and the concentration dependence being much smaller.

The difference between the behavior of SiHs + 4HCl
and SiCly indicates that equilibrium in the gas phase
is not established, the differences in growth rate at the
higher temperatures being of the order to be expected
from the differences in diffusion coefficients of the re-
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Fig. 1. Temperature dependence of the growth rate of epitaxial
silicon layers from SiCly, SiHCI3, and a mixture of SiHy 4 4HCI
in Ha. The concentrations indicated refer to mole percentages of the
silicon compound in the gas phase.

acting silicon compounds. Gas phase reactions are ex-
pected to be nearly absent. This, however, does not ex-
clude the possibility of equilibrium being reached at
the solid-gas interface at the higher temperatures.

The temperature dependences of the reaction rates
in the low-temperature region indicate that here the
reaction rate was controlled by the rate at which sur-
face reactions proceed, and not by mass transfer over
the stagnant gas layer. The higher the chlorine content
of the species the higher the temperature at which
mass transfer became the dominant factor. For silicon
growth from SiHy and for etching of silicon by HCIl
the temperature dependence of the reaction rates was
small at temperatures from 1100° to 1300°C (16). This
indicates that for both processes surface reactions are
fast, and it can be assumed that in this range of tem-
peratures equilibrium between solid and gas was
reached. This means that for SiH4 the surface concen-
tration was practically zero and that for SiCl,;, the
main reaction product in etching, a concentration as
given by [3] was reached.

Figure 2 shows the growth rate of silicon at 1150°C
from mixtures of SiH4 and HCI, the HCI concentration
varies up to an HC1/SiH,4 ratio greater than 15 where
etching of the substrates occurs. Growth rates from
mixtures with an HC1/SiH4 ratio of 3 and 4, corre-
sponding to the stoichiometry of SiHCl3; and SiCly,
respectively, are only 5-10% smaller than those for
SiH4. The growth rate decreases proportionally to
(puc1) 2 and can be described by!

G = 0.95 X 108 psiny — 4.27 X 103 (puc1)?2 u/min [6]

If gas phase reactions are absent, then SiH4 and HCl
are diffusing independently through the stagnant
layer, transport of SiH4 giving silicon growth, trans-
port of HCI leading to the etching of silicon. The net
result is the growth rate given in Eq. [6] and shown in
Fig. 2. The etch rate of silicon deduced from [6] should
have the same value as etching with HCI in H, without
the presence of SiH4. In Fig. 3 the etch rate given by
[6] is plotted as a function of the partial pressure of
HC], together with the etch rates for pure HCIl in H,
found by Spakovskis (17) in a comparable reactor.!

The fit between the two curves is good; for low HCl
concentrations the etch rate is proportional to (puci)?2,
and for HCI partial pressures greater than 0.1 the etch

1 Another set of experiments in a comparable reactor gave
G = 0.7 x 108 psin, — 3 X 108 (Prc1)? u/min

From these results it can be seen that small differences in reactor
geometry, temperature distribution, gas flow pattern, and boundary
layer thickness cause differences in the absolute values of the
growth and etch rates; the ratio between the values remaining
about the same.
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Fig. 2. Growth rate of silicon from mixtures of SiH4 and HCI,
the partial pressure of SiH4 is kept constant at 1.10—3 (atm).
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Fig. 3. Etch rate of silicon in HCl 4 Hz as a function of the
partial pressure of HCI. The low concentration values are from the
present work, the high concentration values from Spakovskis (17).
The curve gives a best fit of the experimental data to lines of
slope 2:1 or 1:1 (see text).

rate is proportional to puc). Here the assumption pu,
= 1in [3] is no longer valid, and the transport of HCI
toward the interface is beginning to be rate con-
trolling.

With Eq. [6], [11], and [12] it is possible to compare
the experimental and the calculated results.

Introducing room temperature diffusion coefficients
of SiHy and SiCly; of 0.60 cm2/sec and 0.26 cm?2/sec,
respectively (1), together with 8§ = 03 cm, Ty =
1500°K; Ty = 750°K, T, = 273°K, R = 82 cal/atm
degree, and Ksici, = 1 the calculated values of growth
and etch rates are found to be

G = 2.57 X 103 pginy
(experimental value G = 0.95 x 103 psing) [7]

E = 1.10 X 103(ppc1)2
(experimental value E = 4.2 X 103 psiny) [8]

The calculated growth rate is nearly a factor of three
higher than the experimental one, and the calculated
etch rate is more than a factor of 3 lower than that
found experimentally.

The silicon growth rate including thermodiffusion
effects corresponding to the estimated value aginy = 1
gives, according to the calculation in the Appendix
[18].
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o Dsiny * Psing T, [9]
ORT,2

This gives a decrease in growth rate by a factor 1.43
compared with [11]. In the expression for Dsiny the
temperature dependence is taken to be D = Do (T/T,)2.
Experimental and calculated results are brought into
agreement if the exponent is taken to be 1.6 instead of
2.0. For SiHy, esingy = 1.0 and m = 1.6 are selected,
and for SiCl; « = 1.5 and m = 2 are thought to be
realistic values.

Introducing these quantities in the etch rate formula
[17] gives an increase in etch rate by a factor of 1.64.
To bring the experimental and calculated results into
agreement an effective value of Ksici, = 2.4 has to be
taken, which is well within the possible limits.

In view of the accuracies involved it can be said that
a reasonable fit is obtained and that the model used has
been shown to yield a qualitative and semi-quantitative
description of the epitaxial process.

Conclusion

Silicon growth rates from mixtures of SiHy and HCl
can be interpreted in terms of a mutually independent
growth of silicon from SiH4 and an etching of silicon
by HCIL. Comparison of growth rates from mixtures of
SiCly in Hy and SiHy + 4HCI in H; indicates that gas
phase reactions are slow, and that equilibrium between
solid silicon and the gas phase is established.

Growth and etch rates calculated on the basis of a
diffusion controlled model differ somewhat from the
experimental results, the growth rates being lower and
the etch rates being higher than those calculated from
the model. Three possibilities to explain the differences
are discussed: (i) thermodiffusion in the steep tem-
perature gradient over the silicon substrates; (ii) un-
certainty in the temperature dependence of the dif-
fusion coefficients giving rise to differences in the cal-
culated growth rate by up to a factor of two; and (iii)
uncertainty in the chemical equilibrium constant
Ksici, which gives the SiCly concentration during HCl
etching of silicon; Ksicip at 1500°K = 1.0 + 2.5.

It is shown that the growth and etch rates may be
explained by taking account of these three factors.

APPENDIX

The mass transfer of silicon in the diffusion con-
trolled model is given by

n
d—
G-»p n [10]
== —Din | ——
6.105M dy

G is the growth rate in x/min, p is the density of Si in
g/cm3, and M is the molecular weight of Si. It will be
assumed that the temperature dependence of the diffu-
sion coefficients is given by D = Do(T/To)2, T, =
273°K. For an ideal gas the total gas density n = p/RT
moles/cm3, and in the open tube reactor p = 1 atm,
and thus n = (RT) -1 and nj/n = p; (atm).

Furthermore, in the stagnant layer over the susceptor
a linear temperature gradient gives

AT
e

where T is the surface temperature of silicon, Tg is
the temperature of the main gas, AT = Ts — Ty, 0 is the
thickness of the stagnant layer (cm), and y is the dis-
tance from the surface (ecm). For psinyy = 0 at the
solid-gas interface the growth rate is found to be

7.2 X 108 D J AT
G— X SiH4 * PsiH4 . [11]
8RT,2 In (Tg/Ts)

The etch rate of Si by HCI, assumed to depend on the
transport of SiCly away from the substrate, gives

B 7.2 X 108 - Dsicly * Psiciz . AT 12]
8RT,2 In (Ts/Tg)
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From [11] and [12] the ratio of growth and etch rates
is found to be & B
SiHg * PSiH.

e Rk [13]

E Dsici, * psicla
Thermodiffusion gives an additional concentration
gtra%lent in the temperature gradient over the sub-
strates

n
d—
n dinT
—_— KT
dy dy

With Kr = a n1/n - n2/n, ng ~ n and 1 atm total pres-
sure, ny/n = p; (atm), this gives for the extra con-
centration gradient

dInT ap; dT
dy T dy
Equation {14] can be combined with [10] to include
the effect of thermodiffusion in the calculation of
growth and etch rates.

Kr

[14]

d dT
J=—Dn(£+am—) [15]
dy T dy
with
D =D, (T/To)2andn = (RT) !
D
J = — — (Tdp; + op1dT) /dy
RT,?
in the model
AT
Fele=rg= 4
then
dp
D, ( AT ) dy AT
J=— Pos — —
RT. { s 5 ) ap1 5 }
dp
JRTg2 0 AT (T AT )F
By g - AT
integration gives
f dty J’ dy
JRT2 AT . _ AT
Do + ap1 5 8= '——5 Y

and
( JRT2? AT
In| —

a

AT @
*p1 )=1In Ts—-—a—'y +c
for Sigrowth: aty =0,p1=0,T =T,
aty =9,p1 = psing T = Tg

o

Dsing Psing © AT ayTg
= 4 PsiHg . 1lg [16]
ORTo2 Tsa — Tgn
for Si etching: aty =0, p1 = psicie, T = Ts
aty =8,p1=0,T=Tg
Dsiciy*Dsiclp* AT Tse
. iCl2 " PsiCl2 . alsg [17]
ORT 2 Ts% — Tg

For « > 0 the growth rate decreases and the etch rate
increases. For SiHy the value of « is expected to be
QasiHg = 1.0 givmg D
SiH4 * PsiH
Pt Sy [18]
ORT,?
For etching o = 1 gives

D . D
J— siClp * PsiClg T, [19]
ORT,2

For « values greater than 1 and T >> Tg, Eq. [19] ap-
proximates to
n Dsiciy * Psicip
~ 8RTR?
directly proportional to the values of « and the tem-
perature gradient over the slices.

cAT - oy
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The ratio of growth and etch rates, including thermo-
diffusion, from [16] and [17] is found to be

G D . T, @1 (T2 — T o
s " Psing e Tg (s g )[20]

Tsoq — Tgcq

E Dsicls * Psicla a2 Ts%

Manuscript submitted Jan. 5, 1970; revised manu-
script received May 5, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
JOURNAL.
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Anisotropy of Macrostep Motion and Pattern
Edge-Displacements during Growth of
Epitaxial Silicon on Silicon Near {100}

C. M. Drum and C. A, Clark

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103

ABSTRACT

For growth of epitaxial silicon by the SiCly/H, process onto silicon surfaces
oriented from 0° to 9° off {100}, data are reported on the lateral motion of
fabricated macrosteps (~500A high) and on the resultant displacement of
shallow surface depressions bounded by the steps. The displacements ranged
from less than a tenth of the layer thickness to greater than twice the layer
thickness, depending on the surface orientation. The depressions mark the
sites of localized n+ diffused regions which become buried layers after epitaxy
in the fabrication of integrated circuits. Step-broadening was found to be
anomalously large for exact {100} surfaces for growth at 1215°C, whereas all
orientations from 0° to 9° off {100} had similar step-broadening at 1240°C.
At 1240°C, the displacement of the center of the depression relative to the
center of the buried layer was a minimum for exact {100} surfaces. Both ad-
vancing and receding step-motion was found, and the symmetry of the step-
motion was consistent with the crystal symmetry as previously reported for
surfaces near {111}. A design graph is developed relating the necessary toler-
ance of substrate orientation near {100} to the desired epitaxial thickness and
allowable alignment errors of masks during the fabrication of integrated
circuits. For example, with an allowable 1 um displacement and with =15 um
epitaxial thickness, the surface should be {100} within 10 min of arc, whereas
up to 30 min off {100} is adequate for =2 um displacement with a 7 um epi-

taxial layer.

During the fabrication of p-n junction isolated inte-
grated circuits with buried layers of n* material, epi-
taxial silicon is grown onto substrates whose surfaces
contain an array of steps about 500A high. These
macrosteps mark the positions of the buried layers,
whose function is to reduce the collector series resist-
ance (1, 2). During epitaxy, the steps may be displaced
laterally, which can lead to errors in the alignment of
subsequent masking operations. The reason for this is
that growth at steps can be anisotropic whereas vol-
ume diffusion (the buried layer) is isotropic. It was
previously reported that the exact substrate orienta-
tion near {111} has a considerable influence on the
displacement of the steps (3, 4). Here we present new
data on this effect for substrates oriented up to 9° off
{100}. One purpose of this work was to establish toler-
ances on the substrate orientation for the control of
the displacement.

Key words: epitaxial silicon, buried layers, step motion, inte-
grated circuits,

The motion of steps during crystal growth has pre-
viously been studied for a variety of systems, with the
usual point of view being that lateral motion of steps
can be a basic part of the growth mechanism. Theo-
retical treatment is given by Burton et al. (5) and by
Schwoebel and Shipsey (6). The present case is some-
what different in that we are dealing with fabricated
steps of height equal to several hundred monolayers.
There is evidence that spreading of monolayer steps
does occur during the growth of epitaxial silicon near
{111}, both for the cases of epitaxy by sublimation-
condensation (7) and by chemical reaction (8, 9). For
{100} epitaxial silicon, similar observations have not
been reported. It is generally believed that the ideal
{100} surface is rather rough structurally, hence should
be expected to grow without the necessity of step-
motion. However, the present work shows that the
macrosteps can move considerably, and the relation-
ship between the motions of macrosteps and the mono-
layer steps is yet to be established.
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Experimental
The fabrication of the steps during integrated cir-
cuit processing was described previously (4). Briefly,
windows are opened in an oxide on a p-type substrate
using standard photolithographic techniques. Then n+
regions are formed by diffusion, and a subsequent
thermal oxidation causes growth of about 10004 of
SiO, at the site of the diffusion. Removal of all the
SiOy with HF leaves the silicon surface with an array
of depressions bounded by steps which mark the sites
of the nt* regions. Then an epitaxial layer is grown,
with thickness usually greater than a micron. The
array of steps on the epitaxial surface will correctly
identify the buried nt regions if the displacements of
the steps during growth are taken into account. Epi-
taxial growth was by the SiCly 4+ Hy process, with 1
m/o (mole per cent) of SiCly. Temperatures were near
1200°C (after correcting for emissivity) as indicated
in the data. Surface orientations were measured with
Laue x-ray photographs and with x-ray goniometry
(10)
Definitions
Characterization of the step-motion involves many
geometrical variables such as surface orientation, step-
orientation, sense of the step, and also growth tem-
perature. Cross-sectional drawings for the case of n-
type and p-type epitaxial layers are shown in Fig. 1,
along with a drawing of the steps and buried layers
as observed by interference contrast of angle-lapped-
stained sections. The coordinate system is chosen to be
symmetrical, with origin at the center of the buried
layer and with positive directions outward from the
center. The displacements of the steps relative to the
border of the stain are denoted Xz and X for the
right- and left-hand steps, respectively; the detailed
crystallographic meaning of these designations for the
purposes of this paper is given by Fig. 2. For a deep
(9 pm) diffused layer, Xr and X;, will each measure
—9 um prior to epitaxial growth. The most important
quantity is the magnitude of the displacement of the
center of the depression relative to the buried layer,
given by
Xc=|(Xr — X1)/2| [1]

For a rectangular depression X¢ can be measured for
two independent directions in the plane of the surface.
Perfectly symmetrical pattern-edge motion would give
Xc = 0 in each case. For good results on registry of
the next mask, X¢ should be smaller than 2.5 um. The
over-all measurement error can be nearly 1 um, how-
ever, since X¢ for a slice prior to epitaxy was mea-
sured to be 0.7 um. This is due to the fact that there
is a finite width to the surface step and some uncer-
tainty about the exact position of the edge of the stain.
So a value of X¢c = 1 um after epitaxy is about as low
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Fig. 1. Drawings of cross-section view and angle-lap view of n-
type and p-type epitaxial layers with n* buried layers. The sense
of Xgr and of X, is negative as shown.
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Fig. 2. Drawing of double-angle-lapped epitaxial layer, to illus-
trate orientation relationships used in this study.

as one can expect to measure. The sensitivity of the
measurement (200X photograph, comparator) is about
0.5 pwm.,

The relationship of the steps to the crystal symmetry
is important. We define the symmetrical case as that
in which a mirror plane of symmetry in the lattice is
normal to the surface and is also parallel to the macro-
steps. This is illustrated by Fig. 3. Whatever crystal
face is exposed by the left step, the same face will be
exposed by the right step by symmetry. This is not
true for the nonsymmetrical case illustrated in Fig. 3.

Results
One set of data on Xgr, X1, and X¢ is plotted wvs.
substrate orientations from 0° to 9° off (100) toward
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Fig. 3. Cross-section views and stereographic projections of the
symmetrical case and the nonsymmetrical case.
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a nearest {110}, in Fig. 4. For each surface with a
pattern of rectangular depressions, data on the dis-
placement were recorded for four edges of the depres-
sions. We have deliberately oriented the surface and
pattern so that one pair of these edges would always
be the “symmetrical case” as in Fig. 3. For exact (100)
surfaces, the other pair of edges would then also be
the symmetrical case; the geometry is illustrated in
Fig. 3 by a stereographic projection for surfaces 1° =
9° off (100), and the other pair of edges would be the
nonsymmetrical case. The distinctions of symmetrical
and nonsymmetrical are indicated in the data of Fig.
4, Four situations were studied, growth at 1215° and
1240°C, with and without HCI etching (1% HCI in Ho,
2 min at 1250°C). Complete data from one set are
given in Fig. 4. Data from the other sets show essen-
tially the same features. In each case there was a
marked effect of crystal symmetry. Even at 9° of {100},
X¢ is very small for the symmetrical part but large for
the nonsymmetrical part as illustrated in Fig. 2. Both
portions of the patterns were symmetrical on the exact
{100} and exhibited very small Xc. It should be noted
that the positive displacements of Fig. 4 correspond to
receding step-motion, illustrated in Fig. 2.

Further data were recorded for slices 0°, 0.5°, and
1° off {100}, as shown in Fig. 5. Each point is the aver-
age of several measurements. In spite of the scatter,
the trend of larger X¢ with Iarger misorientation is
evident.

Data on the observed step widths are given in Fig. 6.
The lower temperature (1215°C) leads to a broadening
of steps only on the 0° to 0.5° off {100} surfaces, where-
as all orientations had similar step-widths after growth
at 1240°C. Larger step-broadening is undesirable since
it is associated with imprecise definition of the
boundary of the surface depression. This effect is il-
lustrated in Fig. 7.

Further information of interest is obtained by plot-
ting X¢ vs. epitaxial thickness; this is shown in Fig. 8.
Taking Xc to be ideally zero at zero epitaxial thick-
ness, the data show that the displacement of the center
is greater with increasing film thickness, but it is still
less than 2 um at 15 um thickness for exact (100)
surfaces.

A design graph (Fig. 9) can be constructed, to select
orientation tolerances when desired values of X¢ and
epitaxial thickness are known, This information can be
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Fig. 4. Data for displacements on HCI etched, 1240°C, 14 um
n-type epitaxial layer. The direction of the misorientation is in-
dicated in Fig. 2.
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Fig. 6. Data on spread of step widths vs. angular orientation
from (100), in direction indicated in Fig. 2.

important when large quantities of material are be-
ing considered. Data with the greatest displacement
have been used to construct Fig. 9, to give the greatest
design safety.

To use the graph, one chooses the epitaxial thick-
ness t and center displacement Xc. Let t = 15 um,
Xc = 2.5 um. Find the point on the t = 15 um line
with X¢ = 2.5 um, and note that the corresponding
angle is 10 min off (100). This means that surfaces
(100) = 10 min would be required. For another ex-
ample, let t = 7 um. For X¢c = 2.5 um, then the maxi-
mum allowed angular misorientation is 35 min. So
(100) =+ 35 min would be adequate. To make this
graph reasonably complete, interpolated lines for 9, 11,
13 um thickness are drawn. Actual data are used for
7 and 15 um thicknesses. It may be argued that a
limitation of these design data is that only one type of
misorientation from {100} was studied. However, the
region of interest is clearly from 0° to 1° off {100}, and
in this region the distinction between the various ways
of misorienting a surface off {100} is difficult to deter-
mine in practice.

From the previous data, it is predicted that pattern
displacement would be very small for thin epitaxial
layers. This has been confirmed by the data in Table I
for p-type epitaxial layers on p-type substrate with
nt buried layers.

Discussion

The data show that lateral motion of macrosteps can
range from a negligibly small value up to several
times the epitaxial layer thickness, depending on the
orientations of the surface and of the steps. Also, the
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Fig. 7. Interference contrast photographs of [100] surfaces after
epitaxy showing: a, sharp steps, growth at 1240°C; b, wide steps,
growth at 1215°C.
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Fig. 8. Center displacement Xc vs. epitaxial thickness, growth
at 1240°C.
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symmetry of the step-motion follows the symmetry of
the lattice. In addition to the advance of steps across a
surface, receding step-motion was also observed while
at the same time vertical growth occurred on either
side of the receding step. Each of the above results for
{100} was also found previously for substrates near
{111}, but with the opposite effect that greater dis-
placements occurred nearer {111} whereas greater dis-
placements occur farther from {100} according to the
present data.

The results provide information on the orientation
tolerances, as given in Fig. 9. Furthermore, the results
raise some more fundamental questions about the
growth mechanism. One can ask how these steps would
move as a function of step-height. Very small steps
should approach the behavior of monolayer steps which
may be fundamental to growth. Very large steps (25
wum) have been studied by Runyan et al. (11), and the
relationships between behavior of these various steps
should be clarified. Very small steps can be fabricated
by the present technique by reducing the oxide thick-
ness, and 30A steps can be observed optically with
interference contrast (12), so it should be possible to
obtain data on the behavior of steps covering a wide
range of heights.

Information on the behavior of the steps during
epitaxy by other techniques such as molecular beam
(13), evaporation, and silane decomposition should be
useful. The receding motion of steps is apparently an
unexpected etching effect which may be associated
with the inevitable HCI by-product in the SiCly/H,
system. Other growth systems should be helpful in
clarifying this phenomenon.

To interpret the macrostep motion, it is tempting to
start with a macroscopic model which assumed that
an appreciable facet exists at the step-riser as drawn
in Fig. 3, and that the end result depends primarily
on the growth rates of the various exposed crystallo-

Table |
Epitaxial thick- Xo (for two
ness (um) Orientation directions) (um)
41 181’ off {111}* <1, <1
5.0 23’ off {100 <1, <1
3.2 19’ off {100 <1, <1
5.6 158’ off {111}* 1,15
29 180’ off {111}* <1,<1

* Toward a nearest {110}.
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graphic planes. This model is unsatisfactory, since it
does not explain (a) why the displacement is generally
greater for larger misorientation from {100}, (b) why
the lower temperatures cause step-broadening at {100},
or (¢) why some receding step-motion occurs. This
model might be more plausible if the data on growth
rate vs. orientation showed a definite minimum at
{100}, but this was not the case with the present study.
Bean and Gleim (14) on the other hand do report a
lower growth rate for {100} as opposed to 1.5° off
{100}; as pointed out by Runyan (15) data from various
experimenters seldom seem to agree on the numerical
values of the growth rate.

An alternate model of greater complexity would in-
volve a consideration of the atomic structure at the
steps; the rate at which atoms could be attached to
the various structures would then determine the re-
sultant displacement. Edge effects, e.g., at the bottom
of a step, would probably be important in this model,
whereas the simpler macroscopic model would ignore
what happens at such an edge. Either model is suffi-
cient to explain the symmetry effect, since in each
model the growth rate depends on the crystal struc-
ture. This implies that atoms are readily supplied to
all possible growth centers by transport mechanisms,
which may include surface diffusion as suggested by
the work of Runyan et al. (11).

Manuscript submitted Feb. 2, 1970; revised manu-
script received ca. July 9, 1970,
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Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
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Doped Oxides as Diffusion Sources

11. Phosphorus into Silicon

M. L. Barry*

Research and Development Laboratory,
Fairchild Camera and Instrument Corporation, Palo Alto, California 94304

ABSTRACT

The diffusion of phosphorus from a deposited doped oxide into silicon has
been found to be consistent with a previously derived model descrxbmg doped
oxides as diffusion sources. Diffusion coefficients of phosphorus in both silicon
and silicon dioxide have been measured in terms of this model over surface
concentrations varying from 6 x 1017 to 2 x 1020 atoms/cm3 at diffusion tem-

peratures of 1000°, 1100°, and 1200°C.

The use of doped oxides which have been deposited
at low temperatures as diffusion sources adds con-
siderable flexibility to the processing of semiconductor
devices. Perhaps the greatest advantage over standard
gas-phase doping techniques is independent control of
the surface concentration over several orders of magni-
tude. Other advantages include better process control,
adaptability to low defect processing, and the ability
to control the final oxide thickness independently of the
diffusion conditions. In addition, it is possible to make
certain device configurations, such as self-aligned-gate
metal-oxide-semiconductor transistors, or complemen-
tary MOS integrated circuits, which are very difficult
with standard technology.

In an earlier paper (1), a model describing the dif-
fusion of a dopant into a semiconductor from a doped
oxide was presented and shown to describe reasonably
well the case of boron diffusing into silicon. The pur-
pose of this paper is to extend this model to the case
of phosphorus diffusing into silicon and to report mea-

® Electrochemical Society Active Member
Key words: solid-state d tor pr

sured values of the constants of the diffusion. Inter-
preting these constants in terms of atomistic descrip-
tions of the diffusion mechanism is not within the scope
of the present paper.

Diffusion from deposited doped oxides has been re-
ported fairly extensively (2-13), including several
descriptions of the diffusion of phosphorus into silicon.
However, values of the appropriate diffusion coeffi-
cients have not been reported in these papers over the
range of temperature and concentration covered in the
present work. The literature treating the diffusion
process itself of phosphorus into silicon is very ex-
tensive and cannot be reviewed here.

Theory

The general one-dimensional case for diffusion of a
dopant from a uniformly doped oxide of thickness
x, — xp and initial concentration C, into a silicon
substrate is shown in Fig. 1. Inclusion of an undoped
oxide of thickness xp, which acts as a barrier to dif-
fusion, allows the measurement of the diffusion param-
eters of the dopant in the oxide; in actual device
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Fig. 1. Diffusion from a deposited doped oxide through a barrier
oxide into a semiconductor substrate.

fabrication, this barrier oxide is normally reduced to
a minimum. The diffusion equations in each region can
be written
aCi(z, t) 92C;i(x, t)
_p— [1]
at 9x?

where the subscript i takes the value 1, 2, or 3 de-
pending on the region. This formulation implicitly
assumes that no field-aided diffusion terms are operat-
ing on ionized dopants and that ion-vacancy interac-
tions can be ignored. The conditions under which these
assumptions appear valid and the corrections to be
made when they are not are discussed in a later sec-
tion. The solution of Eq. [1] with the appropriate
boundary conditions has been described in some detail
in earlier work (1); suffice to say that when the thick-
ness of the doped oxide is much greater than the dif-
fusion length of the dopant in the oxide, the solution
for the concentration in the silicon reduces to a simple
form

Cifx; 1) = [2]

Co\/D1/D; - [ xp +_ﬁkr ]
(1+k) 2v/Dit

where t is the diffusion time; m is the segregation co-
efficient, or the ratio of the concentration of dopant in
the silicon to the concentration in the oxide at the sili-
con-oxide interface; and

1
k = —+/D1/D; [3]
m

Determination of Dy—For the case of no undoped
barrier oxide (xp = 0), Eq. [2] reduces to the simple
case of diffusion from a semi-infinite source into a
semi-infinite sink, or a complementary-error-function
diffusion with an equivalent surface concentration Cs

Cy\/D1/D
gy e 0 [4]
a+k

Thus, the surface concentration for this simple case is
independent of time and depends on the initial con-
centration of dopant in the oxide, the square root of
the ratio of the diffusion coefficients, and the segrega-
tion coefficient. Integration of Eq. [2] also leads to a
simple expression for the sheet conductivity when xp
= 0 and the substrate resistivity is reasonably high
(greater than 1 ohm-cm for this work)

I/V = 8.15 X 10—28 uCs~/Dat [51

where I/V is the inverse of the V/I commonly mea-

sured with a 4-point probe, n is the effective mean
mobility of carriers, and the constant includes the
electron charge, the spreading-current factor for the
4-point probe, and 2/y/x, a constant of the integration.
It can also be shown for the case of no barrier oxide
that the junction depth can be written
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_ Ch
xy = 2\/Dyt argerfc — [6]
s

where Cj, is the bulk concentration of the substrate.

From Eq. [5] and [6], the junction depth and sheet
conductivity should be linear functions of the square
root of the diffusion time, and the slopes of the cor-
responding straight lines are measures of the diffusivity
of the dopant in silicon

1.23 x 1022 d(I/V)
2 = - = [71
4Cs (/B
d(xy)
_ d(/D
VD= oo — [81

2argerfc [EE]
Cs
If the surface concentration is greater than about 1 x
1019 atoms/cm3, it is possible to measure Cs by a
plasma-frequency method; it is then possible to deter-
mine two independent values of D, from sheet con-
ductivity and junction depth data. For low values of
Cs, Eq. [7] and [8] can be combined, and self-
consistent values of Dy, and Cs can be calculated.
Determination of Dy.—Inclusion of an undoped bar-
rier oxide as shown in Fig. 1 allows the measurement
of Dy, the diffusivity of the dopant in the oxide. If the
subscript B refers to a wafer with a thin, undoped
oxide of thickness xg, and the subscript N refers to a
wafer with no such barrier oxide, then Eq. [2] can be
manipulated to show for a given C,

B

VD1 = = [9]
_ [ ux(I/V)s
2\/t argierfc —_——_-]
ws (I/V)x\/n

. XB
= [10]

B [(Cs)B]
arger:
8 L eon

— :L‘B\/ D_z

/D1 [11]

- (x))n — (x3)B

Thus, by measuring the differences in sheet conductiv-
ities, junction depths, and surface concentrations be-
tween wafers diffused with and without a barrier
oxide, it is possible to determine D; by three inde-
pendent measurements.

Determination of m.—In theory, the segregation co-
efficient can be determined from different variants of
Eq. [2] once D; and D, are known and C,, the concen-
tration of the dopant in the oxide, is measured (1).
Numerically, however, m is calculated as the reciprocal
of a small difference between two large experimentally
determined numbers, and for the case of phosphorus
the resulting uncertainties are large enough to render
its calculation meaningless. This will be enlarged upon
in a later section.

Experimental

The substrates used in this study were (111) silicon
wafers, sliced from Czochralski-grown crystals, lapped
on both sides, and mechanically and chemically pol-
ished on one side. The phosphorus doped oxides were
deposited by oxidation of silane and phosphine at a
substrate temperature of 400°C, and the diffusions
were performed in dry nitrogen ambients at within
+2°C of the nominal diffusion temperature. The
thickness of the doped oxide normally was 0.6x. The
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phosphorus concentration in the films was determined
by a spectrophotometric analysis using films deposited
simultaneously with those used for diffusion (14).
The sheet conductivity was measured with a 4-point
probe, and junction depths were measured using the
Nomarsky interference technique after grooving and
staining. The mean mobilities were calculated as a
function of surface concentration by numerical in-
tegration of Irvin’s conductivity mobility data (15)
assuming complete ionization. The junctions were
delineated by staining with a nitric-hydrofluoric acid
solution (0.1:50:50 by volume of 70% HNOs5:49%
HF:H;0). The surface concentration was determined
from the minimum in the infrared reflection spectrum
(plasma-frequency), using the curves of Gardner
et al. (16) and corrected for shallow junctions by the
method of Abe and Nishi (17). Ellipsometric methods
were used to measure the thickness of the barrier
oxides.
Results

Values of the diffusivity of phosphorus in silicon as
determined by this technique are shown in Fig. 2 for
surface concentrations ranging from 6 x 1017 to 2 X
1020 atoms/cm3 and temperatures from 1000° to 1200°C.
For surface concentrations of 1 x 1019 atoms/cm3 and
above, where Cs generally could be measured inde-
pendently, the values of \/D; measured by the sheet
conductivity method are shown as closed points, while
the values measured from the junction depth method
are open points. For lower values of Cs, the calculated
self-consistent values of \/Dy and Cs are shown as
partially closed points. These data indicate that the
diffusivity of phosphorus in silicon is relatively inde-
pendent of Cs up to values of about 1 x 1019 atoms/cm?
and that it then increases with increasing concentration.

The reliability of these values of /D, has been
estimated by geometrically combining the standard
deviations or uncertainties of each of the factors enter-
ing into the calculations. The estimated accuracy of
/D as measured by the sheet conductivity method in-
cludes a 20% uncertainty in the measurement of Cs,
a 10% uncertainty in the mean mobility, and a 1%
relative standard deviation in the slope of the I/V —
\/t curve (from a least-squares fit assuming no un-
certainty in the diffusion time). These combine to
yield a total uncertainty of about 25%; however, at
high surface concentrations (over 1 X 1020) the un-
certainty in Cs reduced to about 10%, and the total
uncertainty drops to about 15%. In a similar fashion,
the \/D; as measured by the junction depth method
has an estimated uncertainty of less than 10%, pri-
marily because it is relatively insensitive to values of
Cs. As Fig. 2 shows, there is generally excellent agree-

ment between values determined by the two tech- -
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Fig. 2. Diffusion coefficients of phosphorus in silicon at various
temperatures and surface concentrations.
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into silicon at 1100°C from deposited oxides with different initial
phosphorus concentrations.

niques, and agreement between duplicate measure-
ments also is good.

In the case of boron diffusing from a doped oxide at
high surface concentrations (Cs > 1 x 1020 atoms/cms3),
the sheet conductivity was found to be anomalously
high at short diffusion times (1). This behavior ap-
pears to be absent in the case of phosphorus, as indi-
cated by Fig. 3 and 4. The sheet conductivity, as shown

in Fig. 3, is a linear function of \/t at surface con-
centrations as high as 2 x 1020, 1 and it extrapolates
properly back through the origin or to a very small
intercept on the positive time axis. The junction depth
is also linear in \/t over all concentration ranges
utilized. In addition, the surface concentration remains
independent of the diffusion time in all these studies,
as predicted by Eq. [4]. The surface concentrations of
phosphorus in the silicon for various initial concen-
trations of phosphorus in the oxide are shown in Fig.

1The upper limit of Cs in these experiments is controlled by a
phase change of the doped oxide. At high phosphorus concentra-
tions, the oxide appears to liquefy at the diffusion temperature, in-
creasing /D1 to a high value and thereby increasing Cs, as indi-
cated by Eq. [4] This phase change corresponds quite well to the
phase diagram for SiOs-P20;5 proposed by Tien and Hummel (18).
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Concentration profiles for diffusions from two differ-
ent concentrations of doped oxide are shown in Fig. 6.
These profiles were determined by measuring the
sheet conductivity gradient normal to the wafer sur-
face using the anodic oxidation technique of Tan-
nenbaum (19). The deviation of the high surface con-
centration profile from the expected erfc relation is
discussed in a later section.

The measurement of D;, the diffusivity of phos-
phorus in the oxide, is slightly more complicated than
in the case of boron. Glasses containing more than
about 2 X 102! phosphorus atoms/cm? dissolve the
undoped barrier oxide at a finite rate at the diffusion
temperatures, and this tends to obscure the diffusion
process in the oxide. This case can be treated as dif-
fusion from a moving boundary (20), but the experi-
mental results do not justify the effort. This dissolu-

tion does not affect the measurement of \/Ds, of course,
wherein no barrier oxide is used. As a matter of fact,
the dissolution of the very thin naturally occurring
oxide on the silicon surface insures that the sheet
conductivity and junction depth curves for high sur-
face concentrations will pass through the origin rather
than be shifted along the positive time axis, as may
be the case for boron.
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Fig. 6. Concentration profiles of phosphorus diffusing into sili-
con from deposited oxides.
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For phosphorus concentrations below about 2 x 102!
atoms/cm3 in the oxide, the dissolution of the barrier
oxide is negligible, and the diffusion coefficient can

be measured. Figure 7 shows values of \/D; at temper-
atures from 1050° to 1200°C. Because of the required
low concentrations, determination of D; by differences
in Cs (Eq. [10]) is not possible, but there is good
agreement between the other two techniques. Of these,
the method using differences in junction depths (Eq.
[11]) appears most reliable. The sheet conductivity
technique (Eq. [9]) involves estimating the effective
mean mobility, and electron mobilities change quite
rapidly with surface concentration in the region where
these measurements are made. In addition, for much
of the data the surface concentrations are too low to
be measured directly; in these cases calculation of Cs,
%, and Dy must be done by a reiterative procedure. On
the other hand, measurement of D; by the junction
depth method can involve taking small differences be-
tween two large numbers. Estimated uncertainties in
these measurements vary from 10% at 1100°C to about
25% at 1200°C, and must be combined with the un-
certainties in /Dy, since this quantity enters directly
into the calculation of D;. As a result, values of \/D;
may be good only within +30%. Typical data for this
technique are shown in Fig. 8.

As mentioned earlier, values of the segregation co-
efficient, m, are not reported here. The equations for
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Fig. 7. Diffusion coefficients of phosphorus in SiO2

20 Co=4.3x10'9 atoms/cm3
® Xg=0

® xg=1704
T=1100°C

o
T

JUNCTION DEPTH, p
°
?

05

1 1 L 1
10 20 30

JT, Hr 122

1 1

Fig. 8. Measurement of the diffusivity of phosphorus in oxide by
the difference in junction depths after diffusion through a barrier
oxide.
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calculating m all have the form
1

m=e— [12]
Co _
— —/Dys/D
c \/D2/Dy

Since values of m are expected to be greater than
unity (21), the denominator of Eq. [12] will be less
than one. Since the ratios of C, to Cs and \/D; to /Dy
are typically in the range twenty to fifty, with sizable
uncertainties, small differences between these ratios
cannot be considered significant.

Discussion of Results

At high surface concentrations the diffusivity of
phosphorus in silicon is not strictly independent of
concentration, as has been assumed in this simple
model. As can be seen from Fig. 2, there is a one-and-
a-half- to threefold increase in /Dy as the surface
concentration varies from below 1 X 1019 to 2 x 1020
atoms/cm3, depending on the diffusion temperature.
Effects that have been advanced to account for such
an increase are the action of the self-induced field on
the ionized impurities (22,23) and an increase in the
equilibrium lattice vacancy concentration (24-26). The
first effect should result in a factor of 2 increase in Dy
as the dopant concentration becomes large compared to
the intrinsic carrier concentration at the diffusion tem-
perature. The vacancy mechanism should result in D,
being nearly proportional to the dopant concentration
at values well above the intrinsic carrier concentration.

Profiles for the low surface concentration diffusions
agree within the accuracy of the profiling technique
with the predicted complementary error function, as
shown in Fig. 6. However, a higher surface concentra-
tion diffusion shows some deviation from the expected
profile (the kinks in either curve are not significant ex-
perimentally). The non-normalized data for this sec-
ond diffusion are plotted in Fig. 9 together with curves
representing the expected behavior mentioned above,
as interpolated from the curves of Hu and Schmidt
(25). Curve A is the concentration profile predicted
for this surface concentration if only field-aided diffu-
sion terms are taken into account, while curve B shows
the additional effect of the equilibrium vacancy terms.

In both cases, the value of the intrinsic \/D—z has been
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Fig. 9. Comparison of the concentration profile of phosphorus
from a high surface concentration diffusion with profiles predicted
for: curve A, field-aided diffusion only; curve B, field-aided plus
equilibrium-vucincy diffusion; curve C, best fit by field-aided dif-
fusion with \/Dy = 0.40 u/hr.
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taken as 0.20 u/hr's, the apparent value of the low-Cg
asymptote at 1100°C as shown in Fig. 2. As can be
seen from Fig. 9, agreement of the data with either
of these curves is worse than with the simple error
function curve of Fig. 6. The curve that seems to fit
the data best is that for field-aided diffusion using

0.40 u/hr'*, the value of /D, which was actually mea-
sured for this diffusion assuming a simple erfc relation.

The proper interpretation of the high surface con-
centration data is not obvious, and as mentioned in
the introduction, it is beyond the scope of this paper
to discuss mechanisms of diffusion in silicon. The de-
viations of the concentration profiles from the expected
values are not large, but are significant. On the other
hand, there is excellent agreement between the values

of \/D; measured independently from both sheet con-
ductivity and junction depth data, and this should not
be the case for large deviations from the erfc relation.
The conclusion drawn is that the low surface concen-
tration values of Dy are valid intrinsic diffusivities of
phosphorus in silicon, while the values at high surface
concentrations are effective diffusivities (averaged over
some range of concentration) which adequately de-
scribe the diffusion characteristics.

A comparison is made in Fig. 10 of some of these
data with that reperted by other investigators. The
values of the diffusivity presented here for high sur-
face concentrations are lower in general than those
reported by Mackintosh (27), but higher than those
of Fuller and Ditzenberger (28). The apparent acti-
vation energy is lower for the high surface concentra-
tion diffusion than for the low surface concentration
(2.6 eV compared to 3.7 eV), as predicted by the va-
cancy mechanism, but the difference is larger than
that suggested by Hu and Schmidt (25).

Conclusions

Diffusion of phosphorus from a deposited doped ox-
ide source is an attractive technique for fabricating
both emitter and base junctions in silicon transistors
because of the independent control of surface concen-
tration over a wide range. The diffusion appears de-
scribable by a simple model, although there are small
discrepancies in the concentration profiles at surface
concentrations near 1 x 1020 atoms/cm3. Measurement
of diffusivities of phosphorus in heavily doped oxides
is complicated by the dissolution of the undoped
barrier oxide used in this technique. However, values
of the diffusivity of phosphorus in lightly doped oxides
are measurable.

12(|)O°C 1100 1000
T T
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\, b Fuller 8 Ditzenberger (28) -
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Fig. 10. Effect of temperature on the diffusion coefficient of
phosphorus in silicon.



1410

Acknowledgment

The author is indebted to Mrs. J. Bien for her as-
sistance in the experimental part of this work, to R.
Ceynowa for development of suitable techniques of
chemical analysis, and to W. H. Shepherd for many
technical discussions and much administrative support.

Manuscript received April 2, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971

JOURNAL,
REFERENCES

M. L. Barry and P. Olofsen, This Journal, 116,
854 (1969). .

P. F. Schmidt and A. E. Owen, ibid., 111, 682 (1964).

J. Scott and J. Omstead, RCA Rev., 26, 357 (1965).

P. F. Schmidt, T. W. O’Keefe, J. Oroshnik, and
A. E. Owen, This Journal, 112, 800 (1965).

W( von Meunch Solid-S$tate Electron., 9, 619

196

o D, Lig Tolhver and D. L. Elgon, Paper 183 presented
at t4he glgglladelphla Meeting of the Society, Oct.
9-14, 1966.

o "B 5]’..451}(1u and G. A. Gruber, Electrochem. Technol.,

196

. D. B. Lee, Sohd State Electron., 10, 623 (1967).

. A. E. Owen and P. F. Schmldt Thzs Journal, 115,
548 (1968).

B. M. Mecs, Paper 93 presented at the Boston
Meeting of the Society, May 5-9, 1968,

o o e —

—
o e

J. Electrochem. Soc.: SOLID STATE SCIENCE

November 1970

1. K Nafano, S. Iwauchi, and T. Tanaka, Japan. J.
Appl. Phys., 7, 1361 (1968).

12. T. Abe, Sato, M. Konaka, and A. Miyazaki,
Paper 184 presented at the Detroit Meeting of
the Society, Oct. 5-9, 1969.

13. F. L. Gittler, Paper 182 presented at the Detroit
Meeting of the Society, Oct. 5-9, 1969.

14. AASGP Committee Rept., J. Am. Water Works
Assoc., 50, 1563 (1958) as modified by B. Yurash
and R. Ce nowa, Fairchild Research and De-
velopment aboratory.

15. J. C. Irvin, Bell System Tech. J., 41, 387 (1962).

16. E. E. Gardner, W. Kappallo, and C. R. Gordon,
Appl. Phys. Letters, 9, 432 (1966).

17. T. Abe and Y. Nishi, Japan. J. Appl. Phys., 1,
397 (1968).

18. T.-Y. Tien and F. A. Hummel, J. Am. Ceram. Soc.,
45, 422 (1962).

19. E.( Tannenbaum, Solid-State Electron., 2, 123

1961).

20. C. T. Sah, H. Sello, and D. A. Tremere, J. Phys.
Chem. Solids, 11, 288 (1959).

21. A. S. Grove, Q. Lelstlko, and C. T. Sah, J. Appl.
Phys., 35, 2695, (1964).

22. F. M. Smits, Proc. IRE, 46, 1049 (1958).

23. S. Zaromb, IBM J. Res. Develop., 1, 57 (1957).

24, M. F. Millea, J. Phys. Chem. Solids. 27, 315 (1966).

25. S. M. Hu and S. Schmidt, J. Appl Phys., 39,
4272 (1968).

26. S. M. Hu, Phys. Rev., 180, 773 (1969).

27. 1. M. Mackintosh, This Journal, 109, 392 (1962).

28. C. S. Fuller and J. A. Ditzenberger, J. Appl. Phys.,
217, 544 (1956).

Electrical Characteristics
of the
Silicon Nitride-Gallium Arsenide Interface

J. E. Foster and J. M. Swartz

The National Cash Register Company, Dayton, Ohio 45409
and The Ohio State University, Columbus, Ohio 43210, respectively

ABSTRACT

The results of an investigation of the electrical characteristics of the sili-
con nitride-gallium arsenide interface as determined by capacitance-voltage
(C-V) curves is presented and discussed. The SisN; was pyrolytically de-
posited from SiH4 and NHj in the range 650°-750°C on n- and p-type, <111>,
GaAs. A hysteresis of the C-V curve is noted; the amount of curve shift is
shown to be heavily process dependent. Times involved in curve shift both
with and without applied bias are given. Surface state density for the best p

sample is in the 1012 range.

In the rapid advance of the semiconductor industry
over the last two decades, silicon has emerged as the
most important material. Silicon can be purified to a
very high degree by relatively simple methods so that
high-purity material is readily available at low cost.
In the 1960’s, the III-V compounds have attracted
increased attention. Of these materials, gallium-arsen-
ide (GaAs) is the most serious competitor to silicon.
The major advantages of GaAs over silicon as a tran-
sistor material are: (a) greater energy gap allowing
operation at higher temperatures, (b) high electron
mobility giving theoretically higher frequency re-
sponse, and (c) a direct band gap providing much
shorter recombination time. The materials technology
of GaAs is, however, much more difficult than silicon.
Because of the volatility of arsenic from the com-
pound, refinement is much more difficult than for the
elemental semiconductors. Only recently have such
new technologies as liquid encapsulation (1) been de-
veloped. It is to be expected that, as research and de-

Key words: MOS, semiconductor, amorphous, pyrolysis.

velopment continue on this important material, high-
purity, economical substrates will be achieved.

In order to maximize drain current, transconduct-
ance, and operating frequency of an insulated gate
field effect transistor (IGFET), it is desirable to have
the largest possible value of effective channel conduct-
ance (1) and also to use a gate insulator having a high
dielectric constant (2). The value of x depends on the
mobility, u, of the substrate—u being typically one
half that of x. It has been widely recognized, therefore,
that GaAs with its high electron mobility is potentially
a better substraté material for FET’s than silicon.

There has recently been a great deal of attention (3-
35) focused on amorphous silicon nitride (SisN4) as a
passivating and masking film partly or fully replacing
silicon dioxide. Silicon nitride is much more impervi-
ous to diffusants of all kinds than silicon dioxide. In
addition, the use of silicon nitride as an insulator in a
metal-nitride-semiconductor (MNS) FET increases the
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transconductance and drain current compared to SiO»
by 50% because of its higher dielectric constant.

A GaAs FET utilizing silicon nitride as the gate in-
sulator would have considerable advantage over the
silicon MOS-FET. Before such a GaAs metal-nitride-
semiconductor (MNS) FET can be realized, however,
a great deal of investigation into the SisN4-GaAs inter-
face must be made. This paper gives the results of an
investigation of the Si3N4-GaAs interface with par-
ticular attention to those properties which would affect
the achievability of a GaAs MNS-FET. The SizNy films
were pyrolytically deposited from SiH, (silane) and
NH;. Major emphasis was placed on p-material since
an n-channel enhancement-mode device would be de-
sired to utilize the high electron mobliity of GaAs.

A hysteresis effect in the SizN4-Si system has been
reported (18). This effect is also present in the SizNy-
GaAs system as is shown.

The metal-insulator-semiconductor (MIS) capacitor
was used as the principal device for this investigation.
The theory of MIS capacitors has been presented by
many authors (36-37) and hundreds of articles have
been written on the metal-insulator-semiconductor
system. An extensive bibliography has been given by
Schlegel (38, 39).

Deposition and Measurement Techniques

SisNy deposition.—The vapor deposition of SigN4 has
been accomplished by the ammonolysis of both silicon
tetrachloride and silane (7). The reaction between
silane (SiH4) and ammonia (NHjz) has been favored
recently. Films deposited using SiH4 and NH; are re-
ported to be amorphous at deposition temperatures
below 900°C (9) with deposition possible down to
650°C (11). The vapor pressure of As over GaAs is
given for four-atom and two-atom molecules of arsenic
vapor in the range 950°-1200°K by Drowart and Gold-
finger (40). Using their results as a guide, it was an-
ticipated that amorphous films of SizsN4 could be de-
posited at the low end of the SiH4;-NHj; temperature
range (e.g., 650°-750°C) without appreciable loss of
arsenic from the GaAs surface.

Semiconductor-grade nitrogen used as a carrier gas
was purchased from the Mineweld Company. The SiH4
diluted with nitrogen (96% Nj, 4% SiH4) and the
ultrahigh-purity (99.999%) NH; was purchased from
Matheson.

A schematic of the deposition apparatus used is
shown in Fig. 1. All tubing was Teflon; flow meters
were stainless steel. A two-way valve allowed the
NH; and SiHy to be turned from exhaust to the quartz
reaction tube to start deposition. Ny was allowed to
flow to exhaust as well as through the quartz tube at
all times when depositions were not being made. In
this manner, the system did not have to be pumped
down or otherwise purged.

GRAPHITE RF COIL
SUSCEPTOR A/ . QUARTZ TuBE
[ T0
/"=EXHAUST
I _T.C.
< OUTPUT
TEFLON TO
PLUG CONTROLLER
TWO-WAY TO | KW
VALVE RF SOURCE
7
1 : 1 N2
'{ B (FOR
\J PURGING)
T0
M EXHAUST TS
M=FLOWMETER
N2 96% Np NH3 HCL
4% SiHa

Fig. 1. Schematic representation of deposition apparatus
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The quartz reaction tube was 30 mm ID. The suscep-
tor was formed from a graphite cylinder 1 in. in diam-
eter and % in. long. The cylinder was cut in half
(lengthwise) to form a 1 in. x % in. horizontal surface
upon which the sample was laid. A hollow quartz tube
served as a handle for the graphite susceptor.

A thermocouple rod passed down the hollow quartz
handle into the graphite susceptor. The leads from the
thermocouple connected to a Research Inc., Thermac
6000 Temperature Controller. The controller output,
by means of an interfacing circuit, controlled the d-c
plate voltage of 1 kW, 475 kHz Ther-Monic induction
heating unit.

Sample preparation.—The GaAs wafers used in this
investigation were purchased from Bell and Howell
Research Laboratories. Both n- and p-type wafers were
0.020 in. thick and <111> oriented. The n-type mate-
rial was tellurium doped and showed an electron
mobility of 6600 cm2/V-sec and a carrier concentration
of 3.84 - 1016 cm—3 as determined by Hall measure-
ments. Carrier concentration of the zinc-doped p-mate-
rial was 1.4 x 1017 cm—3,

The wafers were hand lapped on an iron plate using
9u aluminum oxide in an oil slurry to obtain a dull,
smooth surface, then mounted on a polishing block
and polished on a wheel covered with a polishing cloth
(Buehler Ltd., No. 40-7618). A %% solution of bro-
mine in methanol was dripped onto the cloth to effect
the chemical polishing. This method of polishing GaAs
was first reported by Sullivan and Kolb (41). The
wafers were polished to a mirror finish, scribed by a
diamond scribe, and broken into chips approximately
Y4 in. square.

Final preparation included ultrasonic cleaning in
trichloroethylene and acetone, rinsing in methanol,
then rinsing in deionized water having a resistivity
greater than 15 meg and etching for 20 sec in an etch
consisting of HC1, HyO», and HsO in volume ratio 3:1:1.
The chips were again rinsed in the deionized water,
blown dry with high-purity N», and put on the graph-
ite susceptor in the quartz tube of the rf furnace. Ny
flowed through the tube until the deposition tempera-
ture was reached, at which time the SiHy; and NHj;
gases were switched to the tube to begin the deposi-
tion. The color changes were clearly visible as the
SizNy deposited. Nearly all samples tested had film
thickness in the 850-1050A range (dark blue to blue).

After deposition of the SizN4 aluminum dots were
evaporated onto the chip through a metal mask. The
dots were nominally 10 and 20 mils in diameter. The
aluminum was approximately 10,0004 thick.

Since C-V measurements were to be made on the
MNS (metal-nitride-semiconductor) capacitors, a con-
tact resistance at the substrate (i.e., the back contact)
of less than 100 ohms was adequate. Indium was ap-
plied to the back of n-type chips with a soldering iron.
This gave a contact resistance of less than 10—3 ohm-
cm2, An alloy of 30% Ag-70% Ga was used on the back
surface of p-type chips. This alloy could be applied to
the chips with a soldering iron, and gave a contact
resistance of 20-50 ohms.

C-V measuring techniques.—The chips were placed
on the stage of a micromanipulator for making the
C-V tests. The stage was gold plated and provided the
electrical contact to the substrate. A 0.010 in. beryl-
lium-copper wire probe made contact to the aluminum
dot field plate.

Leads from the probe station were connected to the
appropriate test instrument. Most measurements were
made with a Boonton Electronics Model 75C Capaci-
tance Bridge which has a frequency range of 5-500
kHz. Measurements at higher frequencies were made
on a modified Boonton Type 250A RX Meter which has
a frequency range from 0.5 to 250 MHz.

Experimental Results

An overview.—Table I gives the results of a pre-
liminary test on several n-type samples at different
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Table I. Etch rate, dielectric constant, and
maximum field strength of SigNy4

Flow rate Max field
of NHy Vol ratio Etch rate strength
(ce/min) NH; to SiH, (A/min) €r (V/em)
18 5:1 300-350 7.9 5 x 108

30 25:1 800-1000 6.3 9 x 108

60 62.5:1 800-1000 6.2 1.1 x 107
290 80:1 800-1000 6.1 2.9 x 107
290 121:1 800-1000 6.15 2.8 x 107

NH; to SiH4 ratios. Deposition temperature was 725°C
with an Ny carrier flow of 5 ft3/hr. The etch test was
made in 49% HF acid at room temperature. The rela-
tive dielectric constant given in the table is the aver-
age of 3 to 5 samples.

Thickness was measured by interference fringes and
by means of a Bausch and Lomb Spectrophotometer
(Model 505). Only a slight difference is seen in the
etch rate, dielectric constant, and maximum field
strength for films deposited with NH3 to SiHy4 ratios of
25 to 1 or greater. The relative dielectric constant ap-
pears to decrease somewhat and the field strength in-
creases as the NHj: SiHy ratio increases—both effects
saturating at high ratios. The film deposited at 5:1,
however, shows a distinct difference in all three
parameters. Other workers (6, 7, 10, 31) have reported
SizNy films deposited at 900°-1100°C on silicon to have
etch rates of 150-300 A/min in 49% HF. Their results
also show higher etch rates for lower deposition tem-
peratures. The etch rates of 800-1000 A/min given here
for a deposition temperature of 725°C are in good
agreement with their findings. The relatively low etch
rate of 300-350 A/min for the 5:1 film suggests that
this film contains excess silicon. This agrees also with
the conclusion of Bean et al. (9) that a 5:1 ratio is
silicon rich. It is interesting to note that Saxena and
Thal (26) reported etch rates of 350 A/min with films
deposited at 400°C from NHj; and SiH4 in a glow dis-
charge. The ratio of NH3 to SiHs; was not reported,
however. The higher dielectric constant and lower field
strength for the 5:1 film here also would seem to sup-
port the conclusion that the film is silicon rich.

The C-V curves obtained on p-substrates showed
two prominent characteristics, presence of fast surface
states and a field-induced hysteresis. The presence of
fast surface states is indicated by the curves of Fig. 2.
For this sample, a test frequency of 1.5 MHz was re-
quired to “freeze out” the fast states, frequencies above
1.5 meg yielding the same curve. Zaininger (42) has
outlined a method of determining the effective density
of surface states which can respond to frequencies up
to that of the test signal. The intent here is to point
out that the energy distribution and frequency re-
sponse of these fast states is affected by the NHj: SiH,
ratio. The NHj to SiHy4 ratio for the sample of Fig. 2
was 25:1; at higher NH;3 to SiHj ratios, the frequency

CAPACITANCE (pfd)

Lis0
6-34
830 & sizN,
on
Liso 1.4x10'7 P TYPE GoAs
DEP. TEMP. =725°C
NH3:SiH, =25:1

AREA=2.2x 10" 3cm?2
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response of the fastest states decreased until at a ratio
of 55:1 the surface states for good samples could not
follow a 500 kHz signal (Fig. 3). A comparison of Fig.
2 and 3 shows, moreover, a difference in the energy
position of those states which could respond to 100
kHz but not 500 kHz. In Fig. 2, the greatest difference
between the 100 and 500 kHz curves is in the inversion
region. In Fig. 3, however, the greatest difference be-
tween the 100 and 500 kHz curves lies in the accumula-
tion and depletion regions. This indicates that, where-
as the fastest states lie near or above midgap (the in-
version position of the Fermi level) for the sample of
Fig. 2, they lie in the lower half of the band gap (the
depletion and accumulation position of the Fermi
level) for the sample of Fig. 3. A frequency of 500 kHz
was sufficiently high to freeze out all fast states for
nearly all films deposited at NH; to SiHy4 ratios of 55:1
or greater. The curves of Fig. 3 are shifted toward
more negative voltages than the curves of Fig. 2. This
shift was found to be generally true as the NHj to
SiH, ratio was increased.

Depositions on n-type substrates were made only at
700°C with NHj: SiH, ratios ranging from 25 to 121 to
1. These samples also show a very ldrge effect of fast
surface states. Figure 4 shows a sample for which a
frequency of 1.5 meg was required to “freeze out” the
fast states. The flat band voltage is +20V. As in the
case of p-type samples, depositions made at high NHj
to SiH4 ratios (62.5 and above) gave surface states
that could not respond at 500 kHz. Figure 5 shows
C-V curves for six representative samples taken at
1.5 MHz. There is considerable difference in samples
deposited at the same NHj3 to SiHy ratio as for ex-
amples N30 and N33. N-type samples showed much
poorer repeatability than p-type samples. Flat band
voltages for most samples were greater than 22V—cor-
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Fig. 3. C-V curves showing fast states in depletion region.

CAPACITANCE (pfd)

5 Ke

SizNg on N TYPE GaAs
NH31$iH4 =25:1
DEP. TEMP.= 700°C

Vep=+20._ |
i ; o TR

L L ?
-16 -8 -4 0 4 8 12 16
APPLIED VOLTAGE (VOLTS)
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Fig. 4. C-V curves for n-sample showing effect of fast surface
states.
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Fig. 5. Normalized C-V curves for samples on n-substrates

responding to field strengths greater than 2-3 x 106
V/cm.

The Fermi level for the p-substrates lies very close
to the valence band (within 0.1 eV) so that at flat
band most of the energy gap lies above the Fermi level.
For the n-substrates, the Fermi level is about 0.125 eV
below the conduction band, so that most of the energy
gap is below the Fermi level at flat band. For n- and
p-type samples processed in the same manner, the
ionic contamination should be similar. Any significant
difference in flat band voltage beyond that due to ¢ms
(difference in metal, semiconductor work functions)
should, therefore, reflect the nature of the surface
states. The C-V curves for n-substrates are shifted to
the right giving positive flat band voltages in contrast
to negative flat band voltages for p-type samples. This
strongly suggests that the surface states are negative
when below the Fermi level, thus accounting for the
difference between the curves on p- and n-substrates.
The positive charge causing the shift of C-V curves
on p-substrates must, then, be accounted for by traps
that are positive when empty.

The hysteresis effect.—Figure 6 shows a C-V plot
made on an x-y plotter. The voltage sweep was 5 V/
sec so that both curves were swept out in about 15 sec.
The curve swept from left to right lies some 8V to the
left of the return sweep. This field-induced hysteresis
has been reported in the case of SizN,4 deposited on Si
(17, 18) and is also present for the SizN4-GaAs system.

The displacement of the two curves indicates either
a transfer of charge across the SisNs-GaAs interface,
or a movement of charge within the SizN4. The direc-
tion of the curve shifting is, however, in the wrong
direction to be explained by movement of charge with-
in the SizgNy. It must be concluded that charge moves
across the semiconductor-insulator interface and is
trapped. The direction of the curve shifting as well as
the recovery times involved can be explained, at least
in a qualitative way, by such a trapping model. Her-
man and Warfield (43) have treated the effects of traps
in the MOS structure. Ross and Wallmark (44) have
dealt with trapping in the metal-SizNy, SiO.-silicon

NORMALIZED CAPACITANCE
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Fig. 6. C-V curves showing hysteresis
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system. The difficulty in obtaining a quantitative model
lies in the fact that no method has yet been devised
to determine both the spatial and energy distribution
of the traps.

Figure 7 shows the “trap filling” response for two
p-type samples having SisNy thicknesses of 850A. A
20V bias was applied and the capacitance at flat band,
which had previously been determined, was used as
an indication of curve shift. The application of the
bias was interrupted at each test point for about 10
sec in order to determine how much the flat band
voltage (i.e., the voltage required to yield flat band
capacitance) had shifted. Whereas sample G-35
reached equilibrium in about 2 min with a shift of
5.7V, G-45 reached a shift of only 3.7V after an hour.
G-35 was deposited at a NHj:SiH; ratio of 49:1 at
725°C, whereas G-45 was deposited at a 62:1 ratio at
700°C. It can be concluded that, whereas G-35 has a
relatively high density of traps near the interface
(i.e., within the tunneling distance) and/or the traps
have a large electron capture cross section so that
equilibrium is soon reached, G-45 has a lower density
of states near the interface so that when equilibrium is
finally reached the shift in flat band voltage is less.

The filling of traps involves electrons crossing the
semiconductor-nitride interface and being captured by
traps, which accounts for the right-most curve of Fig.
6. As the bias voltage sweeps out to 420V traps fill, so
that the return path is displaced to the right indicating
a net increase of negative charge at the interface.

The complementary part of the cycle is completed
as the bias swings negative. The bias is then in a
direction to raise the energy levels of the traps causing
trapped electrons to tunnel back to the semiconductors.
As the bias is swept negative to —20V, traps empty
as electrons tunnel back to the semiconductor. The
subsequent sweep from left to right is displaced to the
left, indicating a net gain of positive charge.

In addition to the emptying of those traps which at
flat band lie above the Fermi level, it is possible that
some traps which are below the flat band Fermi level
also empty as they are raised in energy by the nega-
tive bias. When the negative bias is released, these
latter traps must fill before equilibrium is again
achieved.

Establishing an equilibrium condition.—The discus-
sion above has pointed out the nature of the hysteresis
cycle—filling of traps with positive bias, emptying of
traps with negative bias. Before quantitative measure-
ments could be made on the samples, however, it was
necessary to establish an equilibrium or reference
condition. In particular, the “zero bias, equilibrium
capacitance” (ZBEC) would be the value of capaci-
tance at zero bias when the sample is in complete
thermal equilibrium. Any procedure outlined for re-
turning the sample to the ZBEC! should be repeatable.
Such a procedure can be drawn up only after examina-
tion of the relaxation times involved in returning the
sample to equilibrium.

1The term ZBEC will be used interchangeably to denote ‘‘zero

bias equilibrium capacitance” and ‘zero bias equilibrium condition.”
The meaning should be clear from context.
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Figure 8 shows relaxation curves for two p-samples
after removal of positive bias. The two curves for each
sample result from a difference in the initial shift be-
fore relaxation. V'rp represents the change in flat band
voltage from its value prior to application of the posi-
tive bias.

It is apparent from the straight line plots of Fig. 8
that

AV'pp= —Alogt

with A in the range 0.5-0.7 for t in minutes. All sam-
ples tested showed similar relaxation curves. There
was no apparent correlation between the NHj:SiH,
ratio and the value of A. The relaxation of filled traps
is very slow. For an initial shift of 6V in flat band
voltage, and using a value of 0.6 for A, 101 min would
be required for relaxation back to equilibrium. This is
nearly 20,000 years.

In contrast to the extremely long time required for
the traps to empty with no applied bias, they could
be emptied in a short time by the application of a
negative bias. A typical plot of this resetting of V'pp
as a function of time is shown in Fig. 9. Notice that
V'rg does not return to zero but goes to negative
values. In terms of the C-V plot of Fig. 10, the follow-
ing sequence has occurred:

1. Starting at “equilibrium” curve 4, a positive bias
is applied which shifts the curve to the position
marked B as traps fill.

2. A negative bias is applied which moves the curve
from B to C, overshooting the equilibrium position A.

In going from position B to C, not only have the
traps that were filled by application of the positive
bias been emptied, but also some traps which are filled
in the equilibrium condition have been emptied. It is
to be expected that these latter traps would fill ex-
ponentially, the dominant process being described by

dnt
—— =An(N¢ —n)
dt

where n; is the density of filled traps, N; is the total
density of filled traps at equilibrium, n is the density
of conduction band electrons, and A is a capture con-
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stant. Figure 11 shows this recovery for three samples.
The shift in flat band voltage is given by

V'pp = Vo e—tir

Typical values for t are 5-15 min for the samples in
the dark.

At this point a procedure for establishing a ZBEC
can be given:

1. Apply a negative bias for 5 min. A bias of —30V
for Si3Ny films in the 850-1000A range is adequate.
All traps above the flat band Fermi level will empty,
as will some traps below the flat band Fermi level.

2. Remove all bias for 45 min to allow traps below
the Fermi level to fill.

Effects of NHj: SiHy ratio on hysteresis—A detailed
investigation was made to determine how the hystere-
sis varies as the NHj;:SiHy ratio is changed. Over a
hundred samples were investigated. The zero bias
equilibrium capacitance (ZBEC) was carefully estab-
lished for each sample as outlined above. Using this
capacitance as a reference, a positive bias was first
applied to the sample and the voltage (V,’) required
to again achieve the reference capacitance was noted.
This cycle was repeated for a given positive bias until
no further voltage shift was obtained. In this manner,
the amount of shift in the C-V curve for a given bias
was found. The flat band capacitance could have been
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used as the reference point, but the ZBEC was more
convenient since it could be found directly by mea-
surement.

Figure 12 shows the shift in C-V plot, as determined
by monitoring the voltage (V,’) required to obtain the
ZBEC, as a function of bias for seven representative
p-type samples. Film thickness for all samples was
900A =+ 10%. The samples can be divided into two
groups, those deposited at NHj:SiH, ratios above or
below about 50:1. Samples deposited at ratios below
50:1 show a relatively large amount of shift at low
bias with the rate of shift reducing at higher bias.
Samples deposited at ratios above 60:1 show the re-
verse effect, i.e., lower shift at low bias and a great
deal of shift as the bias voltage was increased. A
ratio of about 55:1 gave a nearly linear plot—inter-
mediate to the two groups.

The above grouping was independent of deposition
temperature over the temperature range 700°-725°C.
It was found, however, that depositions at 725°C at
ratios above 60:1 did not give good C-V plots. Little
or no change in capacitance vs. bias was found, al-
though the films had good physical appearance and
good field strength (> 107 V/cm). Judging from the
thickness of the films, the capacitances were always
low. This indicated that the samples were so heavily
inverted that it was impossible to achieve accumula-
tion. Reducing the temperature to 700°C gave good
curves at high ratios.

Looking at Fig. 12 in greater detail, it is clear that
processing has a very pronounced affect on the density
of traps as a function of distance from the insulator-
semiconductor interface. Samples G-25, G-26, G-34,
and G-35 exhibit 2-3 times as much shift as the other
samples at a bias of 10V. Since the bias at each value
was repeatedly applied until no more shift was ob-
tained, it must be concluded that G-25, G-26, G-34,
and G-35 have a much greater density of traps within
the tunneling distance than do the other samples. This
is also in agreement with the discussion relating to
Fig. 7 above where it was concluded that G-35 had a
much higher density of traps near the interface than
G-45. At higher bias (> 25V), samples G-26, G-34,

6 6-45(62.5:1)
( 700°

(CURVE SHIFT-VOLTS)

Vo

1 1 1 ]
o 10 20 30 40 50
APPLIED BIAS (VOLTS)
Fig. 12, Effect of NH3 to SiH, ratio on amount of curve shift
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and G-35 show a decreasing amount of shift—indicat-
ing a decreasing density of traps.

Samples G-45, G-49, and G-50 show an increasing
amount of shift with increasing bias. At high bias, the
slopes of these curves approach unity. These samples
appear to have a high density of traps at greater dis-
tance from the interface.

Depositions were made on p-substrates from 650°
to 725°C at NHj: SiH, ratios ranging from 25:1 to 300: 1.
Best results were obtained at a NHj:SiHy ratio of
about 60:1 at 700°C. These samples show low hystere-
sis at fields below 2-3 x 106 V/em. Higher NHj: SiH,
ratios (up to at least 121:1) give about the same
amount of hysteresis at low fields, but the C-V curves
for these samples are increasingly shifted toward nega-
tive voltages. Figure 13 shows the improvement in
hysteresis at low fields (< 3 x 106) for one of the best
p-type samples (G-45) processed at 700°C at a NHj:
SiH, ratio 62:1 over the best sample (G-35) obtained
at 725°C. Both curves were made at 100 kHz on an x-y
plotter.

Although the C-V curves for n-type samples are
quite different from those for p-type samples, the
hysteresis effect is very similar. As for p-samples, the
C-V curves for n-samples show the effect of trap fill-
ing and emptying. Application of positive bias results
in a shift of the C-V curve toward more positive
voltages. The relaxation (trap emptying) with no bias
applied was again found to be logarithmic with time.
A relaxation rate of 0.5-0.6 V/decade in excellent
agreement with that of p-type samples was found.
Again the traps could be emptied by the application of
negative bias—a field of 2-3 x 106 V/cm for 2-5 min
being sufficient.

Figure 14 shows the shift in ZBEC for several n-
samples. As in the case of p-type samples, the shapes
of the curves are quite dependent on the NHj3 to SiHy
ratio. Samples deposited at low ratio show greatest
shift at low fields, while samples having higher NH;
to SiH; ratios (62.5:1 or greater) show the opposite
effect. These results are in good agreement with those
for p-type samples.

Density of surface states.—Because of the hysteresis
effect in these samples, the concept of surface state
density does not have its usual meaning. In the normal
situation (e.g., grown silicon dioxide on silicon) sur-
face state density is a function of surface potential but
is not dependent on the past history of the sample.
The situation here is different, however, since the
shape of the C-V curve is a function of the direction
in which the voltage is varied. Figure 15 shows two
curves for the p-type sample (G-45) exhibiting the
least amount of hysteresis at low fields. Curve A was
taken by varying the voltage in the negative and posi-
tive direction starting each time from zero volts in the
equilibrium condition. This was the standard pro-
cedure used in taking C-V curves as discussed above.
Curve B was taken by first adjusting the bias to
+25V and then taking data as the voltage was de-
creased back through zero to negative voltages. The
dotted curve in Fig. 15 is Curve B shifted next to
Curve A. Curve B is somewhat steeper than Curve A.

NORMALIZED CAPACITANCE
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Fig. 13. C-V curves showing hysteresis improvement
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This is due to the fact that the traps were first filled
before taking Curve B. Since the traps empty very
slowly until negative voltages are reached, this curve
gives the minimum effect of hysteresis as far as deter-
mining surface state density. The fact that the curve
is shifted to the right of the equilibrium Curve A does
not affect surface state density measurements. Such a
shift is analogous to that produced by a non-zero ¢ms
(metal-semiconductor work function difference) and
has no effect on determination of surface state density.

Curve C in Fig. 15 is the calculated theoretical C-V
curve (45) for values of surface potential, ys, ranging
from 0 to +1.1V. This corresponds to the Fermi level
going from 0.1V above the valence band (¢s = 0) to
0.2V below the conduction band (ys = 1.1). The sur-
face state density was calculated from Curves B and C
and is shown in Fig. 16. Ngs is the effective density of
surface states per square centimeter per unit voltage.
Ngs is in the 10!2-1013 range—being highest fcr low
values of ys. Values of ys between 0 and 0.1V corre-
spond to negative values of the applied voltage. The
emptying of traps in this region could account for the
large increase in Ngs. The lowest value of Nsgs is
1 x 1012 for ys of 0.4-0.5V.

Summary
The predominant characteristic of the SisN4;-GaAs
interface is the presence of hysteresis due to the filling
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and emptying of traps in the SisNy near the interface.
The spatial distribution of these traps from the inter-
face is strongly dependent on the NHj: SiH4 ratio. The
amount of this hysteresis was minimized to less than
2V for fields below 1.7 x 108 V/cm for the best p-type
sample. Best results were obtained at a deposition tem-
perature of 700°C and a NHj: SiHy ratio of 62.5:1.

The relaxation (emptying) of filled traps with no
applied bias is extremely slow and logarithmic in time.
Recovery times as long as 20,000 years are indicated.
The refilling of traps to equilibrium after removal of a
negative bias is exponential in time with time constants
of a few minutes in the dark. Surface states at the
interface appear to be negative when below the Fermi
level and account for the opposite polarity of flat band
voltage for n- and p-samples.

A method was found for obtaining repeatable C-V
measurements. This involved the establishing of a zero
bias equilibrium condition—ZBEC. This condition
could be achieved in a few minutes by relaxation after
the application of a negative bias.

Surface state density for the best p-sample was in
the 1012-1013 range. Repeatability on p-type samples
was good—apparently being primarily determined by
repeatability of the processing. Repeatability for n-
type samples was relatively poor for reasons not yet
determined.

Some further reduction in the amount of hysteresis
is needed before stable gates can be fabricated from
GaAs-SigNg FET’s.

Manuscript submitted Feb. 4, 1970; revised manu-
script received ca. June 22, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971

JOURNAL.
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The Orientation Dependence of Epitaxial
InAs.P ..., on GaAs

H. A. Allen*

Texas Instruments Incorporated, Dallas, Texas 75222

ABSTRACT

The orientation dependence of the deposition of InAs,P;_, epitaxial layers

on GaAs using an AsHj

, PHj, indium, and HCI vapor-deposition system was

studied. The total flow late and the ratio of Group III to total Group V com-
ponents were held constant while deposits were made simultaneously on (100),

(110),

(111) A, and (111)B substrates. Similar deposits were made under the

same conditions on spherical, single-crystal GaAs substrates. Growth on these
spheres exhibited facets that correspond to slow growth and high-perfection
orientations. The sphere surface morphologies were similar to the planar sub-
strates over much of the composition range.

Many of the properties of the InAs,P(1—,) alloy sys-
tem have been known for some time. It has only been
more recently that this material has been grown
epitaxially by chemical-vapor deposition on InAs (1),
GaAs, and GaP (2) substrates. The perfection of
hetero-epitaxial layers is, generally, strongly de-
pendent on the substrate orientation and in binary
alloy systems, the preferred orientation can also be
a function of alloy composition. In order to determine
which is the preferred growth orientation for a given
alloy, a systematic investigation under controlled
growth conditions is necessary. The goal of this in-
vestigation is to define the preferred growth planes
of the InAs,P(;—) alloy system on GaAs as a function
of alloy composition.

Materials Preparation
An open-tube deposition system constructed of
fused quartz was used in these studies (2) (Fig. 1).
Purified hydrogen and high-purity AsH; and PH; each
in hydrogen gas are mixed in a mixing chamber prior
to introduction to the reactor. Anhydrous HCl gas
(purchased from the Matheson Company) which has
also been mixed with purified hydrogen, is passed

¢ Electrochemical Society Active Member.

Key words: III-V semiconductor alloys, infrared materials, chem-
ical vapor deposition,

through the heated indium reservoir and transports
the volatile InCl to the deposition zone (1, 2). In these
experiments 4% AsHjz and 4% PHj; each in hydrogen
obtained from the Matheson Company, were sources.
Elemental indium was six-nines pure and was pur-
chased from Cominco American Incorporated. The
composition of the deposited alloys was controlled by
the relative flow rates of the AsH; and PHj gases and
was reproducible to a standard deviation of 1% in
alloy composition. The flow rates could be varied con-
tinuously from 0 to about 250 cc/min for AsH; and

TWO-ZONE
FURNACE

In SOURCE
Gahs
SUBSTRATE
A5H3 750-850°C 640700 c

PH3
. *%- %‘
HCL
* Hz EXHAUST
Ha

Fig. 1. Horizontal vapor growth system
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Fig. 2. Four-slice seed holder

PH; in hydrogen. The total flow rate was held con-
stant at 300 cc/min. The Group III to Group V ratio
was held constant at 5:4 with an anhydrous HCI flow
of 14 cc/min and a total Group V flow of 11.3 cc/min.!
The flow rates of AsH3 and PHj relative to the alloy
composition were determined in earlier studies (1, 2).

A two-zone resistance furnace provided tempera-
ture control of the indium reservoir and the GaAs
substrates. The indium zone was controlled at 800°C
and the substrate temperature was controlled at a
temperature between 640° and 700°C; the seed tem-
perature was increased from 640°C for InP to 700°C
for InAs (2). The temperature gradient in the system
was gradual within the indium reservoir and the
seed being separated by 3-4 in. In most runs the seed
or seeds were held normal to the direction of gaseous
flow by quartz pins through a hole in the slice (Fig.
2). All temperatures were maintained at =+ 2°C
throughout a given run.

The GaAs substrates used in this investigation were
from Czochralski-grown crystals that had been sawed
in the (100), (110), (111)A, and (111)B planes and
polished to about 20 mils in thickness. These sub-
strates were sawed to within + 0.5° of the given di-
rection as evidenced by x-ray diffractometer read-
ings of the slices. The substrates were chemically
polished with 8:1:1(H2SO4: HpO2: HoO) immediately
prior to use. The GaAs spheres were mechanically
ground from cubes which had been sawed from
Czochralski-grown crystals. The spheres were be-
tween 0.063 and 0.125 cm in diameter. Immediately
prior to use, the spheres were polished with the non-
preferential 40HCL:4H>0,:1H,O etch (3). The dep-
osition times were 20 min for all substrates and 2-3 hr
for the sphere deposits. Layer thicknesses varied be-
tween 8 and 20 xum and were determined by cleave or
angle lap-and-stain techniques (2).

Large Area Deposits

The regular substrate deposits are referred to as
large area as compared to the hypothetical point lo-
cations of each orientation on a sphere.

The (100), (110), (111)A, and (111)B substrates
were suspended normal to the gas flow in the same
run by use of a four-hooked fused silica seed holder
(Fig. 2). Thus, in each run a nearly constant set of
growth conditions was maintained. Very shiny de-
posits with smooth substrate-epitaxy interface could
be grown reproducibly on the (111) A substrates from
compositions consisting of pure InP up to about 80%
InAs. The alloy deposits above 80% were generally
polycrystalline in nature with the frequency of the
poly layers increasing with the InAs concentration in
alloy. Figure 3 is photomicrographs of representative
(111) A deposits.

The (111)B deposits were erratic throughout the
composition range and were generally polycrystalline
in nature. The (110) deposits were similar in trend
to the (111) A, but the frequency of poly layers was
much higher above 75% and below 25% InAs. The
deposits on (100) substrates, below 75% InAs, were
practically all poly, The highest perfection InAs layers

1 Assuming a 1:1 ratio of indium transported to HCI introduced.
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Fig. 3. Undoped (InAs). (InP);—2 (I11)A surfaces

were grown on this orientation. Representative
photomicrographs of the (111)B, (110), and (100)
surfaces are shown respectively in Fig. 4-6.

The compositions of the above samples were ob-
tained by electron microprobe analysis and checked
by x-ray diffraction techniques (4). The crystallinity
was determined by x-ray diffraction and Laue back-
reflection techniques (5). Single crystals had well-
defined Laue patterns as well as diffractometer peaks
sharp enough to enable composition analysis to + 2%.
Table I gives the results of these measurements.

Sphere Deposits
Deposition on a sphere, ideally, makes it possible
to have all orientations present at the same time. The

- 4 &
A) 20 PERCENT InAs B) 50 PERCENT InAs
s, .
»
.
{ ool
Nt

C) 70 PERCENT InAs D) 85 PERCENT InAs

Fig. 4. (InAs). (InP); —, (111)B surfaces. 213 %

A) 20 PERCENT InAs

€) 70 PERTENT InAs
Fig. 5. (InAs)z (InP);—, (110) surfaces. 213 X
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Fig. 6. (InAs), (InP);— (100) surfaces. 213 X

C) B0 PERCENT InAs

s
S ley
b) (110) Area (98X)

) (113) Area (98X)

Fig. 7. InP sphere facets

faster growing planes will “grow out” leaving only
the slower growing orientations as facets. In general,
these facets represent optimum growth directions for
high-perfection crystal growth. This proved to be the
case with the epitaxial growth of InP on a GaAs
sphere. The only true facet was a (111)A, with the
(110) and (113) directions exhibiting shiny, shingled
flats. The (100) and (111)B area could be located and
were dull in appearance. The (111) A facet was dis-
tinguished by its surface similarity with control slices
included in the run. Figure 7 is the facets observed
on the InP deposited sphere.

Table I. Mole per cent InAs

Run numbers

Orien-

tation 18 19 12 21 23 24 25 26 27
(DA o0 17 25 50 77 8 79 89 93
(110) 0 1 24 52 66 8 82 87 95
@B o0 18 24 49 718 8 719 8

(100) o 22 30 5 8 8 8 84 94

Note: — denotes single crystallinity.
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A) (111) A FACE B) (111) B AREA
Fig. 8. (InAs)o.50 (InP)o.50 on GaAs sphere

Unfortunately, the InP deposited GaAs sphere was
the only one which lent itself to such a straight-
forward explanation. Five more spheres were de-
posited with various compositions of the alloy be-
tween an InAs composition of 20 and 90 m/o (mole
per cent). In all cases the only discernible facet was a
(111) A with the (111)B direction identifiable by a
triangular banded area 180° from each (111)A facet
as shown in the (111) A and (111)B polar photographs
in Fig. 8. No other identifiable facets were seen on
these spheres.

Discussion

The composite of the large area and sphere deposits
indicate that the (111)A direction of GaAs is the best
plane for high-perfection epitaxial InAs;P—z) alloy
layers in the 0-80% InAs range. There is a pronounced
orientation shift in large-area 85-100% InAs alloys to
the (100) as the preferred growth. The above results
were observed as the general rule through many dep-
ositions; it was occasionally possible to grow a high-
perfection layer on an orientation which had previ-
ously given all poly deposits. Though no extensive ex-
periments were conducted, the general trends stated
in the test were seen on selected deposits with tem-
perature conditions varied widely (% 75°C), on the
seed and feed and with change in the Group III to
Group V ratio between 0.5 and 3.0.

The fact that there were no identifiable facets on
the alloy sphere deposits other than (111)A and in
particular no (100) facets for alloy layers of greater
than 85% InAs, is not well understood. It should be
stressed that although one expects agreement, large-
area and sphere deposits are very different. As was
mentioned earlier, with a sphere each orientation is
only a point on the sphere’s surface and therefore,
only slow-growing orientations tend to increase this
point to a real geometrical area as growth occurs.
Thus, it is possible that a preferred growth direction
could be fast growing and not produce a facet on a
sphere. Obviously, this would not be a problem with
large-area deposit.

Manuscript submitted April 1, 1970; revised manu-
script received ca. June 22, 1970.

Any discussion of this paper will be published in a
Discussion Section to be published in the June 1971
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Phase Diagram of the CdTe-CdSe Pseudobinary System

Alan J. Strauss* and Jacques Steininger

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173

ABSTRACT

The liquidus and solidus curves of the CdTe-CdSe pseudobinary system
have been determined by thermal analysis of cooling and heating curves, re-
spectively, for homogenized liquid and solid alloy samples. The phase diagram
has a eutectic point at 1091° + 1°C near 20 m/o (mole per cent) CdSe. Above
the eutectic composition both liquidus and solidus temperatures increase
monotonically and sublinearly with increasing CdSe content. In this region
the experimental values of the liquidus-solidus gap do not exceed 11 m/o and
are in excellent agreement with the ideal thermodynamic liquidus-solidus
relationship. The phase diagram below the solidus has been investigated by
x-ray diffraction measurements on alloy powders annealed between 770° and
1050°C and quenched. It consists of two broad single-phase regions, one of
alloys with the zinc blende structure of CdTe and the other of alloys with the
wurtzite structure of CdSe, separated by a two-phase region only about 3 m/o
wide, whose boundaries shift toward increasing CdSe content with decreas-
ing temperature. For compositions between 30 and 45 m/o CdSe, either struc-
ture could be obtained at room temperature, depending on annealing tem-
perature and rate of cooling. In addition, a polytype of unknown structure,
which appears to be a metastable intermediate in the wurtzite-to-zinc blende
transformation, was observed in two melt-grown furnace-cooled ingots con-

taining 45-50 m/o CdSe.

The II-VI compounds CdTe and CdSe have the cubic
zinc blende and hexagonal wurtzite structures, respec-
tively, when prepared by solidification of stoichiometric
melts or nonstoichiometric Cd-Te or Cd-Se solutions.
[Other methods of preparation can be used to obtain
CdTe with wurtzite structure (1) or CdSe with zinc
blende structure (2).] The phase diagram of the CdTe-
CdSe system has not been determined previously but
x-ray diffraction studies (3, 4) on a limited number
of samples prepared by solidifying stoichiometric melts
indicate that pseudobinary solid solutions are formed
over the entire composition range. According to these
studies, undoped alloys containing less than about 40
m/o CdSe have the zinc blende structure, those con-
taining at least 70 m/o CdSe have the wurtzite struc-
ture, and those with intermediate compositions may
have either structure.

In this investigation, the liquidus and solidus curves
in the CdTe-CdSe pseudobinary system have been
determined by thermal analysis measurements on
homogenized liquid and solid alloy samples. The
cubic-hexagonal transition in the solid phase has been
studied by x-ray diffraction analysis of annealed and
quenched alloy powders. The x-ray data show that
the cubic and hexagonal phase fields are separated by
a two-phase region about 3 m/o wide, whose bound-
aries shift toward increasing CdSe content with de-
creasing temperature. Therefore, within a certain com-
position range, alloys can be obtained with either cubic
or hexagonal structure, as reported earlier (3, 4), de-
pending on the annealing temperature and rate of
cooling. In addition to these two phases, a previously
unreported polytype of unknown structure can also
be formed as shown by x-ray diffraction data for two
melt-grown, furnace-cooled ingots containing 45-50
m/o CdSe.

Experimental Procedure

Alloys for thermal analysis and x-ray diffraction
studies were prepared from CdTe and CdSe. The CdTe
was synthesized by fusion of the elements (nominal
purity 99.9999%) in forepump-evacuated and sealed
fused silica ampoules coated with pyrolytic graphite.
To prepare CdSe, the elements (same nominal purity)
were combined in an open-tube fused silica reactor

* Electrochemical Society Active Member. . .
Key words: phase diagram, cadmium telluride, cadmium selenide,
alloys, polytypes, crystal growth.

(5) heated to 1050°-1100°C under helium gas at 1 atm.
The composition of the CdSe was then adjusted by
sublimation in a dynamic vacuum in order to remove
the excess of unreacted elements and reduce the vapor
pressure during subsequent high temperature anneal-
ing.

To prepare each alloy for x-ray analysis, a 10g
mixture of the two powdered compounds was sealed
in a fused silica ampoule containing helium gas (pres-
sure of about 400 Torr at room temperature), annealed
at 950°C for 21 days or longer, and quenched by drop-
ping the ampoule into water. Annealing was continued
until x-ray diffraction measurements gave no evidence
of inhomogeneity, and the measured lattice parameters
were consistent with the nominal compositions.

Samples for thermal analysis were either alloy pow-
ders annealed in the manner described or unannealed
mixtures of CdTe and CdSe powders. A sample weigh-
ing about 10g was sealed in an evacuated fused silica
ampoule and placed in a DTA apparatus described
previously (6), together with a similar ampoule con-
taining about 8g of silicon used as a reference. The
sample and reference temperatures were measured
with Pt-Pt, 13% Rh thermocouples inserted into re-
entrant wells in the ampoules. Calibration with a gold
sample (melting point 1063.0°C) gave melting and
freezing arrests of 1063.0°C =+ 0.1°C and showed that
no correction of the sample temperature readings was
necessary. Solidus temperatures were obtained from
thermal arrests observed either during initial heating
of the annealed powder samples or during heating of
both types of samples after they had been melted,
frozen, and then homogenized by annealing in the
DTA apparatus for 16 hr at about 20°C below the
solidus temperature. The two types of experiments
gave solidus temperatures which agreed to within a
fraction of a degree. The liquidus temperatures were
obtained from the thermal arrests observed when the
samples were cooled after homogenization in the DTA
apparatus for 16 hr at about 50°C above the liquidus
temperature. Liquidus temperatures reproducible to
+1°C were obtained from repeated runs on the same
sample. Rates of 1°-2°C/min were used for both heat-
ing and cooling. Supercooling was observed during
most of the cooling runs but was limited to only a
few degrees (Table I). When supercooling occurred,
the liquidus arrest temperature was taken to be the
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Table I. Thermal analysis data

Cooling curves

Super- Liquidus Repro- Heating curves
Composition cooling, arrest, ducibility, Solidus Repro-
CdTe dSe Lol °C e arrest ducibility
1.000 0 0 1091.8 *0.2 1091.8 *0.2
0.900 0.100 0 1092.9 0.1 1089.6 +0.1
0.800 0.200 3.3 1092.3 *0.4 1091.3 —
0.700 0.300 5.0 1100.0 0 1097.0 =
0.675 0.325 7.0 1101.0 *+0.3 1098.5 [
0.650 0.350 2.0 1108.3 *+0.4 —_— —
0.625 0.375 6.6 1106.8 +0.2 1099.8 0.2
0.600 0.400 0.9 1107.2 0.2 1101.5 —
0.550 0.450 3.7 1118.4 *1.0 — =
0.500 0.500 0.1 1125.8 =*0.2 1110.5 —
0.450 0.550 0.3 1136.7 *1.0 — —
0.400 0.600 4.0 1147.3 *=1.0 1125.0 =
0.300 0.700 0.2 1169.5 *+1.0 1143.5 —
0.200 0.800 2.3 1196.0 #+0.5 — =
0.100 0.900 0.3 1222.0 *+0.5 1200.5 —
1.00 0 1252.3 +0.2 1252.3 —

maximum in the recalescence curve. Otherwise, both
liquidus and solidus arrest temperatures were cbtained
from the intersection of the practically straight lines
below and above the break in the sample temperature
curve. Because of the large thermal effects in this
system, differential temperature recording was used
only as a confirmation of the arrests observed on the
sample temperature curve. The over-all accuracy is
estimated to vary from within = 1°C near the terminal
compounds to within a few degrees in the middle of
the composition range.

To investigate the cubic-hexagonal transition below
the solidus, pairs of homogenized alloy powders with
the same composition, in the range 30-50 m/o CdSe,
were preannealed so that one was initially cubic and
the other initially hexagonal. Portions of the samples
weighing 1-2g were then sealed in separate fused silica
ampoules containing helium gas, annealed at tempera-
tures between 770° and 1050°C, quenched by dropping
the ampoules into water, and ground to minus 325
mesh. The phases present were determined from x-ray
diffractometer patterns obtained with Cu K« radiation.
Annealing was repeated if necessary until both samples
were either single-phase cubic, single-phase hexagonal,
or two-phase. The total annealing times ranged from
16 hr at 1050°C to 30 days at 800°C. A sample was
taken to be single-phase cubic if the noncoincident
(111) hexagonal line in the vicinity of 26 = 23° was
not detected, and single-phase hexagonal if the non-
coincident (400) cubic line in the vicinity of 26 = 58°
was not detected. [Use of these criteria gives a con-
siderably lower detection limit for the hexagonal phase
than for the cubic phase, since the (111) hexagonal
line is 5-10 times more intense than the (400) cubic
line.]

X-ray diffraction patterns were also obtained with
a Debye-Scherrer camera for all the alloys following
initial homogenization and for a number of samples
after subsequent annealing. These patterns were used
to calculate the cubic or hexagonal lattice parameters
to an accuracy of +0.001A by a least-squares extrapo-
lation method (7).

In addition to the alloys prepared by annealing mix-
tures of powdered CdTe and CdSe, a number of poly-
crystalline alloy ingots each weighing 150g were ob-
tained by the Bridgman method of crystal growth.
Stoichiometric melts containing up to 60 m/o CdSe,
which were prepared from the elements in evacuated
and sealed fused silica ampoules coated with pyrolytic
graphite, were frozen directionally by lowering the
ampoules at the rate of about 1 mm/hr out of a verti-
cal resistance-heated furnace. One ingot, containing
35 m/o CdSe, was quenched by pulling the ampoule
out of the furnace with part of the material still mol-
ten. The others were allowed to cool in the furnace
after the power had been turned off. Portions of the
ingots were analyzed with an electron microprobe (8)
to determine their alloy composition, and a number of
these and other portions were ground for x-ray dif-
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fraction analysis with the diffractometer and/or Debye-
Scherrer camera.
Results

The phase diagram determined for the CdTe-CdSe
system is shown in Fig. 1. The compositions plotted
are the nominal compositions calculated from the
weights of CdTe and CdSe used to prepare the alloys.
The thermal analysis data are listed in Table
I, which gives the liquidus and solidus arrest
temperatures, the amount of supercooling observed
during the liquidus determinations, and the reproduci-
bility when repeated runs were made. Melting and
freezing arrests of 1091.8° =+ 0.2°C were obtained for
CdTe, in good agreement with the literature values of
1090° + 2°C [Ref. (9)], 1092° + 3°C [Ref. (10)], and
1091° =+ 2°C [Ref. (11)]. The liquidus and solidus tem-
peratures for 10 and 20 m/o CdSe do not differ sig-
nificantly from each other or from the melting point
of CdTe and suggest the presence of a eutectic point
at 1091° = 1°C and near 20 m/o CdSe. (The separation
between liquidus and solidus curves in this region is
not shown in Fig. 1 because of the small scale of the
diagram.) Above 20 m/o CdSe, both liquidus and
solidus temperatures increase monotonically and sub-
linearly with increasing CdSe content. The liquidus-
solidus gap in this region remains rather narrow, never
exceeding 11 m/o. Melting and freezing arrests of
1252.5° = 0.5°C were obtained for CdSe, in fair to good
agreement with previously reported values of 1239°
+ 3°C [Ref. (12)], 1250° + 2°C [Ref. (11)], 1258° =+
3°C [Ref. (13)], 1259° =+ 4°C [Ref. (14)], and 1264°
=+ 10°C [Ref. (15)].

The results of the x-ray diffractometer measurements
on annealed and quenched powders are represented by
circles in Fig. 1—closed circles for single-phase cubic
samples, open circles for single-phase hexagonal sam-
ples, and half-closed circles for two-phase samples.
(There was no evidence for ordering of the Te and Se
atoms in either the cubic or hexagonal structure.) Over
the limited composition range where the relationship
between structure and temperature has been studied
in detail, the cubic and hexagonal phase fields are
separated by a two-phase region only about 3 m/o
wide. The boundaries of this region are well repre-
sented by parallel straight lines, along which the tem-
perature decreases with increasing CdSe content. Ac-
cording to these lines, the two-phase field extends from
26 to 29 m/o CdSe at 1000°C and from 46.5 to 49.5 m/o
CdSe at 800°C. The composition range investigated
was not extended to lower CdSe content because of
the difficulty anticipated in retaining the hexagonal
phase by quenching as the hexagonal-cubic transfor-
mation temperature increased. The range was not ex-
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Fig. 1. Phase diagram of the CdTe-CdSe pseudobinary system
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tended to higher CdSe content because the time re-
quired to attain equilibrium in the solid phase became
inconveniently long as the transformation temperature
decreased. (Some two-phase samples may have been
incorrectly identified as single-phase because the quan-
tity of the minor phase was too small to be detected
by the x-ray diffraction method used. Errors of this
kind would tend to make the width of the two-phase
region shown in Fig. 1 somewhat less than the actual
width.)

As shown in Fig. 1, when extrapolated linearly the
lower and upper boundaries of the two-phase field
intersect the solidus curve at 17 and 20 m/o CdSe,
respectively, consistent with a eutectic point near 20
m/o CdSe. Linear extrapolation to lower temperatures
gives an hexagonal-cubic transformation temperature
around 250°C for pure CdSe, although such an ex-
tended extrapolation is obviously of limited signifi-
cance. Partial transformation from cubic to hexagonal
CdSe after annealing for 10 hr at 130°C has been
reported (2).

The cubic (a,) and hexagonal (a,, ¢,) lattice param-
eters measured for annealed single-phase alloy pow-
ders are listed in Table II, together with the values
calculated from them for the unit cell volume (V) and
for the c/a ratio of the hexagonal alloys. (Where
duplicate results are given for the same composition,
they were obtained for independent samples, not for
aliquots of the same sample.) The c/a ratios range
from 1.631 to 1.638, compared with the theoretical value
of 1.633 for the wurtzite structure. For CdTe, the mea-
sured a, is 6.481A, compared with literature values of
6.480-6.483A [Ref. (3,16-18)]. [The value of 6.423A
given by Litwin (4) is obviously incorrect.] For CdSe,
a, = 4.301A and ¢, = 7.016A, compared with literature
values of a, from 4.297 to 4.3094, and values of ¢, from
7.007 to 7.034A [Ref. (3,4, 14,19)]. Most of the lattice
parameters reported previously (3,4) for the alloys
with cubic structure agree fairly well with the present
ones, but there is greater disagreement among the
parameters for the hexagonal alloys.

The values of a, for cubic samples, a, and c, for
hexagonal samples, and V for all samples are plotted
against nominal alloy composition (expressed in mole
fraction CdSe, x) in Fig. 2, 3, and 4, respectively. The
three lattice parameters vary linearly with composi-
tion, according to the following expressions which
correspond to the straight lines in Fig. 2 and 3: a,
(cubic) (A) = 6.481-0.411x; a, (hexagonal) (&) =
4.580-0.279x; ¢, (A) = 17.502-0.486x. Except at the
extremes of the composition range, the values of V fall
slightly below the straight line joining the unit cell
volumes of CdTe and CdSe. For the region (0.3 <z =
0.45) in which both cubic and hexagonal samples have
been obtained, the values of V are generally somewhat
lower for cubic samples than for hexagonal.

For the CdTe;-,Se; ingots which were prepared by
directional freezing of stoichiometric melts, the results
of electron microprobe analysis of small sections close

Table Il. Lattice parameters of CdTe; —,Se, alloys

Hexagonal

] ao(A) V(A3) a,(A) co(A) Co/Qo V(A3)
0 6.481 68.06
0.1 6.444 66.90
0.2 6.398 65.47
0.25 6.381 64.95

0.3 6.359 64.28 4.489 7.355 1.638 64.18

0.35 6.336 63.59 4.484 7.333 1.635 63.84

0.4 6.316 62.99 4.465 7.310 1.637 63.10

4.466 7.308 1.636 63.12

0.44 6.295 62.36 4.456 7.293 1.637 62.70

0.5 4.442 7.257 1.634 62.00

4.441 7.262 1.635 62.02

0.6 4414 7.206 1.633 60.79

0.7 4.380 7.169 1.637 59.55

4.383 7.163 1.634 59.59

08 4.355 7.114 1.634 58.42

4.354 17125 1.636 58.49

0.9 4.328 7.070 1.634 57.34

1.0 4.301 7.016 1.631 56.20
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Fig. 2. Lattice parameter a, as a function of mole fraction CdSe
in CdTe;—,Se, alloys with cubic structure.
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Fig. 3. Lattice parameters a, and ¢, as a function of mole frac-
tion CdSe in CdTe;—.Se: alloys with hexagonal structure. The
ordinate scale for a, is at the left side of the figure and the scale
for ¢, is at the right side.

to the tip are qualitatively consistent with the liquidus-
solidus relationships shown in Fig. 1. If solidification
of an alloy occurs under equilibrium conditions, the
first-to-freeze composition is the solidus composition
corresponding to the liquidus composition given by the
nominal ingot composition. For CdTe;-,Se, ingots with
nominal x up to 0.3, within the error of the microprobe
(estimated to be +3%) the measured compositions
are the same as the nominal ingot compositions, pre-
sumably because the gap between liquidus and solidus
compositions is quite small in this region. For 3 ingots
with nominal x = 0.4, 0.4, and 0.5, the measured com-
positions were x = 0.41, 0.45, and 0.55, respectively,
compared with the solidus compositions of x = 0.50,
0.50, and 0.61 given by the phase diagram. The mea-
sured compositions are all less than the corresponding
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solidus compositions; these discrepancies are in the
direction expected if the rate of solidification was too
high for equilibrium to be established between the
liquid and solid or if the samples analyzed were too far
removed from the first-to-freeze region.

Although the x-ray diffractometer measurements
made on the alloy ingots were not extensive, the data
are sufficient to show that the phases present depend
cn ingot composition, the location of the sample in the
ingot, and the method of cooling. Thus all samples
from ingots with x = 0.2 are cubic, and all those from
an ingot with x = 0.6 are hexagonal. (The composi-
tions quoted in this discussion are nominal, and the
ingots were furnace cooled unless otherwise specified.)
The first-to-freeze portions of ingots with x = 0.3, 0.4,
and 0.45 are either entirely cubic or contain a small
amount of the hexagonal phase in addition to the cubic.
A sample frozen later in one of the ingots with x = 0.4
contains a larger proportion of the hexagonal phase
but is still primarily cubic. In contrast, samples from
an ingot with x of only 0.35, which had been air
quenched by removing the growth ampoule from the
hot furnace, are entirely hexagonal.

For two ingots with x = 0.45 and 0.5, the first-to-
freeze portions are single-phase cubic and hexagonal,
respectively. However, a number of other samples
from these ingots give diffractometer patterns which
cannot be attributed to these two phases. Part of one
such pattern is shown in Fig. 5, together with the same
angle range (20° = 2¢ = 28°) from patterns for single-
phase cubic and hexagonal samples of about the same
composition. The unusual features of the new patterns
are: (a) the appearance of new although poorly de-
fined lines at 25.4° and 42.9°; (b) an increase in the
relative intensity of the line at 24.6°, which cannot be
attributed to the cubic phase because the characteristic
cubic line at 58.8° is either weak or absent; and (c) a
marked decrease in the relative intensities of the lines
at 26.3°, 44.4°, and 76.5° which appear in the wurtzite
pattern. We attribute these features to the presence of
a polytype, like those observed for ZnS and SiC, whose
structure is intermediate between the zinc blende
structure (with entirely cubic close packing) and the
wurtzite structure (with entirely hexagonal close
packing). In the ingot with x = 0.5, the region con-
taining the polytype is in the interior, completely sur-
rounded by a thin outer shell of the wurtzite phase.
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Fig. 5. X-ray diffraction patterns over the angle range 20° =
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The two regions are easily distinguished by visual ob-
servation of a lapped cross section.

In addition to the diffractometer patterns for ingot
samples, Debye-Scherrer patterns were also obtained
for a number of such samples which were powdered
after they had been analyzed with the electron micro-
probe. The lattice parameters and unit cell volumes
measured for single-phase cubic and hexagonal sam-
ples, which are plotted in Fig. 2-4 as a function of the
measured composition, are the same within experi-
mental error (including the error of the microprobe
analysis) as those for annealed alloy powders.

Discussion

The qualitative features of the CdTe-CdSe phase
diagram (Fig. 1) reflect the fact that the crystal struc-
tures of CdTe and CdSe are different but very closely
related. Because of their difference in structure, the
compounds cannot form a complete series of solid
solutions along the solidus curve. Therefore the CdTe-
CdSe diagram has the eutectic form, rather than the
simple lens form of the II-VI pseudobinary CdTe-ZnTe
[Ref. (6)] and HgTe-HgSe [Ref. (20)] diagrams. In
each of the latter systems, involving two binary com-
pounds with zinc blende structure which exhibit com-
plete mutual solid solubility, both liquidus and solidus
temperatures increase monotonically and sublinearly
with increasing ZnTe or HgSe content across the entire
diagram. Thus the liquidus and solidus curves in these
systems resemble those for the hexagonal branch of
the CdTe-CdSe diagram (i.e., the region between
about 20 m/o CdSe, the eutectic composition, and pure
CdSe). Over this entire region CdTe;—,Se,, alloys with
wurtzite structure are stable along the solidus curve,
according to a linear extrapolation of the hexagonal
phase boundary from lower temperatures.

Liquidus-solidus relationship.—For a binary alloy sys-
tem of completely miscible components A and B, by
expressing the equality of the partial free energies of
mixing in the liquid and solid phases, it has been
shown (21) that the liquidus and solidus compositions
in equilibrium at temperature T are related by

X8 XAI)
— In——
Xps Xp!

AH < 1 T ) AH ( 1 ——T ) D [1]
o Ta B Ts /
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D 9AGem® _
X a8

0AGe,m!
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where X! and X;# are the mole fractions of component
i in the liquid and solid phases, respectively, T; and
AH; are the temperature and enthalpy of fusion of the
pure component, and AGenm® and AGem! are the excess
molar free energies of mixing in the respective phases.
Equation [1] is a general thermodynamic expression
which is applicable to any system. If both liquid and
solid solutions are ideal, the excess free energies of
mixing are zero and D = 0. The ideal form of Eq. [1]
with D = 0 has also been found to fit the experimental
data for a large number of binary and pseudobinary
alloy systems (metallic, semiconducting, and ionic) in
which the liquidus and solidus temperatures vary
monotonically with composition (21). Although in gen-
eral the liquid and solid phases in these systems are
not ideal solutions, the ideal liquidus-solidus expres-
sion is applicable because the deviations from ideality
in the two phases are comparable, and therefore, the
difference between the partial excess free energies of
mixing is small enough to be neglected. (An excellent
fit to Eq. [1] with D = 0 is obtained for the CdTe-ZnTe
system but not for the HgTe-HgSe system. We believe
that the deviations between experiment and calcula-
tion in the latter case are probably due to errors in the
experimental determination of the solidus curve.)

The ideal form of Eq. [1] can be used to calculate
one of the boundaries of the two-phase field when the
other boundary and the enthalpies of fusion of the pure
components are known. In the present study this ex-
pression has been used to calculate the solidus curve
for the CdTe-CdSe system from the experimental lig-
uidus data and the enthalpies of fusion of CdTe and
CdSe determined by Kulwicki (11) (12.0 and 10.5
kcal/mole, respectively). As shown in Fig. 6, the calcu-
lated curve is in excellent agreement with the experi-
mental solidus data for the hexagonal branch of the
diagram. (The root mean square of the difference be-
tween calculated and experimental temperatures for 8
data points is 2.4°C.) The agreement indicates that
over this composition range the deviations from ideal-
ity are comparable for the liquid and solid phases, as
in systems where the liquidus and solidus tempera-
tures vary monotonically over the whole range of com-
position. The agreement between calculation and ex-
periment for the hexagonal branch also implies that
the zinc blende and metastable wurtzite structures of
CdTe do not differ greatly in free energy, since the
temperature and enthalpy of fusion used in the calcu-
lations were measured for CdTe with zinc blende
structure.

It should be noted that calculation of the solidus
curve from our initially limited liquidus data facili-
tated the selection of temperatures close to the solidus
for annealing the frozen alloy samples. Because ho-
mogenization was accelerated by the increased rates of
diffusion, the heating curves for such samples an-

1300 T T T T T T T T T

A SOLIDUS ARREST

SOLIDUS

100~

§ 1200 EXPERIMENTAL
- LIQuIDus
s
-
e A
g /K\CALCULATED
=
w
[

AH e = 12.0 keal/mole
A =10.5 keal/mole

HCdSs

1 | | | | | 1
CdTe 0.20 0.40 060 0.80 Cdse

MOLE FRACTION CdSe

1000

Fig. 6. Comparison of calculated solidus curve with experimental
solidus data for CdTe-CdSe system.
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nealed for only 16 hr at these high temperatures gave
thermal arrests almost as sharp as those obtained with
powder samples annealed at 950°C for 3 weeks or more.

Sub-solidus phases.—The zinc blende and wurtzite
structures have the same primary coordination, with
each cation surrounded by four nearest-neighbor an-
ions in tetrahedral configuration, and vice versa. This
close structural relationship, together with the chemi-
cal similarity between Te and Se, explains the broad
range of mutual solid solubility exhibited by CdTe and
CdSe. Within the temperature region where the bound-
aries of the cubic and hexagonal phases have been de-
termined, the miscibility gap at a fixed temperature is
only about 3 m/o, and its position shifts sufficiently
with temperature to permit formation of solid solutions
over the whole range of compositions.

According to the phase diagram of Fig. 1, for any
composition up to 17 m/o CdSe the zinc blende struc-
ture is stable at all temperatures below the solidus
curve. For any other composition, this structure is
stable only up to a transition temperature which de-
creases quite rapidly with increasing CdSe content.
Above this temperature there is an interval of about
15°C in which no solid solution of this composition is
stable, and at still higher temperatures the wurtzite
structure is stable. The same sequence of low-tempera-
ture zinc blende, intermediate two-phase, and high-
temperature wurtzite regions has recently been ob-
served by Shalimova et al. (19) for fixed compositions
near 40 m/o CdSe in the pseudobinary system formed
by CdSe and ZnSe, which like CdTe has the zinc blende
structure. According to their results for annealing
temperatures between 800° and 1200°C, the phase dia-
gram below the solidus in this system is similar to that
of the CdTe-CdSe system, since it too consists of cubic
and hexagonal phase fields separated by a narrow two-
phase region whose boundaries shift toward increasing
CdSe content with decreasing temperature.

For ZnS, the prototype compound for both struc-
tures, the zinc blende structure is the low-temperature
form and the wurtzite structure the high-temperature
form, just as in the two alloy systems. The fact that
in all three cases there is a temperature at which the
two phases have the same free energy is another re-
sult of their close structural relationship. In each case,
at constant composition the free energy of the zinc
blende phase increases more rapidly with increasing
temperature than that of the wurtzite phase. [For the
alloys, the temperature of equal free energy lies in the
region where neither structure is stable with respect
to the formation of a mixture of two phases with dif-
ferent compositions. Shalimova et al. (19) claim that
the zinc blende and wurtzite structures are both
stable for any composition and temperature within the
two-phase region of the CdSe-ZnSe system. This is
thermodynamically impossible.]

Although the zinc blende and wurtzite structures
have the same primary coordination, transformations
from one to the other require the breaking of nearest-
neighbor bonds (22). Such reconstructive transforma-
tions involve an appreciable activation energy, and
their rates therefore depend approximately exponen-
tially on temperature. It is this strong temperature
dependence which makes it possible to establish equi-
librium phase relations for elevated temperatures by
means of phase determinations at room temperature on
samples which have been annealed and quenched. The
use of this method requires the transformation rates
to be high enough at the annealing temperature for
equilibrium to be achieved in a convenient time and
low enough at any phase boundary for the high-tem-
perature phase to be retained by quenching. In our
investigation of the CdTe-CdSe system, these condi-
tions were apparently satisfied for small powder sam-
ples with compositions between 30 and 44 m/o CdSe,
corresponding to transition temperatures between
about 950° and 800°C at the upper boundary of the
cubic phase field. Within this range single-phase sam-
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ples of a given composition were prepared with both
wurtzite and zinc blende structures by annealing above
or below the transition temperature, respectively. No
attempt was made to prepare hexagonal samples con-
taining less than 30 m/o CdSe, because of the difficulty
anticipated in cooling rapidly enough to prevent con-
version to the cubic phase at temperatures of 1000°C
and above. Cubic samples containing more than 44 m/o
CdSe were not prepared because it would have taken
too long to transform them from the hexagonal phase
at temperatures below 800°C.

In the two earlier investigations (3,4) of the struc-
ture of CdTe-CdSe alloys, the samples studied were
prepared by solidification from the melt. Those con-
taining up to 30 m/o CdSe were entirely cubic.
Stuckes and Farrell (3) found that samples contain-
ing 40 and 50 m/o CdSe were cubic with only a trace
of the hexagonal phase, and Litwin (4) observed both
phases for compositions of 36, 50, and 60 m/o CdSe.
Only samples containing at least 70 m/o CdSe were
entirely hexagonal. According to the phase diagram
of Fig. 1, however, alloys containing more than about
20 m/o CdSe crystallize from the melt in the hex-
agonal structure. Therefore the presence of the cubic
phase in samples containing 30-60 m/o0 CdSe must have
resulted from the partial or complete transformation
of the hexagonal phase during cooling, after the tem-
perature had fallen below the hexagonal-to-cubic
transition temperature. The cubic phase was not
formed for compositions exceeding 60 m/o CdSe be-
cause of the decrease in the transition temperature
with increasing CdSe content and the decrease in
transformation rate with decreasing temperature. In
this range, the cubic phase becomes stable at such
low temperatures (less than about 700°C) that the
transformation rate was never high enough for ap-
preciable transformation to occur at the cooling rates
used. Since cooling rates were not discussed in either
paper, it can be assumed that they were neither
extremely fast nor extremely slow, and that times of
the order of hours were probably required to cool to
room temperature. This indicates that the rates of the
hexagonal-to-cubic transformation were much faster
for solid samples than for the powdered samples
annealed in our investigation at fixed temperatures,
which required many days for complete transforma-
tion to the cubic phase even at 800°C.

Increased transformation rates in solid samples were
also observed for ingots prepared in our investigation
by directional solidification of stoichiometric melts.
The hexagonal phase was retained without transforma-
tion in a 35 m/o CdSe ingot which was air quenched
to room temperature from above the transition tem-
perature, while transformation occurred in furnace-
cooled ingots containing up to 45 m/o CdSe. In one
such furnace-cooled ingot containing 30 m/o CdSe,
cubic single-crystal regions up to about 1 cm on a side
were identified by sandblasting, which reveals the
grain boundaries in these alloys. Thus under suitable
experimental conditions the transformation to the
cubic phase can occur without introducing polycrys-
tallinity. This is another consequence of the close rela-
tionship between the zinc blende and wurtzite struc-
tures.

This relationship is also reflected by the rather
close agreement in unit cell volume measured at room
temperature (Fig. 4) between alloys with the zinc
blende and wurtzite structures. The volume difference
for a given composition does not exceed 0.6% in the
range (0.3 = x = 0.45) where both structures have
been obtained. However, the significance of the com-
parison is limited because the wurtzite structure is
metastable at room temperature in the overlapping
range and also for compositions considerably richer in
CdSe—quite possibly for CdSe itself. A valid compari-
son would require x-ray diffraction measurements
at temperatures high enough for each structure to be
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stable over a wide composition range. Such high-tem-
perature measurements would also be necessary to
satisfactorily test the conformity of the CdTe-CdSe
alloys to Vegard’s law. According to the room tem-
perature volume data, the alloys with zinc blende
structure deviate by as much as 0.8% from the straight
line shown in Fig. 4, while the wurtzite alloys gen-
erally exhibit smaller deviations.

As a final result of the zinc blende-wurtzite rela-
tionship, we note the formation of a polytype in two
furnace-cooled ingots with nominal compositions of 45
and 50 m/o CdSe. A large number of polytypes with
structures intermediate between zinc blende and wurt-
zite are known for ZnS and SiC, but to our knowledge
none has been reported for a ternary alloy. No attempt
has been made to identify the polytype by single-
crystal x-ray diffraction analysis, but calculations of
the powder diffraction patterns for the 4H, 6H, 8H, 12H,
and 15R polytypes of CdTepsSeos indicate that it is
probably not one of these.

Apparently the polytype was formed as an inter-
mediate stage in the hexagonal-to-cubic transforma-
tion because the rate of cooling was too slow to permit
retention of the hexagonal phase but too fast to per-
mit complete transformation to the cubic phase. (The
first-to-freeze tip of the ingot containing 45 m/o CdSe
was cubic, apparently because it reached the transition
temperature and transformed before the furnace
was shut off. In the ingot containing 50 m/o CdSe, a
thin outer shell remained hexagonal because it cooled
rapidly enough to prevent transformation, but the
center was converted to the polytype because it cooled
more slowly.) Our experiments do not give any evi-
dence that the polytype is a thermodynamically stable
phase rather than a metastable intermediate, since it
was not observed in any of the powdered samples
which were quenched after annealing. Polytype for-
mation as an intermediate step in the cubic-to-hexag-
onal transformation of thin films of ZnS has recently
been reported (23).
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Relations in the

BaO-SrO-Nb.O.

J. R. Carruthers and M. Grasso
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

Phase equilibria in the binary system SrO-NbyOs; and the NbyOs-rich re-
gion of the ternary system BaO-SrO-NbyOs; were investigated by DTA, x-ray
diffraction, strip heater, and Curie temperature measurement techniques. The
ternary-phase fields of three tetragonal-tungsten-bronze type structures have
been located. Only one of these structures is a ternary compound; it is lo-
cated along the SrNbyOg-BaNbsOg binary join, extending from 20 to 80 m/o
BaNbyOg, and melts congruently near 50% BaNbyOg. The ternary solubility
extends from about 4% excess (Ba -+ Sr) to about 1% excess NbyOs. This
phase possesses observable orthorhombic distortion in the BaNbyOg-rich
region of the solid solution. The implications of the phase diagram for the
crystal growth of these compounds are briefly discussed.

The existence of a ferroelectric compound
Ba,Sr(;-)NbsOs (BSN) was independently re-
ported in 1960 by Francombe (1) and Ismailzade (2).
The structure was found to be closely related to the
tetragonal tungsten bronze structure. The existence
regions were found to be 0.30 = x = 0.80 by Fran-
combe and 0.35 = x = 0.75 by Ismailzade. No indica-
tion of the extent of solid solution in the ternary re-
gion was given. Both workers reported that the
tetragonal structure was distorted to orthorhombic
over a part of the range; however, Francombe found
the orthorhombic structure for x <0.45, while Ismail-
zade found the values x > 0.40 corresponded to this
structure. Both workers also reported that the Curie
temperatures varied from 50°C at the high SrNb,Og
end of the solution to 200°-300°C at the high BaNbyOs
end. Ismailzade reported that the paraelectric phase
was tetragonal over the entire solid solution range.

The first large BSN single crystals were grown in
this system by Ballman and Brown (3) over a range
of melt compositions 0.25 = x = 0.75. Chemical
analysis indicated that the solid compositions were
quite similar to those of the melt. Also the Curie tem-
perature was found to vary in a similar manner to
that found for the ceramic specimens. These crystals
have been used by Jamieson, Abrahams, and Bern-
stein (4) for structure determination as well as
Glass (5, 6) for investigations of the electrical prop-
erties with special reference to the pyroelectric detec-
tion of infrared radiation. These crystals have also
been shown to have interesting electro-optic prop-
erties (7).

The crystal structure was determined by Jamieson
et al. (4) for the composition x = 0.27 (grown from
a melt with = 0.25). In agreement with Ismailzade,
the structure was found to be tetragonal tungsten
bronze and to belong to the space group P4bm. This

Key words: phase equilibria, barium strontium niobate, nonlinear
optical materials.

structure consists of a framework of NbOg octahedra
sharing corners so that there are three different types
of interstitial sites, two of which may be occupied by
Ba or Sr ions. There are five formula units per unit
cell so that the five Ba/Sr ions can be distributed
on six possible interstitial sites (two Al sites with
distorted tetragonal symmetry and four A2 sites
with distorted trigonal symmetry). In addition,
it was found, for x = 0.27, that only Sr ions
were found in the two Al sites with an occupancy
factor of 82.2% and Sr and Ba ions in the four A2
sites with occupancy factors 50.3 and 34.4%, respec-
tively. As Glass (6) points out, if the Al site continues
to be occupied only by Sr ions as the Sr/Ba ratio
changes, then the entropy of distribution of the ions
becomes a minimum when x = 0.67. At this composi-
tion, only Sr ions occupy the Al sites and Ba ions
occupy the A2 sites (for the same occupancy factors).

The electrical properties of BSN were investigated
by Glass (6) over the solid-solution range and from
10°-500°K. His dielectric constant and electrical con-
ductivity measurements showed a behavior at the
Curie temperature which correlated with the degree
of randomness in the Ba/Sr distribution. Glass also
measured the field and frequency dependence of the
dielectric properties and the specific heat and pyro-
electric coefficients of BSN.

There have been no phase equilibria studies of the
ternary BaO-SrO-NbsO;s system or of the SrO-Nb,O;
system. The BaO-NbyO5 system was reported by Roth
and Waring (8). The ternary oxide system SrO-
NbO2-NbyO; has been reported by Ridgley and Ward
(9). These studies showed that the compounds
SrNb;Og (SN) and BaNbyOg (BN) existed and
possessed a complex and an orthorhombic ecrystal
structure, respectively. In addition, the compounds
3Ba0.5NbyO5 (B3Ns;) and BaO.3NbyOs; (BNj) were
observed with distorted tungsten-bronze-type struc-
tures. The structures of both SN and BN have been
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observed to be quite sensitive to the valence state of
the Nb. Partial reduction of the Nb causes SN to
become cubic perovskite with characteristics of the
tungsten bronzes (8) while in the case of BN, less
direct evidence suggests that a hexagonal phase is
stabilized which is apparently an intermediary struc-
ture between orthorhombic BN and the tungsten-
bronze type structures.

The present investigation was undertaken to com-
plete the ternary BaO-SrO-NbyOs; phase diagram
around the tungsten-bronze structures in this system.
We wished to establish the crystal-growth equilibria
and existence regions for these compounds.

Experimental Procedure

Specimen preparation.—Specimens were prepared
from dried Ba(NOs); and Sr(NO;s)g (Fisher reagent
grade) and NbyOs; (CIBA optical grade). Specimens
were multiply ground, pelletized, and sintered in air at
temperatures 50°C below solidus temperatures. The
ternary region along the binary join SN-BN possessed
some strange reactivity problems to be discussed
later which required the use of a strip heater to
obtain completely reacted samples.

Measurements—DTA measurements were made on
a DuPont 1600 Thermoanalyzer. X-ray diffraction
measurements were performed on a Nonius-Guinier
focusing camera using monochromatic CuKa radia-
tion. Curie temperature (T.) measurements were
made on small ceramic pellets (~ 2 mm on a side)
using a General Radio 1673A capacitance bridge at 1
kHz with platinum electrodes. Firm electrode pres-
sure was essential for these measurements. Silver
paste electrodes, although used on most specimen
surfaces, were found not to be necessary. The Curie
temperature was reported as the position of the
capacitance maximum, although Glass (6) has shown
that this does not exactly coincide with the actual
Curie temperature. Nevertheless we are only inter-
ested in relative changes in the position of the peak
with composition.

Experimental Results
SrO-Nb,O; system.—The DTA and x-ray results are
shown in Fig. 1. In addition to SN, three new com-
pounds were observed, SsNg, S9N, and SyNs. The d-
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Table 1. d-Spacings of compounds in the SrO-NbyO5 system

(SrO)s (Sr0) 2

Sro (Nb20s) 2 (Nb20s) SrNb:Os
d(A) 1 d(A) I d(A) 1 d(A) 1
4.80 1 3.00 10 18 <1 5.50 <1
4.15 1 2.83 10 53 <1 5.02 3
2.92 10 2.05 8 4.4 <1 4.50 1
2.06 5 171 3 3.92 1 4.20 1
1.66 5 1.655 5 3.89 1 3.95 4
1.455 3 1.625 4 3.53 2 3.88 4
1.310 2 1.495 3 3.35 3 3.45 3

1.405 3 3.22 3 3.40 <1

1.320 3 3.05 10 3.15 4

1.275 3 2.94 5 3.05 10
2.88 3 3.00 2
2.85 5 2.91 2
2.1 7 2.84 2
2.16 3 2.80 5
2.12 1 2.78 2
2.06 3 2.75 1
1.97 5 2.59 1
1.94 2 2.46 1
1.82 1 2.38 1
1.805 <1 2.37 1
1.730 1 2.33 1
1.735 1 2.24 3
1.710 1 222 3
1.690 1 2.13 1
1.670 1 2.08 3
1.620 4 2.04 1
1.615 4

spacings for the compounds SrO, S;Nj, SoN, and SN
are shown in Table I. SrO has a simple cubic struc-
ture while S;N; has a hexagonal structure which re-
sembles its counterpart Bs;N; in the BaO-NbyOs sys-
tem (8). The structures of S;N and SN are seen to be
complex and will not be considered further. The
structure of SyNj is of the tungsten-bronze type and
is identical to that of BNs. This compound will be
discussed later in more detail.

Liquidus temperatures in excess of 1500°C in Fig. 1
were determined by means of an optical pyrometer
using SN as a calibration and an iridium strip as the
heating source. This method minimized SrO volatiliza-
tion for these compositions and also insured com-
pletion of the reaction. Sintering temperatures of
1400° were insufficient to achieve solid-state reaction
over this composition range (0-30% Nb2Os).

SrNb,Og-BaNbyOg pseudobinary system.—The DTA
and x-ray results for the SN-BN binary join are
shown in Fig. 2. The structure of (BSN)p is of the
tetragonal tungsten bronze type and will be discussed
later. At room temperature, compositions greater than
x = 0.55 (where x = mole fraction BaNbyOg) showed
orthorhombic splittings in agreement with the work
of Ismailzade (2).

It is of some interest here to mention the reactivity
problem encountered in this system. Attempts to
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Fig. 2. Pseudobinary phase equilibrium diagram for the system
SrNb2°s~BuNb2°s.
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produce a single-phase BSN by sintering at 1000°C
failed completely, even with ten regrindings and
using a reducing ambient of 15% H-85% N: for 6
hr. As the sintering temperature was progressively
raised by 100°C increments to 1400°C, the single-
phase field opened up starting with the BN-rich end.
The solvus line, A, in Fig. 2 moved to the left and was
located at 35% BN after sintering at 1400°C. The
final location of solvus line A at 20% BN was deter-
mined by melting these specimens on a platinum
strip heater, slowly freezing under a microscope, and
looking for second-phase SN lines with the Nonius-
Guinier camera.

The liquidus shown in Fig. 2 is flat within experi-
mental error over the composition range 20-60%
BN. The location of the liquidus maximum and as-
sociated congruently melting composition was deter-
mined with the aid of T. measurements described
later. The solidus lines (shown as dashed lines) were
located approximately using the composition shifts
reported by Ballman and Brown (3) as guidelines and
also the end-points of the eutectic arrest lines (which
are observable by DTA).

BaO-SrO-Nb,O;5 ternary system.—The compositions
investigated in the ternary oxide region are shown in
Table II together with the x-ray and DTA results.
The room temperature existence regions are repro-
duced in Fig. 3 where the compounds (BSN)jy,
(BSN) 11, (BSN) 1, and (BSN)v have been identified.
Data points have been omitted for clarity. These
compounds all have tetragonal-tungsten-bronze type
structures and the d-spacings are given in Table IIIL
Compound I and its orthorhombic modification, II, is
the compound shown in the binary join (Fig. 2) and
was the subject of the introduction of this paper.
Compound III corresponds to the ternary solid solu-
tion of B3N, while compound IV corresponds to the
ternary solid-solution range of the isomorphous
SsN5-BNj3 series. Both III and IV show othorhombic
splittings as can be seen in Table III.

The high-temperature phase equilibria for these
ternary compounds may be seen from the isopleth
taken at 25% BaO shown in Fig. 4. The DTA data
points are shown as well as the solid-solution extent
of the three bronze structures in this particular sec-
tion. The solidus curves for (BSN)p are seen to be
quite steep, especially in comparison to their behavior
in the binary join of Fig. 2. This indicates that growth
from melts with compositions off the binary SN-BN
join will readily give rise to the usual types of com-

Nb20s

Ba

Fig. 3. Ternary phase relationships in the room-temperature iso-
therm of the system BaO-SrO-NboOs. Phases I, 11, 111, IV have tet-
ragonal-tungsten-bronze type structures and the d-spacings shown
in Table 1.
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Table II. Experimental data for compositions in the ternary
system BaO-SrO-Nb2O5

Sample Composition Temper-
desig- _— ature
nation BaO SrO Nb:0; Phases present arrests, °C
BSN 160 0.05 020 0.75 (BSN)1v + Nb:Os 1323
163 0.10 0.15 0.75 (BSN)1v + Nb:0Os 1323
167 0.15 0.10 0.75 (BSN)1v + Nb:0; 1316
153 020 005 0.75 (BSN)1v 1323
150 0.25 — 075 (BSN)1v 1323
149 0.25 0.025 0.725 (BSN)iv 1308, 1312
159 0.05 025 0.70 (BSN)1v + SN 1320
162 0.10 0.20 0.70 (BSN)1v + SN 1316
166 0.15 0.15 0.70 (BSN)1v + SN 1312
152 020 0.10 0.70 (BSN)1v 1312
148 025 0.05 0.70 (BSN)11 + (BSN)1v 1312
147 0.25 0.075 0.675 (BSN)m 1312
158 0.05 0.30 0.65 SN + (BSN)iv 1320
161 0.10 0.25 0.65 SN + (BSN)v 1323
165 0.15 0.20 0.65 SN + (BSN)ur +
(BSN) 1v (1312), 1319
151 0.20 0.15 0.65 (BSN) 111 1312, 1335
146 025 0.10 0.65 (BSN) 111 1312, 1330
154 0.30 0.05 0.65 (BSN) 111 1305
145 0.25 0.125 0.625 (BSN)u + (BSN)ur 1292, 1312,
1384
157 .05 035 0.60 SN + (BSN)iv 1312, 1402
100A 0.10 0.30 0.60 SN + (BSN)i +
(BSN) 1v 1312, 1395
164 0.15 0.25 0.60 SN + (BSN) +
(BSN)1 1312, 1392
101 020 020 0.60 (BSN)1 + (BSN)ut 1312, 1411
144 025 0.15 0.60 (BSN) 111 1315, 1411
102 0.30 0.10 0.60 (BSN) 111 1307, 1391
136 0.175 0.25 0.575 (BSN)1 + (BSN)u1 1312, 1442
137 0.20 0.225 0.575 (BSN)1 + (BSN)iu 1312, 1448
138 0.25 0.175 0.575 (BSN)u + (BSN)int 1312, 1430
139 0.30 0.125 0.575 (BSN)u + (BSN)m 1298, 1425
140 0325 0.10 0.575 (BSN)u + (BSN)in 1303, 1427
141 0.35 0.075 0.575 (BSN)u + (BSN)it 1296, 1407
156 0.05 040 0.55 SN + (BSN)ur +
(BSN)1v 1312, 1442
111 0.10 035 0.55 SN + (BSN)1 +
(BSN) 111 1308, 1439
132 0.15 0.30 0.55 (BSN)1 + (BSN) 1321, 1456
133 0.20 0.25 0.55 (BSN)1 + (BSN)ur 1312, 1456
134 025 0.20 0.55 (BSN)11 + (BSN) 1312, 1456
135 0.30 0.15 0.55 (BSN)11 + (BSN)x 1312, 1456
103 035 0.10 0.55 (BSN)11 + (BSN) 1294, 1447
142 0375 0.075 0.55 (BSN)n + (BSN)ux (1303), 1429

(BSN)1 1460

126 0.15 0.33 0.52 (BSN)1 + (BSN) it 1300, 1463
127 020 0.28 0.52 (BSN)1 + (BSN) 1 1312, 1481
128 025 0.23 052 (BSN)1 + (BSN)x (1384), 1474
129 030 0.18 0.52 (BSN) 11 (1429), 1470
130 035 0.13 0.52 (BSN) 11 (1429), 1465
131 038 0.10 0.52 (BSN) 1t 1472

143 040 0.08 0.52 (BSN)11 + BN 1447

112 0.10 042 048 SN + (BSN): 1447, 1456
113 0.15 037 048 (BSN)1 1420, 1468
114 020 0.32 048 (BSN) 1 1438, 1472
115 025 027 048 (BSN) 1 1429, 1465
116 030 022 048 (BSN)1 1471

117 035 0.17 048 (BSN) 11 1420, 1465
118 040 0.12 048 (BSN)11 1456

110 0.10 045 045 SN + S:N + (BSN)1 1461

119 0.15 040 045 SN + (BSN)1 1442

120 020 035 045 SN + (BSN)1 1438

121 025 030 045 SN + (BSN)1 1429

122 030 025 045 SN + (BSN)1 1420, 1452

123 035 020 045 SN + (BSN)1 1414, 1456

124 040 0.15 045 BN + (BSN)1 1361, 1434

104 045 0.10 045 BN + (BSN)1 1335, 1384,
1429

109 0.10 0.5 0.40 (BSN)1 + S2N 1344, 1466

108 020 040 0.40 (BSN)1 + S:N 1420, 1510

155 025 035 0.40 (BSN)1 + SaN 1420, 1470

107 0.30 030 0.40 (BSN)1 + S2N 1413, 1420,
1438

106 040 0.20 040 (BSN)1 + BsN: 1384, 1411

105 050 0.10 040 (BSN)1 + BsN2 1384, 1406

positional variations in the grown crystals. Com-
pounds (BSN)yy and (BSN)v both melt peritectically
in agreement with the behavior observed by Roth
Waring (8) in the end members, BsN5 and BNj, re-
spectively.

Curie temperature measurements—The results of
the capacitance measurements are shown in Fig. §
where (a) shows the behavior across the pseudo-
binary join (48 and 50% NbOs isopleths) and (b)
shows the behavior along the 25% BaO isopleth. Also
shown in Fig. 5(a) are the Curie temperatures for
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Table 111. X-ray diffraction data for ternary BSN tungsten-bronze
type structures

(BSN)1 (BSN) 11 (BSN) 111 (BSN)1v
[BSN-40] [BSN-80] [BSN-146] [BSN-149]
daA I aa) I dA) I dA) I

8.80 2 8.80 2
- . 6.30 2 6.25 2
’ 4.40 1 4.40 1
{ 3.99 4 3.99 8 3.97 8
3.95 7 3.95 4 383 8 3.92 6
3.79 1
3.70 2
3.65 2
3.62 2
3.53 2
3.45 7 3.47 7 3.45 7 3.43 7
3.31 1 3.35 4 3.33 4 3.33 4
3:20 9 3.25 10 3.22 8 321 8
3.10 1 311 1 310 1 31 1
i 10 1
3.00 9 3.02 10 3.00 10 3.00 10
2.95 6 2.94 6 2.93 6
2.92 7 { 2.94 3 2.93 3 2.92 6
2.90 1
2.85 i 2.85 1
2.84 1
{ 2.80 8 2.78 8 2.78 8
2.78 10 2.79 5 2.77 5 217 5
27 1
2.67 1
2.59 4 2.60 4 { 262 2 2.60 4
.60 4
2.51 1
2.43 2 2.45 2 2.44 2 2.43 3
2.40 1
2:30 1 2.30 1
2.30 1 2.31 1 2.27 1 } 2.26 1
2.25 1
2.12 2 2.13 3 { 2.13 3 } 2.13 3
2.12 3
2.06 1 2.06 1
1.955 5 { 1.982 6 1.98 6 1.975 6
1.960 3 1.95 3 1.955 3
1.860 1 1.870 1 1.89 1
1.840 3 1.850 3 { 1.842 3 } 1.840 3
1.840 3
1.820 3 1.835 3 1.822 2
173 5 1758 5 1.750 6 1.750 7

: 4 1.740 4 1.730 3 1.735 3

1695 2 1715 2 1.710 2 { L7110 2
1.70 1

Leez 2 1.675 2 1.670 2 1.670 3
3 1.655 1 1.645 5 1.645 5
{ 1.635 2 1.635 2

{ 1.610 3 1.601 3 1.601 1

1597 5 1.600 5 1.599 5 1.599 3

Note: d-spacings of tetragonal bronzes in barium strontium nio-
bate (orthorhombic splittings denoted by braces).

crystals grown from the melt compositions (shown on
the abscissa) as reported by Glass (6). Ceramic
specimen results are given in terms of solid composi-
tion.

The results of Fig. 5(a) will be discussed first. The
relationship between the Curie temperature of
crystals and ceramics has been used in the binary
lithium niobate (10) and lithium tantalate (11) sys-
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Fig. 4. High-temperature portion of 25% BaO isopleth shown
as a function of NbaO5 concentration.
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Fig. 5. Curie temperatures as a function of composition (a) along
the binary join StNbaOg-BaNbaOg and (b) along the 25% BaO iso-
pleth (ceramic specimens).

tems to locate the congruently melting composition
and establish liquidus-solidus tie lines. It is not
strictly possible to use this procedure in ternary sys-
tems because the ternary tie lines move on three
dimensional surfaces. Nevertheless the technique can
be useful in pseudobinary regions such as the SN-BN
join. A comparison of the slopes of the solidus curves
of Fig. 2 and 4 suggests that melt compositions on the
binary join freeze along the binary join. In fact the
low values of T, measured in the 48.0% NbyOs isopleth
support this conclusion. These two observations do not
agree with the composition shifts reported by Ballman
and Brown (3) on the basis of chemical analysis. The
error in the ceramic T. measurements is quite large
in the region 20-50% BN because of the very broad
dielectric peaks in this region. This agrees with the
results of Glass (6) on crystals in this composition
range. We estimate the uncertainty in T. as + 8°C at
50% BN. Thus the location of the congruently melting
composition is 54 = 4% BN in the 50% NbyOs isopleth.

The variation of T. with NbyOs concentration is
shown for ceramic specimens in Fig. 5(b) along the
25% BaO isopleth. The composition range, 46-52%
NbyOs, represents the solid-solution range of (BSN)
traversed by this isopleth at room temperature. The
composition range 52-60% NbyOs represents the two-
phase region (BSN)1 + (BSN)i, and the change in
T, corresponds to the change in composition of (BSN)1
along this direction in the two-phase region. An inter-
nal check on the consistency of this data is provided
by noting that the composition corresponding to the
constant value of T, = 200°C from Fig. 5(b) on the
binary section [Fig. 5(a)] is 63% BN. If this point is
joined by a straight line to pure NbyOs on Fig. 3, the
line can be seen to pass through the coordinates (60%
Nb2Os, 25% BaO) at the solid-solution boundary of
(BSN) 1 as would be expected.

The dielectric properties of (BSN)mr and (BSN)iv
were not studied because the phase diagram indicates
that these compounds melt incongruently and cannot
be easily prepared as large single crystals. We did
observe a capacitance peak at 287°C for specimen No.
150 (compound BNj3;). However we observed no
capacitance peak for (BSN)in specimens up to 400°C.

Some mention should be made of the early Curie
temperature work of Francombe (1) where regions of
constant T. were observed in ceramic specimens
across the binary join [phase (BSN): and (BSN)i].
Our observations in Fig. 5(a) show that T. varies
smoothly., However, very small variations in the
(BaO + Sr0O)/NbqOs ratio cause large shifts in T,
and it may be conceivable that Francombe’s specimens
possessed a variable ratio due to insufficient reaction
and consequently scatter in the transition tempera-
ture. It is also possible that the disorder of Ba/Sr ions
on the Al and A2 sites may influence T. in a fashion
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similar to that reported by Burns and O’Kane (12)
for barium sodium niobate. We observed no shift by
fast air cooling from 1000°C. Since our specimens were
all furnace cooled to 1000°C, it remained possible that
the degree of cation ordering could be influenced by
the cooling rate through the range 1300°-1000°C.
Although Francombe did not report his preparation
technique in detail, it is probable that his specimens
were removed from the furnace at 1300°C and air
cooled to room temperature in view of the short
(1 hr) sintering times used. A check on several of our
(BSN); specimens with x near 0.5 showed that air
cooling from the furnace at 1200°C did in fact decrease
T. by 20°-40°C. We were thus satisfied that the T,
measurements shown in Fig. 5 were made on speci-
mens properly equilibrated with respect to both tem-
perature and composition.

The crystal growth of ferroelectric compounds of
controlled or uniform composition and properties
requires a knowledge of the high-temperature phase
equilibria for the particular system. Recent investiga-
tions have been undertaken for lithium niobate
(13-15), barium sodium niobate (16-18), strontium
potassium niobate (19), and potassium lithium niobate
(20). These are all systems which exhibit a wide
solid-solution range and a congruently melting com-
position which is substantially different from the
“stoichiometric” composition. In practical crystal
growth, we wish to operate as closely to a congruently
melting composition as possible in order to avoid the
problems associated with the redistribution of an
excess component at the growing interface. However
the desired properties, such as phase matching tem-
peratures above room temperature, may be obtainable
only at noncongruently melting compositions. Con-
sequently, a system such as barium sodium niobate,
where the congruently melting composition has de-
sirable properties, is of more practical interest. In the
present system, we can therefore eliminate compounds
(BSN)ir and (BSN)v as being potential crystal
growth candidates, since neither melts congruently at
any point in the ternary solid-solution range. How-
ever the compound BSN [representing (BSN); and
(BSN) 1], which has been grown as large single
crystals by Ballman and Brown (3), can be seen
from Fig. 2 to melt congruently near 50% BN. Fur-
thermore, the liquidus and solidus curves are very
close together for this compound across the pseudo-
binary SN-BN section. This behavior is reminiscent
of the SN-rich region of strontium potassium niobate
(19) and the BN-rich region of barium sodium nio-
bate (17, 18). Thus it is possible to prepare large
crystals of reasonable optical perfection at com-
positions other than the congruent composition in
this compound. This fact allowed Glass (5, 6) to use
crystal compositions in the SN-rich region where
there are large pyroelectric effects.

Summary
This investigation of the phase equilibria in the
BaO-SrO-Nb2O; system shows the existence of three
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tetragonal-tungsten-bronze type structures as well as
the ternary phase fields. Only one of these structures
is a ternary compound; it has the formula
Ba,Sr(1-;)NbsOg and has been estimated to melt con-
gruently near BaO:SrO:Nb,Os; = 0.27:0.23:0.50. This
phase possesses a large existence region along the
binary SrNbyOg-BaNbyOg join and some adjacent
ternary solubility. This structure possesses observable
orthorhombic distortion in the BaNbyOg-rich region.
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Thermodynamics of the Iron-Nickel-Oxygen
System at 1000°C

A. D. Dalvi** and W. W. Smeltzer*

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada

ABSTRACT

The isothermal section of the Fe-Ni-O system at 1000°C has been defined
by determining the compositions and structures of the equilibrated solid phases.
Wustite can coexist with Fe-Ni alloys containing up to 79.6 a/o (atomic per
cent) Ni. The three-phase field wustite-spinel-alloy consists of wustite con-
taining 0.51 a/o Ni, spinel containing 0.6 a/o Ni, and an alloy containing 79.6 a/o
Ni. The three-phase field, spinel-nickel oxide-alloy, consists of nickel ferrite,
nickel oxide containing 6.5 a/o Fe, and an alloy containing 99.5 a/o Ni. Tie
lines in the spinel-alloy field were investigated in detail. Wustite-nickel oxide
solid solutions exhibited nonideal behavior.

The properties of the Fe-Ni-O system at high
temperatures where the iron-nickel alloys occur in the
form of austenitic solid solution have not been inten-
sively investigated. Brabers and Birchenall (1) deter-
mined the equilibrium compositions of wustite, spinel
oxide, and alloys containing up to 60 w/o (weight per
cent) Ni at 1050°C. The latest available results ob-
tained for temperatures in the range 700°-1100°C are
those reported by Viktorovich and Lisovskii (2) and
Viktorovich et al. (3) for compositions within the
wustite-alloy phase field including the limiting com-
positions of wustite and alloy coexisting with spinel.
Values for the dissociation pressures of wustite con-
taining nickel in solid solution have been reported for
the temperature of 1000°C by Oriani (4) and Roeder
and Smeltzer (5). Accordingly, the purpose of this
work has been to obtain more complete knowledge of
this ternary system at 1000°C by investigating the
nickel-rich region of the phase diagram.

Experimental

Specimens were prepared by two methods. Mixtures
of powders containing iron and nickel (99.99 w/o pure)
in given proportions and one or more of the C.P. re-
agent grade oxides (99.6 w/o pure)—nickel oxide,
hematite. and nickel ferrite—were compressed into
tablets, 12.5 mm diameter and 2 mm thick, at a pres-
sure of 6.5 tons/cm? by means of a hydraulic press. In
the second method, alloy plates, 2 x 1 x 0.05 cm of vari-
ous compositions ranging from 40 to 95% Ni were
oxidized to desirable degrees in oxygen at 1000°C. The
tablets and oxidized alloy specimens were sealed in
quartz tubes containing argon [99.99 v/o (volume per
cent) pure]. All encapsulated specimens were equilib-
rated at 1000° = 2.5°C and then cooled to room tem-
perature within 5 min by means of an air quench.
Tablets were equilibrated for 30 days, while the oxi-
dized alloy plates were equilibrated for periods up to
75 days. The phases in the quenched specimens were
identified by x-ray techniques using a diffractometer
equipped with a copper tube and nickel filter.

Specimens were mounted in epoxy cold setting resin,
polished on silicon carbide papers 200 through 600 grit
with kerosene as lubricant, then polished on a wax lap
impregnated with 30x alumina. This procedure resulted
in best retention of oxide grains and in obtaining a
flat surface. The final polishing was done on 6 and 1x
diamond wheels with napless cloths and kerosene as
lubricant. It was necessary to etch the specimens for
identification of phases by optical microscopy. A 5%
concentrated hydrochloric acid solution in ethyl alcohol
was used to preferentially etch wustite in structures

** Electrochemical Society Student Associate Member.

* Electrochemical Society Active Member.

Key words: thermodynamics, Fe-Ni-O system, Gibbs-Duhem re-

lations, phase composition of wustite, nickel, ferrite, spinel, nickel
oxide, iron-nickel alloys.

containing wustite, spinel, and alloy. A 50% concen-
trated hydrochloric acid solution in water, which pref-
erentially etched spinel, was used as etchant for struc-
tures containing nickel ferrite, nickel oxide, and alloy.

Chemical analyses were carried out by means of a
CAMECA electron-probe microanalyzer operating at
15 kev with an x-ray beam take-off angle of 18°. This
instrument was calibrated according to the method de-
scribed by Friskney and Haworth (6, 7). Essentially
the method consisted of successively applying atomic
number (8), absorption (9,10), and fluorescence (11,
12) corrections to an assumed set of compositions for a
solid phase and calculating the intensity ratio for
each metal to that for the pure metal. This procedure
yielded iron and nickel calibration curves for each
solid. In all cases, the fluorescence correction was sig-
nificant. The atomic number correction was significant
only for the oxides due to the presence of oxygen.
Standards used to check the calibration curves for
the alloys were alloys of several known compositions.
The calibration procedure for the wustite phase could
be verified only for pure wustite. For spinel oxide,
the calibration procedure was verified for magnetite
and nickel ferrite. The homogeneity of each phase in
a specimen was determined by subjecting different
areas to point counts. In addition, x-ray and electron
back-scatter pictures were used for phase identification
and to determine qualitatively the metal compositions
in the coexisting phases.

Results

The photomicrographs in Fig. 1 and 2 illustrate typi-
cal oxide-alloy structures of equilibrated specimens.
The structures obtained from both compacts and oxi-
dized alloy plates exhibited an essential feature in
that the different phases, which were bonded to one
another, were sufficiently large for accurate analyses
by the electron microprobe. At the acceleration voltage
of 15 kev used for these analyses, the diameter of the
x-ray production zone was only about 2x and hence
the minimum size of the particle for accurate analysis
was about 5u. The minimum size of particles analyzed
in this investigation was 154. Identification of the
phases present in a specimen by x-ray diffraction and
microscopic observation showed complete agreement.

Information given by the electron probe micro-
graphs was very useful. For example, the micrographs
shown in Fig. 3 were obtained from a specimen con-
sisting of spinel containing 1.4 w/o Ni and 71 w/o iron,
and an alloy containing 84 w/o Ni. In the electron
back-scatter image, the alloy was black and the spinel
completely white. Also, the x-ray intensities clearly
defined the amounts of iron and nickel in the different
phases.

The compositions for the coexisting oxide and alloy
phases are recorded in Table I. The mass concentra-
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Fig. 1. Equilibrium two-phase fields wustite-alloy and the spinel-
alloy. In both micrographs, the dark phases are the oxide phases
and the bright phase is the alloy phase: (a) upper micrograph—
wustite + alloy etched in 5% HCI in ethyl alcohol, 250X; (b)
lower micrograph—spinel + alloy etched in 50% HCI in water,
320X.

tions obtained experimentally were converted to
atomic concentrations which are also given in Table I
Wustite coexisted with alloys containing up to 79.6
a/o Ni, the maximum nickel solubility in wustite being
0.51 a/o. It was found that spinel coexisted with alloys
containing from 79.6 to 99.5 a/o Ni. The spinel in equi-
librium with wustite and alloy contained 0.6 a/o Ni,
while the compositions of the spinel in equilibrium
with nickel oxide and alloy corresponded to stoichio-
metric nickel ferrite. The maximum iron solubility in
nickel oxide was 6.5 a/o.

Discussion

The isothermal section of the phase diagram at
1000°C constructed from the compositional determi-
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Fig. 2. Equilibrium three-phase field wustite-spinel-alloy. (a)
Upper micrograph—microstructure before etching, 200X. (b) Lower
micrograph—specimen surface after etching in 5% HCI in ethyl
alcohol, 400X; bright phase—alloy, dark matrix phase—wustite,
gray precipitates—spinel.

nations is illustrated in Fig. 4. The oxygen solubilities
in the alloys have been magnified for clarity and are
in fact negligibly small and unknown. The diagram
is symmetric about the spinel-alloy field which is
bounded by three-phase fields containing wustite-
spinel-alloy and nickel oxide-spinel-alloy. These fields
are bounded in turn by two-phase fields containing
wustite and alloy on the iron-rich side and nickel
oxide and alloy on the nickel-rich side of the diagram.
Wustite, which exhibits only a small nickel solubility,
is stable over a wide range of alloy composition; on
the other hand, nickel oxide exhibits a relatively large
iron solubility but its stability is confined to a very
narrow range of alloy composition. The tie lines in the
wustite-alloy and spinel-alloy fields are not propor-
tionately spaced. They fan out from oxide in the iron-
rich region and from the alloy in the nickel-rich region
of the diagram.
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Fig. 3. Electron probe images of sample in the two-phase field
spinel - alloy, 1000X. (a) Upper micrograph—electron back-
scatter image. The spinel phase appears as bright and the alloy
phase appears as dark. (b) Middle micrograph—Fe-K, x-ray image

showing distribution of iron in the two phases. (c) Lower micro-
graph—Ni-Ky x-ray image showing nickel distribution.

A terminal nickel solubility of 0.51 a/o in wustite
agrees with a reported value (2) and it lies between
two determinations where the nickel contents were re-
ported virtually absent (1) and 1.3 a/o (5). The iron
concentration as well as the total metal concentration
in wustite decreased with increasing nickel content of
the alloy. At the terminal composition, the total
amount of metal was 46.7 a/o. Since this value is equal
to the iron concentration in wustite upon its equi-
libration with magnetite, it would appear that there is

IRON-NICKEL-OXYGEN SYSTEM
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an isomorphous substitution of nickel for iron in the
wustite lattice. The nickel composition of 0.6 a/o for
spinel Sy, shows wide divergence from an earlier de-
termination of 5 a/o (1). Magnetite exhibits an in-
verse spinel structure with ferrous ions occupying
octahedral sites and ferric ions occupying both octa-
hedral and tetrahedral sites between oxygen ions (13).
Apparently, nickel replaces iron in the divalent sites
in the spinel up to the terminal composition corre-
sponding to nickel ferrite (14, 15).

The values reported for the dissociation pressures
and nickel contents of wustite are sufficient for ther-
modynamic evaluation of the solution behavior of
nickel in wustite. Values reported for the dissociation
pressures of wustite containing nickel in solid solution
are compared to that for pure wustite in Fig. 5. The
Gibbs-Duhem relationship may be applied to the
alloy and oxide phases because these pressures deter-
mine oxygen activities

NoA dln ap? + Nni? dln ayi? + NyeA dln ape = 0 [1]
NoWdln aoW 4 NxiW dln aniV 4+ NpeW dln apeV = 0 [2]

where N is a mole fraction and a is an activity in the
alloy (A) and wustite (W) phases. At equilibrium,
Eq. [1] and [2] yield the variation of oxygen activity
with respect to nickel activity, for

_ Nyi* — NxiV Npet/NpeW (3]
NoA — NoW NrpeA/NreW
Since the oxygen solubility in the metal is extremely
small, 0.0003-0.015 w/o (16,17), we may neglect the
term NoA in integrating Eq. [3]. Therefore

dln ao

dln aNi

Nxi4
In Poy/Poo, = 2 f .

[ Nxi* — NxiVV Npet/NpeW
1 NoWNpeh/NeW
dln (yni®Nnit)  [4]

where P, is the dissociation pressure of pure wustite.
This equation was integrated numerically by means
of a computer since values are available for the mole
fractions of iron, nickel, and oxygen in wustite as well
as the activity coefficients of nickel in the alloy (2, 4,
18, 19).

Equation [3] may be simply integrated to the follow-
ing expression if it is additionally assumed that the
small concentration of nickel in wustite approximates
to zero and that the mole fractions of iron and oxygen
are equal as for stoichiometric wustite

log Poy/P?%, = 21log (1/1 — NxiA) (5]

This expression is also obtained by comparing the dis-
sociation pressures of pure wustite with that of wustite
equilibrated with the alloy

FeOV S FeA 4 % O, [6]

under the approximations of unit activity for wustite
and ideal solution behavior of iron in the alloy.
Comparison of the values for the dissociation pres-
sures calculated by means of Eq. [4] and [5] to those
determined experimentally are shown in Fig. 5. Al-
though there are large uncertainties in the evaluations
of the alloy compositions in the case where dissociation
pressures were determined for wustite-alloy compacts
(5), both equations serve as a first approximation to
the experimental results. The better fit, however, is
obtained by Eq. [4] where account has been given to
the degree of nickel solubility in wustite and to the
activity coefficients for the alloy components. Equation
[4] gives the invariant oxygen partial pressures in the
wustite-spinel-alloy phase field as 3.26 x 10— 14 atm, a
value considerably larger than the dissociation pres-
sure of pure wustite, P%, = 1.32 x 10—15 atm. Since
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Fig. 4. lron-nickel-oxygen
phase diagram at 1000°C (a/o).
Wi1—Nio.o1Feo.870 (wustite); Si-
Nig.0sFe2.9604  (spinel). A;—
79.6 a/o Ni, 20.4 a/o Fe (alloy).
F—NiFe204 (ferrite); Ni-Feq.13-
Nio.s70 (nickel oxide). A2—99.5

November 1970

a/o Ni, 0.5 a/o Fe (alloy). No—
FezNij—,0 where x ~ 0.0005
(nickel oxide). Phase notations:
W—wustite,  NizFei—(z+4)0;
M—magnetite, Fe304. H—hema-
tite, FeoO3; N—nickel oxide,
FezNij—0. The dashed line
across the bottom of the diagram
represents oxygen solubilites in
the alloy magnified for clarity.
Dashed lines in the vicinity of the
oxygen corner represent undeter-
mined boundaries of phase fields
involving oxygen. The insets on
either side represent correspond-
ing phase regions on an expanded
scale.

the dissociation pressure of wustite containing the
maximum nickel content is less than that for wustite-
magnetite equilibrium, 1.62 x 10—13 atm, it can be in-
ferred, as was found, that the limiting nickel content
of wustite, 0.51 a/o, should be less than the corre-
sponding value for spinel, 0.60 a/o.

A useful approximation to the wustite solid solution
may be made by assuming that nickel dissolves in
wustite as nickel oxide. The following displacement
reaction may then be considered

FeA 4+ NiOW & NiA 4 FeOW [
where
Nxi)a * (yFeo * Nreo) w

axi® + apeo™? (yni -

K=

ape® - anioW) (yre " Nre)a - (ynio - Nxio)w

[8]
The value of K is determined to be 186 at 1000°C from

Table I. Electron microprobe analysis of

electromotive force measurements of Kiukkola and
Wagner (20). Since the values of the activity coeffi-
cients for the alloy components are known, the nickel
oxide content of wustite was calculated for the case
of oxide ideal solid solution behavior as a function
of nickel content of the alloy phase. This relationship
and the experimental relationship are shown in Fig. 6.
The curve through the experimental points was deter-
mined by a least-squares analysis using a computer.
Division of the corresponding values obtained by these
two relationships yields the activity coefficient ratio,
yNnio/vre0, @s a function of equilibrium alloy com-
position. The curve representing this activity coefficient
ratio is also shown in Fig. 6. It can be seen that the
ratio of the activity coefficient remains constant at 3.72
for the alloy composition range of 0-40 a/o Ni and then
decreases to a value of 2.33 at the limiting alloy com-
positon for stability of wustite. Consequently, nickel
oxide solubility in wustite displays a Henry law be-

coexisting alloy and oxide phases at 1000°C

Composition of alloy

Composition of oxide phases

Sample w/o w/o a/o a/o Oxide phase w/o w/o a/o a/o
No. Ni Ut Fe Ut Ni Fe identification Ni Ut Fe Ut Ni Fe
1 60.0 0.5 40.0 04 48.8 41.2 w 0.13 0.05 76.0 0.4 0.1 47.7
2 62.9 0.5 37.1 0.4 61.8 38.2 w 0.13 0.05 75.9 0.4 0.1 47.6
3* 81.0 0.5 19.6 04 79.7 20.3 w 0.84 0.05 75.4 0.4 0.50 53.3
S 0.91 0.05 715 0.4 0.51 42.2
4* 80.5 0.5 20.1 0.4 79.1 20.9 w 0.85 0.05 5.4 0.4 0.51 53.3
S 1.08 0.05 71.4 0.4 0.51 42.1
5* 8l.1 0.5 19.3 0.4 80.0 20.0 w 0.85 0.05 75.4 0.4 0.51 53.3
S 1.10 0.05 714 0.4 0.62 42.1
6 84.0 0.5 16.0 0.4 83.3 16.7 S 1.4 0.1 71.0 0.4 0.79 42.1
7 86.3 0.5 14.0 0.4 85.3 14.6 S 1.7 0.1 70.5 0.4 0.96 417
8 88.0 0.5 12.1 0.4 87.4 12.6 S 2.3 0.2 70.1 0.4 1.29 414
9 88.5 0.5 12.2 0.4 817.6 124 S 2.7 0.2 69.8 0.4 1.51 41.2
10 93.8 0.6 6.0 0.4 93.6 6.4 S 5.9 0.3 66.5 0.4 3.32 39.3
11 96.0 0.6 4.5 0.4 95.4 4.8 S 9.0 0.3 63.5 0.4 5.07 37.6
12 97.5 0.6 3.7 0.3 96.2 3.8 S 11.7 0.3 60.8 0.4 6.60 36.1
13 98.7 0.6 1.5 0.2 98.4 1.6 S 16.8 0.5 55.6 0.4 9.53 33.1
14 98.9 %g 12 0.2 98.8 1.2 g 20.0 0.5 52.4 0.4 11.37 313
. +0. 25.0 0.5 47.4 0.5 14.26 28.4
13 95 { ~07 95 0:1 89:5 95 N 68.7 05 9.8 03 435 6.5

* Three-phase field wustite-spinel-alloy.
** Three-phase field nickel ferrite-nickel oxide-alloy.

iU corresponds to the uncertainty in the experimental determinations. Phase symbols correspond to: W—wustite; S—spinel; N—nickel

oxide.
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Fig. 5. Equilibrium oxygen partial pressure in the two-phase field
wustite-alloy as a function of alloy composition. The solid and
dashed curves were calculated according to Eq. [4] and [5], re-
spectively. The data were obtained from Ref. (4) (@) and Ref.
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Fig. 6. Solubility of nickel oxide in wustite as a function of
equilibrium alloy composition. The dashed curve was obtained with
the assumption of ideality for the wustite-nickel oxide system. The
data for the experimental curve were obtained from this investiga-
tion (@), and from Ref. (2) (). The activity coefficient ratio
yNio/vreo for the wustite phase as a function of equilibrium alloy
composition was obtained from the above two curves on dividing
calculated values obtained on the ption of ideality by the
corresponding experimental values, Eq. [8].

havior only to a mole fraction of 0.008. A similar cal-
culation using Eq. [8] yields yreo/vnio = 4.88 at the
limiting tie line of the nickel oxide-alloy region where
the alloy composition is 99.5 a/o Ni, the activity co-
efficients of nickel and iron in the alloy are 1.0 and
0.78, respectively, and the mole fraction of wustite in
nickel oxide is 0.13. Consequently, wustite-nickel oxide
solid solutions exhibit positive deviation from ideal
behavior at oxygen partial pressures for equilibration
with Fe-Ni alloys.

The iron contents of the nickel oxide, Ny, and the
alloy, As, occurring in the spinel-nickel oxide-oxygen
and in the spinel-nickel oxide-alloy regions, respec-
tively, may be evaluated from appropriate standard
free energies of formation. The following reactions
may be considered
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NiFe;04 = Ni 4 2Fe + 20, [9]
FeO =Fe + % O, [10]

NiO = Ni + % O, [11]

Since the standard free energies for these reactions at
1000°C are 152, 43, and 30 kcal, respectively (21, 22),
we obtain for the equilibrium constants in terms of
standard oxygen activities for the pure metals and
oxides

K9 = (ao°) 9* = ani are @0 = 7.65 X 10—27 [12]
K10 = (a0°) 10 = are @0/0reo = 4.14 X 10—8 [13]
K11 = (@0°) 11 = ani ao/anio = 7.06 x 10-6  [14]

In the three-phase region spinel-oxygen-nickel oxide,
do ~ 1 and anjo ~ 1. Therefore, areo = 10—3. Accord-
ingly, the iron content in nickel oxide, N3, corresponds
to approximately 0.05 a/o. In the three-phase region
spinel-nickel oxide-alloy, Nnio ~ 0.9 and an;i ~ 1.
Therefore, areo = 0.38 and ap = 6.35 x 10—6. Accord-
ingly, the mole fraction of iron in the alloy, Az, Nye =
are/vyre = 0.0047/0.78 ~ 0.006. That is, the nickel-iron
alloy existing in equilibrium with spinel and nickel
oxide contains approximately 0.6 a/o iron. This cal-
culated value is to be compared to the experimentally
determined value of 0.5 a/o.

Conclusions

The phase boundaries of the two-phase fields
wustite-alloy, spinel-alloy, and nickel oxide-alloy, and
the three-phase fields wustite-spinel-alloy and spinel-
nickel oxide-alloy were determined at 1000°C. Chemi-
cal analyses indicated that nickel solubility in wustite
was governed by isomorphic replacement of iron by
nickel. It was inferred that, in the spinel phase ex-
tending from magnetite to stoichiometric nickel-fer-
rite, ferrous ions in the octahedral interstitial sites
were replaced by divalent nickel ions. The spinel
phase in equilibrium with alloys extends from
Nig 04Fes.9604 to NiFe:O4. The wustite-spinel-alloy field
consists of wustite containing 0.51 a/o Ni, spinel con-
taining 0.60 a/o Ni, and an Fe-Ni alloy containing 79.6
a/o Ni. The spinel-nickel oxide-alloy field consists of
nickel ferrite, nickel oxide containing 6.5 a/o Fe, and
an alloy containing 0.5 a/o Fe. The iron content of
nickel oxide in equilibrium with spinel and oxygen
was calculated to be approximately 0.05 a/o. By means
of the Gibbs-Duhem relationship, the dissociation
pressures of wustite were related to the compositions
of the alloy. Solution of nickel oxide in wustite was
shown to exhibit positive deviations from ideal solid
solution behavior.
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Surface Polarity and Etching of Beta-Silicon Carbide

Robert W. Bartlett* and Malcom Barlow
Stanford Research Institute, Menlo Park, California 94025

Beta-silicon carbide has the zinc blende structure
and solution-grown crystals are in the form of octa-
hedral platelets (1). Although the silicon and carbon
layers alternate in the stacking sequence, the inter-
atomic spacing in the octahedral direction, [111], is
not uniform. The terminating plane for the (111) sur-
face is ideally composed of silicon atoms, while the

terminating plane for the (111) surface is composed of
carbon atoms.

If use is made of the anomalous phase shift, differ-
ences in x-ray diffraction intensity are detectable and
the two opposite sides of noncentrosymmetric crystals
can be identified (2). This method has been used by
Warekois and co-workers (3,4) to identify faces of
several III-V and II-VI compounds, and Brack (5) has
used it to determine polarity in «-silicon carbide.

Polarity Determination

X-ray diffraction intensities from octahedral plate-
lets of g-silicon carbide were measured on a Norelco
diffractometer, using filtered CuK, radiation. The
standard sample holder was replaced by a single-
crystal goniometer to facilitate orientation and mount-
ing of the crystals, and the x-ray beam was collimated
to about 1 mm diameter. Intensities of the scattered
beams were determined by a Geiger counter with
chart recorder, each reflection being scanned slowly
through the Bragg angle. Filters limited the intensities
to the linear counting rate region of the counter.

The diffracted intensities are proportional to
|F(hkl) |2. The theoretical ratios of |F(hkl)|2/|F(hkl)|2,
calculated from the anomalous dispersion correction,
are

|F(111) |2
o 094
|F(ITD) |2

F(222) |2
! 1 (7 100
|F(222) |2

F(333) |2

, — =106
|F(333) |2

Three crystals were examined repeatedly, and the ex-

* Electrochemical Society Active Member.
Key words: silicon carbide, etching, surfaces, noncentrosymmetric
crystals, semiconductors.

perimental ratios of intensities for the (111)/(111)
reflections were always smaller than 1, while the
experimental ratios of intensities for the (333)/(333)
reflections were always larger than 1.

Etching

Etching studies were made on g-silicon carbide
platelets grown from solution and on vapor-deposited
g-silicon carbide grown epitaxially on platelets (6).
Two etchants were used: (a) a gas mixture containing
6% chlorine and 26% oxygen in argon at 850° to 900°C
and (b) a fused salt mixture of 75% NaOH and 25%
NayO, at 700°C. The polarity of the crystals was deter-
mined from the ratio of x-ray diffraction intensities.
Although the rate of attack was different, the same
surface characteristics were observed with both etch-
ants. Etch pits developed on the (111) face but did not

develop on the (111) face. Except for the etch pits, the
(111) face remains smooth. These results correspond
with the etching of a-silicon carbide in similar etch-
ants (7,8) where etch pits are observed to form on
the smooth face, which was identified by Brack (5)
as the (0001) face terminating in silicon atoms, al-

though pits do not usually form on the rough (0001)
face. Similar results have been observed for other zinc
blende and wurtzite structures among III-V and II-VI
compounds (3, 4).

The depth of etch pits is much less than the thickness
of silicon carbide uniformly removed during etching.
Uniform etch rates for the chlorine-oxygen gas etchant
were obtained by measuring step heights between
etched regions and the regions protected by a ther-
mally grown oxide film. On solution-grown crystals
the etch rate at 900°C was 0.3 to 0.5 xM/min. Although
the etch-pitting characteristics of pg-silicon carbide
grown epitaxially by vapor deposition were essentially
the same as those of the solution-grown platelets, there
were marked differences in the uniform etching rates
under identical etching conditions. The chlorine-oxy-
gen gas-etching rate of undoped epitaxially grown
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Fig. 1. Solution-grown g-SiC (111) surface etched
in NaOH-Na20s.

crystals was less than 0.02 xM/min at 900°C. The
mechanism leading to this difference in rates is not
known but may be related to differences in the concen-
trations of specific impurities present in amounts below
the detection limits of neutron activation analysis or
emission spectrography.

The etch pits on solution-grown platelets have a
marked tendency to cluster in rows as shown in Fig. 1.
The pits are frequently sufficiently large and closely
spaced to form a groove often running the entire length
of the crystal. The axis of these etch pit rows is al-
ways a <110> direction. X-ray topographic studies (9)
show that the etch pits correspond to surface-termi-
nating partical dislocations with a <«112> Burgers’
vector that are associated with closely spaced parallel
{111} stacking faults.

These dislocations continue in the vapor-deposited
silicon carbide grown epitaxially on solution-grown
substrates. Etch pits on the surface of the epitaxially
grown layer are observed in exactly the same locations
as the underlying substrate. This indicates that the
stacking faults are also extending from the substrate
through the epitaxy layer. This effect is demonstrated
by the two micrographs of the same crystal shown in
Fig. 2. Correspondence between the etch pit patterns
in these micrographs is readily apparent. Both surfaces
shown were given identical NaOH-Na,O, etching
treatments. The lefthand micrograph was taken after
lapping off the epitaxial layer with 1x diamond paste
and re-etching the surface. Note that a small section
of the crystal was broken during lapping. The epitaxial
layer was more resistant to the NaOH-NayO, etchant
than was the substrate, which is consistent with the
results observed with the chlorine-oxygen gas etchant.

Etch pits that were not extensions from the sub-
strate were also observed on (111) surfaces of epi-
taxially grown g-silicon carbide. These pits occur in
short <110> oriented rows often grouped to form one
or more sides of an equilateral triangle, as shown in
Fig. 3. These rows are usually no longer than 25x. The
chlorine-oxygen gas etching also causes a few large
craters to form in the (111) epitaxial surface, also
shown in Fig. 3. Although these craters are oriented in
conformance with the octahedral morphology of the
smaller etch pits, they are not observed on similarly
etched solution-grown substrates. On the (111) face of
epitaxially grown g-silicon carbide the chlorine-oxy-
gen gas etch rounds off twinning hillocks that were
formed during vapor deposition. The nodules that re-
sult are faintly visible on the back face of the trans-
parent crystal shown in Fig. 3.

POLARITY & ETCHING OF BETA-SILICON CARBIDE

Fig. 2. Etch pit rows extending from the substrate through the
epitaxial layer: (left) Etched boron-doped epitaxial layer; (right)
after removal of epitaxial layer and re-etching.

¥

Fig. 3. Epitaxially grown S-SiC (111) surface etched in chlorine-
oxygen gas mixture.
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Sputtering of Bismuth-Titanium Two-Phase Cathodes

R. T. Shoemaker, C. E. Anderson,*! and G. L. Lied|
Purdue University, Lafayette, Indiana 47907

In recent years there has been an increased interest
in the development of sputtered films for electronic
applications. A wide variety of elements has been in-
vestigated in the past with particular emphasis on
single element films. Recently more emphasis has been
placed on multiple component films produced by a
number of methods such as sputtering from multiple
component cathodes, reactive sputtering, or some post
reaction process.

Winters, Raimondi, and Horne (1) have recently
proposed a model for thin film composition by con-
sidering only the mechanisms affecting the composi-
tion at the substrate. An influence on the flux of atoms
leaving the cathode has been illustrated by Anderson
(2).

It is also of importance to determine the influence
of the cathode morphology on the thin film structure
and properties. This study is concerned with the in-
fluence of the cathode morphology on the stoichiometry
of the resulting thin film. The bismuth-titanium system
was selected for this study because of the large differ-
ence in the self-sputtering rates of bismuth and ti-
tanium (3).

Theory

To relate the composition of the film to the cathode,
it is assumed that the number of each type of atom
reaching the substrate is a function of the number of
atoms of that type leaving the cathode and the prob-
ability that these atoms will reach and adhere to the
substrate. Therefore, the composition of the film pro-
duced on the substrate is given by

Yi = NiPiai/Z;N;Pja; [1]

where N; is the number of atoms of element i leaving
the cathode per unit area per second, P; is the prob-
ability that atom i will reach the substrate, and «; is
the sticking coefficient.

The number of atoms of element i leaving the
cathode is a function of the cathode morphology, the
areal coverage of each phase, the composition of each
phase, and the sputtering rate of each phase. For a
two-element two-phase cathode where the two phases
are pure elements, the number of type i atoms leaving
the cathode is

N; = xify [2]

where x; is the atom fraction of element i in cathode
and f; is the function relating areal coverage to atom
fraction and sputtering rate to sputtering parameters.
If we assume a probability function which describes
the probability of each species reaching the substrate

as
i = exp [— d(KuXi — Kai) ] [3]

where d is the interelectrode separation, X; is the
atomic fraction, and the constants Kj; and Kj; are de-
pendent on the cathode morphology and atomic colli-
sions.

Therefore, the form of Eq. [1] for the atom fraction
composition of the thin film produced from a two-
element two-phase cathode is

" a1x1f1 exp [— d(kuxt + ko) ]
=

l—=x

-1
v = [1+ L exp (Ax1+B)] (5]

X1

The relationship of the coefficients A and B to the
various parameters is dependent on several unknown
factors, such as the cathode morphology, sticking co-
efficients, relative densities of sputtered molecules in
the glow discharge, and the energy of the sputtered
particles. A detailed model to describe the probability
function is currently in progress.

Experimental Procedure

The cathodes were prepared by sintering 100 mesh
powders of 99.9 w/o bismuth and titanium powders.
Eleven disk-shaped cathodes 2% in. in diameter and
1% in. thick were prepared with compositions varying
from pure titanium to pure bismuth at 10 w/o inter-
vals. The powders were mixed by tumbling and com-
pressed to a pressure of 8000 psi. The green cathodes
were placed in capsules which were evacuated to
2 x 10-5 Torr and were sintered at temperatures
ranging from 250° to 1000°C depending on composition.

The sputtering was carried out in a conventional
4-in., oil-pumped, liquid nitrogen baffled vacuum sys-
tem. Initially, the system was evacuated to 5 x 106
Torr. The 99.9% argon sputtering gas was then intro-
duced through a calibrated leak valve at a constant
flow rate of about 100 cc/min and the total pressure
was set at 20 by throttling the diffusion pump. The
sputtering power source was a 5 kV-d-c source, and
sputtering voltages varied from 2.0 kV to 4.5 kV. The
sintered cathodes were presputtered for 30 min. The
substrates used in this study were soft glass microscope
slides.

The segregation of the elements in the thin film were
analyzed with an ARL-AMX electron probe micro-
analyzer, and the composition of the film was deter-
mined from the ratio of the bismuth to titanium char-
acteristic x-ray intensities calibrated for films less
than bulk thickness (4). Some of the films were
stripped from the substrate and examined in trans-
mission with the electron microscope for morphology
and structure characterization. The thickness of each
film was measured with a multiple beam interferom-
eter.

Results

The sintered cathodes yielded consistent results
for longer sputtering times and after presputtering.
However, the sintering of the cathodes did result in
some problems. It was not possible to get high density
sintering because of the wide discrepancies in melting
point of the two elements.

Figures 1 through 3 show the relation between the
composition of the cathode and the resulting thin film
for 2, 3, and 4 kV sputtering potential. These results
agree favorably with the predicted form as shown by
the fit of Eq. 5 in Fig. 1 through 3. An attempt to fit
the data to the model of Winters, Raimondi, and Horne
(1) was unsuccessful. The parameters A and B ob-
tained by fitting Eq. [5] to the experimental data are

a1x1f1 exp [— d(kuxt + ke1) 1 + a2xafz exp [— d (kaoxs + ko) ]

which can be rewritten, by assuming that asfo/eif1 is
equal to one, as
* Electrochemical Society Active Member.

1 Present address: Radiation, Inc.,, Melbourne, Florida.
Key words: selected sputtering, sintered cathodes.

[4]

given in Table I. It should be noted that the low
bismuth and low titanium composition determinations
are inherently the most inaccurate values, and there-
fore, the intermediate compositions were weighted
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Fig. 1. Experimental and theoretical variation of titanium con-
centration for films sputtered at 2 kV and 20u argon pressure from
sintered bismuth-titanium cathodes.
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Fig. 2. Experimental and theoretical variation of titanium con-
centration for films sputtered at 3 kY and 20x argon pressure from
sintered bismuth-titanium cathodes.

more than the low compositions in fitting the equation.
Since the probability function is empirical, no particu-
lar significance could be applied to the values found
for the parameters. However, two factors are apparent.
Since bismuth has a higher sputtering efficiency than
titanium, bismuth composition in the film should be
higher than in the cathode, especially for high bis-
muth cathodes. This effect contradicts the observed

Table 1. Fitted parameters for equation relating titanium
composition of sintered cathodes to sputtered film composition

kv A B
2 —1.74 2.16
3 —3.94 3.54
4 —7.42 5.24
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Fig. 3. Experimental and theoretical variation of titanium con-
centration for films sputtered at 4 kV and 20x argon pressure from
sintered bismuth-titanium cathodes.

excess titanium in the film for the high titanium
cathodes. The observed S-shaped curves, especially
for the higher sputtering voltages, could be the result
of either a significant variation in the sticking coeffi-
cient with composition or, more likely, a net change
in the flux leaving the cathode due to shape changes
of the phases in the cathode.

The analysis of the electron diffraction patterns
showed that the film sputtered from the 30.2 a/o
titanium cathode contained at least two phases: a solid
solution of titanium in bismuth and an unknown phase
or phases. The films sputtered from the 87.8 a/o titan-
ium cathode contained a solid solution of titanium in
bismuth and BiTi;, while a very thin film sputtered
from the same cathode at the same pressure and volt-
age contained a solid solution of bismuth in titanium
and BiTi;. This result indicates a possible change in
the sputtering rates of the two elements during the
earlier stages of growth. A third film sputtered from
the 96.8 a/o titanium cathode contained a solid solu-
tion of bismuth in titanium.

The results of this study verify a selective sputtering
in two-phase cathodes and indicate either a composi-
tion dependence on the sticking coefficients or a mor-
phology effect in the cathode.
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Dielectric Properties of Surface Oxides on Aluminum

S. H. A. Begemann! and A. W. Smith
Boeing Scientific Research Laboratories, Box 3981, Seattle, Washington 98124

The impedance of barrier layer oxides on aluminum
have frequently been characterized by an equivalent
circuit of series-parallel resistor-capacitor combina-
tions or by relaxation processes with a wide spread of
relaxation times (1). Work on porous oxides have
often used simplified models of the oxide itself while
complicating the equivalent circuit with the introduc-
tion of pore resistance (2). The present work is an
attempt to study the relaxation processes themselves.
To make measurements as a function of temperature, a
capacitor is formed by evaporating aluminum on top
of the surface oxide. Measurements of capacitance and
dissipation between 10 Hz and 200 kHz will be re-
ported on both barrier layer and porous oxides be-
tween 100° and 500°K.

Experimental

A sample holder was built to allow evaporation of
aluminum onto the surface of the oxide and to make
measurements of the dielectric properties. This is
shown in Fig. 1. The copper sample holder can be
cooled with liquid nitrogen and heated electrically.
Contact to the outer electrode was made by affixing a
wire with a dot of colloidal silver paint at the edge of
the area on which aluminum was evaporated. An NRC,
Model 3114 vacuum coater was used for the evapora-
tion and as a sample chamber. A General Radio, Type
716-C capacitance bridge was used in combination with
a null detector system consisting of a Hewlett-Packard
wave analyzer, Model 302A, a low noise preamplifier
and filter. This allowed signal amplitudes of 20 mV to
be used. The experiment has been discussed in detail
elsewhere (3).

Results

Barrier layer oxides—Aluminum specimens of
99.99% purity, were degreased and etched with 1IN
NaOH for 5 min and rinsed with distilled water. The
anodizing was carried out in a 3% by weight am-
monium tartrate solution adjusted to pH 7. An alu-
minum cathode was used. The voltage was raised in 10
V steps, and the current allowed to decay to a nearly
constant value after each step.

The inverse capacitance/anodizing voltage ratio is
close to that obtained by McMullen and Pryor for the
same anodizing conditions but measured in the elec-
trolyte solution (4). The frequency dependence of the
dissipation for samples formed at several voltages,
measured in ambient atmosphere, is shown in Fig. 2.
The dissipation factor of these barrier layer oxides is
only slightly dependent on atmospheric humidity. The
dissipation decreases by at most 20% on application of
vacuum and heating to 200°C. The values of the dis-
sipation factor and its decrease with film thickness are
similar to that reported by VanGeel and Scholte (5).

Figure 3 shows the temperature dependence of the
dissipation factor for a 100V film measured at 1 kHz.
Peaks with background subtracted out are shown at
142° and 245°K. At 50 kHz these peaks occurred at
230° and 287°K.

Porous oxides.—The formation of porous oxide
layers was carried out on a commercial alloy, 2024-T3.
After degreasing and alkaline cleaning, they were
etched in a sulfuric acid, sodium dichromate solution.
The anodizing was carried out at 36°C, the voltage
reaching 40V in 10 min and held there for 30 min.
The anodizing solution was a 3% by weight solution of
chromic acid.

Present address: Laboratorium voor Technische Natuurkunde,
Universiteitscomplex Paddepoel, Groningen, The Netherlands.

Key words: dielectric properties, aluminum oxide, anodic layer,
dissipation, hydration.
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Fig. 2. Dissipation vs. frequency for barrier layer films with dif-
ferent anodizing voltages.
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Fig. 3. Temperature vs. dissipation for a barrier layer film,

dized in a 3% tartrate solution at 100V. Measured
at 1 kHz in vacuum.

Measurements made with a sodium sulfate solution
counterelectrode gave results, agreeing with Dekker
and Urguhart (6), that the solution penetrates the
porous layer, and the measured capacity depends only
on the underlying barrier layer. Results using the
evaporated aluminum electrode depend on the porous
layer as well, and show the sensitivity to humidity
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noted by Jason and Wood (2). This was attributed by
them to adsorption of water and consequential con-
duction down the walls of the pores.

To study the properties of the oxide layer without
pore wall conduction, measurements must be made in
high vacuum. Figure 4 shows typical results for the
variation of dissipation with temperature below room
temperature. Similar results to those of the barrier
layer oxide were obtained. In one case, peaks occurred
at 140° and 214°K for measurements at 1 kHz and
at 235° and 270°K for measurements at 50 kHz. As
shown in Fig. 4, partial sealing of the oxide with hot
water increased the background dissipation with only
little increase in the dissipation peaks. Although these
dissipation peaks, as well as those for the barrier layer
oxides, are small, they occur consistently and the tem-
perature shift with frequency is appropriate for proc-
esses with activation energies between 0.1 and 0.5 eV.

Peaks of a much greater magnitude were observed
above room temperature with the porous oxide. Figure
5 shows the dissipation factor vs. temperature for
several frequencies. Two peaks occur, but only one
varies in position on the temperature scale with fre-
quency. The higher temperature peak remains at about
405°K.

There is a considerable irreversible decrease in the
dissipation due to the first heating cycle. The curves
show no hysteresis on further heating, however. It was
difficult to remove the background from the lower
temperature peak to determine an activation energy,
due to overlap with the second peak. The assumption
was made (to be discussed later) that the second peak
was a decrease in dissipation at 405°K, on a back-
ground which increased with temperature. Figure 6 is
an example of this background removal.

Figure 7 is an Arrhenius plot of the log frequency
vs. reciprocal temperature of this dissipation peak. An
activation energy of 0.76 eV was obtained.

SURFACE OXIDES
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Fig. 4. Temperature vs. dissipation for chromic-acid anodized

films with different sealing treatments. Measured at 1 kHz in
vacuum.
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Fig. 5. Temperature vs. dissipation for an unsealed, chromic-acid
anodized film. Measured in vacuum at different frequencies (500
Hz omitted for clarity purposes).
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Discussion

McMullen and Pryor measured the dielectric loss for
a barrier layer film at low temperatures (4). Their
data also show a peak at about 230°K which they do
not discuss. These peaks may be the same as those
found here. In addition, they find a large peak just
below room temperature in ambient atmosphere which
disappears under vacuum. No such peak was found in
the present work. However, their apparatus has a thick
porous anodic film in parallel with the barrier layer
film as an insulator. At high humidities the pore walls
would conduct well, and the impedance of this film
may become low enough to affect their measurements.

The physical identity of the two species causing the
two low temperature peaks is not apparent from the
data since they are not very sensitive to humidity or
heat treatment. If they are hydroxide groups, then
they are stable above the 550°K outgassing used here.
Boehmite is stable above this temperature (7).

The 0.76 eV dissipation peak at high temperatures
for the porous oxides seems to correspond to the peak
for Boehmite for which Mata-Arjona and Fripiat found
an activation energy of 0.68 eV (7). Porous oxides do
contain some moisture (8). The 0.76 eV relaxation
peak is therefore assigned to hydroxide ions as was
proposed for Boehmite (7).

It is suggested that the dissipation peak at 405°K is
in fact a decrease in dissipation on a rising back-
ground curve. This can be due to an order-disorder
transition (9). Such an effect was sought by Wicker-
shen and Korpi for Boehmite in dielectric constant
measurements (10). Apparently this effect shows up
here in the more sensitive dissipation measurements
and not in the measurements of dielectric constant.
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ABSTRACT

A mechanism is proposed to account for the polarization voltage loss en-
countered in the electrochemical oxidation of CO at porous, high-temperature,
solid-electrolyte fuel cell anodes. The mechanism involves the transport of
gaseous CO and oxygen ions to reaction sites, followed by slow electrochemical
reaction. The mechanism results in an involved polarization expression, which
under certain conditions simplifies to the familiar Tafel form.

High-temperature fuel cells employing either calcia
or yttria stabilized zirconia electrolyte have received
considerable attention as potential power generators
using gaseous fuels derived from coal (1,2). At the
1000°C operating temperature of solid electrolyte fuel
cells, such coal-derived gases as well as prospective
fuels such as reformed hydrocarbons will contain large
amounts of CO. Oxidation of CO at metallic and mixed
oxide fuel cell anodes, however, is accompanied by
large polarization losses (3). The presence of hydrogen
reduces this loss somewhat, but it is not clear that
either the high current densities which are expected
from such cells or the complete combustion of CO to
CO; can be achieved without incurring severe voltage
losses. For this reason, it is important to understand
in a fundamental way the irreversibilities which oc-
cur at solid-electrolyte fuel cell anodes. The purpose of
this paper is to propose a possible scheme by which
this polarization occurs and to derive the equations
which quantitatively relate polarization voltage loss to
electrode current density.

Many such analyses for liquid electrolyte fuel cell
electrodes have appeared in the literature, and a com-
plete review of the work in this area is not presented
here. The pioneering work of Will should be men-
tioned, however, since it was the first to treat par-
tially immersed electrodes and proposed a method for
treating the electrolyte meniscus which considerably
clarified the polarization phenomena (4). Will’'s work
has been reviewed and generalized by Lightfoot, who
included effects of convection as well as concentration
polarization in his analysis (5).

Not all liquid electrolyte fuel cell electrodes follow
the thin-meniscus model, however, and analyses of
flooded porous fuel cell electrodes have been made,
e.g. Brown and Rockett (6).

With a liquid electrolyte, it is possible for the
gaseous species participating in the electrode reaction
to reach the electrode reaction site either through a
meniscus film or bulk electrolyte phase, and the re-
ported polarization studies analyze the various ways
this transport can occur. In the case of a solid electro-
lyte, however, such transport is impossible and alter-
nate mechanisms must be responsible for electrode

Key wo;ds: ﬁuel cell, porous electrode, polarization (and/or) over-
voltage, diffusion, limiting current, Damkohler number,

polarization. One possibility is for the reactants (CO
and oxygen ions) to counterdiffuse to a mutually ac-
ceptable location somewhere on the electrode, and
there react. In an earlier paper, Zahradnik analyzed
this situation for a one-dimensional electrode (7). In
this paper, the analysis is extended to cover two-di-
mensional effects. In order to simplify the analysis,
the concept of a single, rectangular pore is introduced.

A Single Rectangular Pore

Noble metals, nonnoble metals, conducting oxides,
and mixtures of oxides and metals have been used at
one time or other as high-temperature fuel cell anodes
(3). The physical structure of all these materials has
been porous, and hence it is reasonable to idealize the
structure as a single pore, normal to the electrolyte
surface—Fig. 1. In order to simplify the ensuing
mathematics and notation, the pore is considered to
be rectangular and of infinite extent in the direction
normal to the paper. The distance coordinate y is in-
troduced, directed normal to the electrolyte, with
origin at the electrode-electrolyte interface and value
y = b at the bulk gas phase boundary. The distance co-
ordinate x is introduced, directed parallel to the elee-
trolyte. Its origin is at the centerline of the electrode
and it has the value x = a at the pore wall.

The electrode is taken to operate isothermally, and
the electrochemical reaction between CO and oxygen

Bulk Gas Phase

Electrolyte

Fig. 1. Idealized pore structure
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ions is assumed to occur at the walls of the pore
CO + 0= CO; + 2e~ [1]

The rate at which this reaction proceeds per unit of
pore wall area, in units of current, is symbolized by
i(y).

A number of kinetic expressions have been proposed
for i(y) but no generally accepted kinetic description
is available (8, 9). At the conditions under which high-
temperature solid electrolyte fuel cell anodes operate,
however, it seems likely that the following, often pro-
posed, equation is applicable (10)

i(y) =2Fke [CO] [0=] [2]

where k = Constant, including units of rate
AF# = Standard state free energy of activation

( AF# + a2FV )

R = Gas law constant

T = Temperature

a = Fraction of generated voltage which
contributes to increasing free energy of
activation

Equation [2] represents only the forward rate of re-
action [1]. Under most conditions of high-temperature
fuel cell operation, the forward rate alone is satisfac-
tory, although provision to include a term for the re-
verse reaction could be made should electrode opera-
tion be near the equilibrium condition of reaction [1].

It is assumed that the oxygen ions diffuse from the
electrode-electrolyte interface under the influence only
of a concentration gradient. That is, the electrode is
assumed to be equipotential, so that no voltage gradi-
ent is present as an additional driving force. Under
these assumptions, the oxygen ion flow is described by
the following steady-state conduction equation

32[0=] 92[0=]
—— _+. —_——
dx? y?

The nature of the oxygen ion flow need not be com-
pletely specified at this time. That is, the diffusion is
assumed to be bulk diffusion, such as lattice, grain
boundary, or short-circuit diffusion, but no further
specification is made. In any case, Eq. [3] would have
a similar form (11, 12). Also, the diffusivity of oxygen
ions has been assumed to be the same in both the x-
and y-direction.
The boundary conditions which apply to Eq. [3] are:

at

0 [3]

I:O,ﬂ:(} 0<y<b [4]
ox
O:
y:b,a—[—l= I<x<a [5]
ay
y=0, [07] = [0=]. I<r<a [6]
0=
x=m—Do=i£—l=Kmmbmﬂ
X

0<y<d (7]

= A convenient kinetic parameter, repre-
senting the terms premultiplying the
concentrations on the right-hand side of
Eq. [2]

Do= = Diftusivity of O=

where K

Equation [4] states that there is no flux across the
electrode centerline; Eq. [5] similarly denies oxygen
ions admission into the bulk gas phase. At the elec-
trode-electrolyte interface, the oxygen ions have a
constant concentration, [O=],—Eq. [6]. Equation [7]
equates the diffusive flux of oxygen ions to the flux due
to chemical reaction. In this equation, the concentra-
tion of CO is taken to be equal to [CO]s, the bulk gas
phase composition. This assumption is reasonable in
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the light of the high value of diffusivity CO has at cell
operating temperatures. However, if so desired, provi-
sion could be made to account for small changes in CO
concentration due to changes in current level—in the
manner used by Zahradnik in his one-dimensional
analysis (7). This is not done here, however, since its
effect is small.

Solution to Electrode Equations

The solution to the system of Eq. [2]-[7] can be
expressed in terms of a Fourier series; the result is
from Carslaw and Jaeger (13) (p. 168, Eq. [17])

[0=] = 2K [0=], [CO]p

©

€08 anX cosh ay (b — y)

[8
<2 [(an? + Din?) @ + D) c0S ana cosh apb 1
where «, represents the solution to the following
K [CO]y [O=].
an@ tan anld = Dm = % [9]
Do= [0=]e
a

The right-hand side of Eq. [9] is the ratio of the
maximum reaction rate to a characteristic diffusion
rate of O=. Such a ratio represents an electrode Dam-
kohler number, and is symbolized as Dy,.

The total pore current per unit of length normal to
the xy-plane, I, is obtained by integrating the oxygen
ion flux at x = a over the entire height of pore wall

b 0=
I:f—D():-———a[ L dy

o ox z=a

b
1 fo Do= 2K [0=1. [COl}

©

= tan apa cosh an (b — )
a.
= [(an? 4 Dn?) @ 4 D] cosh andb

n dY

This expression can be written as the ratio of I to
Ip = Do= [0=]./a, a characteristic oxygen ion flux

I 5 15 2(a) = tanh azb 0]
}; N " ; "2 an@ [@y2a? + Dy? 4+ Dn]

=1

Since it is the current-polarization relationship
which is of most interest from a fuel-cell point of view,
Eq. [10] can be modified slightly to indicate how these
two quantities are related.

Current-Polarization Relationship
K is given explicitly by the following
AF# 2aFV

RT RT
K=2Fke e

At this point it is convenient to utilize the fact that,
on an IR free basis, electrode voltage, V, is given by the
following thermodynamic relationship

AF°  RT [ [CO:2]p
S M| 0=1. ! —
¥ 2F | ool ¢ ]}"

Ve By —e =

where
7n = Electrode polarization
AF° = Standard free energy change of reaction [1]
Hence, it is possible to relate D,, to polarization y
2aFy

RT
Dm = D",O e

where D,,° denotes the value of D,, at zero polarization,
Figure 2 is a plot of In (I/Ip) vs.In D,, = In D,,)* +
2aFn/RT, for various aspect ratios.
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Fig. 2. Current-polarization relationship

Notice that for small values of current these two
expressions are equal, suggesting that

2oF

n
InI/Ip = In Dy (small I)
P *&r

If D,° Ip is denoted as an exchange current, Io, this
equation reduces to the familiar Tafel form

T
InI/Io [11]
2aF

n=

Archer, Elikan, and Zahradnik have obtained polar-
ization data for zirconia-based fuel cells equipped with
sintered platinum anodes operating on CO-CO; mix-
tures (3). They report a successful fit of their data
using Eq. [11]. Although a consistent value of « = %
was obtained over a range of compositions, the authors
were unable to draw any firm conclusions about trends
of the exchange current with composition. However, a
simple dependency of (Ip) on bulk gas phase composi-
tion may be obtained

(Io) o« [COJp!—2 [COz]p

Consider
[CO2]p = (1 — yco) Co
and
[COJy = (yco) Co
where C, = Bulk gas phase concentration

Yco = Mole fraction CO in bulk gas phase

Then if the value of « is taken to be 1, for a constant
Cp, the proportionality between (Ip) and yco is given
by the following

(Io) o [yco(1 — yco) 1172 [12]

The data reported by Archer, Elikan, and Zahradnik
are plotted in Fig. 3 vs. bulk gas phase percentage of
CO in the CO + CO, mixture. The relationship sug-
gested by Eq. [12] is also plotted in Fig. 3, with the
proportionality constant adjusted to give a best fit to
the data. The agreement is quite reasonable, consider-
ing the variety of conditions under which the data
were obtained. Unfortunately, no data were reported
in the 50% CO range.

As I increases, the current-polarization curve starts
to deviate from the linear relationship. No other region
is encountered where an equation of the Tafel form is
a good approximation. This conclusion is different
from the one based on a one-dimensional counter dif-
fusion (7), where a second region was observed in
which an equation of the Tafel form served as a good
approximation to the exact equation.

In order to demonstrate that the current-polarization
curve predicted by Eq. [10] does provide a good fit for
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Reported Exchange Current (mA/cm?2)

0 20 40 80 80 100
Percent CO in CO + CO,
Fig. 3. Reported values of exchange current as function of per
cent CO for sintered platinum electrodes (1). Curve is predicted
by Eq. [12].
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Fig. 4. Experimental data for sintered platinum electrodes (1).
Curve is predicted from Eq. [10] with (b/a) = 4.

experimental data, some of the results reported by
Archer, Elikan, and Zahradnik (3) are plotted in Fig.
4 in the format prescribed by Eq. [10]. The data were
obtained at two temperatures, 940° and 1060°C, with
a fuel of 100% CO and 90% CO plus 10% COs,, re-
spectively.

The curve derived from Eq. [10] which is used to
correlate these data is for an aspect ratio (b/a) = 4.
This ratio is felt to be reasonable for the sintered plati-
num electrodes used in the experiments. The sintering
process causes the platinum to coalesce into individual
particles whose mean diameter is about one third
times the electrode thickness. If the pores are viewed
as passages through a matrix of connected particles,
then an aspect ratio of four to six would be expected.

The data reported in Fig. 4 were obtained with a
test cell whose electrode area was 27.6 cm2 From Fig.
3, it is noted that exchange current densities of about
0.3 and 0.6 mA/cm?2 can be expected for the 100% CO
and the 90% CO fuels, respectively. This would cor-
respond to Io values of 8 and 16 mA, respectively, and
these were the values used to plot the data. The value
of « was taken to be %.

For the 940°C, 100% CO data, the correlation was
obtained with an Ip value of 1500 mA. The 1060°C, 90%
CO data was correlated with an Ip value of 1700 mA.
It can be seen that only the low current points are in
the region of the Tafel kinetics.

The limiting current, Iy, can be obtained from Eq.
[10] by letting D,, become large. The result may be
expressed as
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Do= [0=],
Tri= <__11._£__;EL> lim 2D, 22
b Dun—w

n=1
tanh [(b/a) ana]
an@[an2a? 4+ Dy? + Dy ]

The first bracketed term shows the limiting current
to be inversely proportional to electrode thickness as
expected. The exact constant of proportionality de-
pends on the electrode aspect ratio (b/a) as seen from
the second term. For (b/a) values larger than 2, this
last term is relatively insensitive to (b/a) however.

The data shown in Fig. 4 correspond to limiting cur-
rents of 900 mA at 940°C and 1000 mA at 1060°C. While
these values are quite low on a current density basis,
it should be pointed out that the test cell did employ
a thick electrode and that other cells have been oper-
ated with much thinner electrodes and consequently
much higher limiting currents.

Discussion

The analysis presented here allows a number of in-
teresting conclusions to be drawn about solid electro-
lyte fuel cell anodes. At low current levels, polariza-
tion is controlled by slow chemical reaction, and famil-
iar Tafel behavior is observed. As current increases,
the slope of the In I vs. n curve decreases continuously,
and no other characteristic region is noted until the
limiting current is reached.

Since the object of a properly designed electrode is
to support large current densities while sustaining only
small polarization losses, it is clear that such an elec-
trode should have large DY This requirement means
that the kinetics of the electrochemical reaction [1]
should be fast. The data reported for platinum elec-
trodes indicate that such is not the case for platinum.
However, other materials are suitable as anodes, and
one criterion in their selection should be the rate at
which reaction [1] proceeds on their surface.

If an anode material of sufficient catalytic level,
either natural or induced by special treatment, can be
found, the fuel cell behavior would be characterized by
large D,° values. It is interesting to observe what
happens to the current distribution in such cases. The
net current at any electrode position, I(y), may be
obtained directly by differentiating the expression for
[O=], and is given by the following equation

I S\ sinhab (1—
(y) —1_ 2 an Y) [13]
I n=1 ana["‘n2a2 + D2 + Dul

For small values of D,, this equation is nearly linear
(Fig. 5). However, as D,, increases, the relationship is
no longer linear, but distinctly curved, as shown in Fig.
5. At high values of D,, the current is generated
largely near the electrode-electrolyte interface and
the distribution is distinctly nonuniform. Similar dis-
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Fig. 5. Current distribution as function of electrode Damkohler
number for aspect ratio = 1.
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tributions are found along the meniscus of a liquid
electrolyte fuel cell electrode (8). However, in the case
of solid electrolyte fuel cell anodes, the high current
densities that are developed in the vicinity of the elec-
trode-electrolyte interface will produce large heat
effects, due to resistance heating in the electrode,
which may in turn lead to rupture of the electrode-
electrolyte contact. A careful analysis will have to be
made of the local heat effects produced in electrodes
capable of supporting high current densities.

Manuscript submitted Dec. 5, 1969; revised manu-
script received July 1, 1970.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1971 JOURNAL.
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NOMENCLATURE
English
a Electrode distance
b Electrode thickness
C,  Bulk gas phase molar concentration (g/cm?)
D= Diffusivity of O= (cm2/sec)
¢ Thermodynamic voltage for reaction [1]
AF# Activation energy for absolute rate expression
for reaction [1] (kcal/g mole)
AFe Standard free energy of reaction [1] (kcal/g
mole)
Faraday Number (coulomb/g mole equivalent)
i(x) Local rate of reaction [1] (A/cm2)
I Operating electrode current
I(x) Local electrode current
Ip  Characteristic electrode current (A)
(Ip) Exchange current
I, Limiting current (A)
Kinetic parameter with units of rate
Convenient kinetic parameter
Gas law constant (kcal/g mole °K)
Electrode temperature (°K)
Electrode potential (V)
Distance coordinate parallel to electrolyte
Distance coordinate normal to electrolyte
Bulk gas phase CO mole fraction

Greek

a Parameter indicating portion of anode voltage
which increases activation energy of intermedi-
ate complex for reaction [1]

ay  Solution to Eq. [9]

n Polarization voltage loss (V)

&

113, 865

N Soe

<HaIxXF

L@
aQ
(=}

Subscripts

e Electrode-electrolyte interface
Bulk gas phase-electrolyte interface

<



The Corrosion of Titanium Carbide
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ABSTRACT

In 2N H,SO,, the anodic dissolution of titanium carbide begins at about
0.8V (SHE). Trivalent titanium ions could not be detected in the nitrogen-
saturated solution, although this does not rule out the possibility that Ti(III)
is formed in the dissolution reaction. However, at 0.8V oxidation to Ti(IV)
would readily occur. The results of potentiostatic and galvanostatic experi-
ments indicate that the subsequent passivation of the electrode, which occurs
between 1.2 and 1.7V when it is polarized potentiostatically, is due to Ti(IV)
oxide. At potentials above 1.7V, oxidation to Ti(VI) occurs. During the initial
dissolution of the carbide, both CO and CO, were detected.

Although titanium carbide is an important re-
fractory material, characterized by its extreme hard-
ness and its relative inertness, very little attention
has been given to its chemical properties. The stabil-
ity of the Group IV, V, and VI transition metal car-
bides toward acid and alkali solutions has been exa-
mined (1), but, while a patent exists (2) for an anode
incorporating titanium carbide, there appear to have
been no studies on the anodic behavior of this ma-
terial. It was felt that one point of interest in such a
study would be to determine the nature of products
arising from the bonded carbon. Thus Ervin et al. (3),
in describing the use of titanium carbide anodes for
the extraction of titanium metal in molten salt elec-
trolysis, state that the carbide behaves during elec-
trolysis as though it were a metal with high carbon
content. From this, one might expect dissolution of
titanium, leaving free carbon. On the other hand,
various attempts have been made to describe the
bonding in carbides (4-6), and it is more reasonable
to suppose that the carbon gives rise to at least one
gaseous corrosion product.

It was the aim of the present study to investigate
the behavior of titanium carbide anode in sulfuric
acid solution, to identify the dissolution products, and
to define the limit beyond which this material cannot
be regarded as inert.

Experimental

Titanium carbide was deposited onto steel disks
(C, 1.4%; Cr, 1.3%) by chemical vapor deposition
from a mixture of hydrogen, methane, and titanium
tetrachloride vapor at high temperature (7).

The nature of the deposit was confirmed by x-ray
diffraction studies. Unfortunately this method cannot
be used to determine the stoichiometry of the carbide,
due to the high degree of scatter in the measured
lattice parameter. Chemical analyses have been per-
formed on representative samples of carbide, in order
to obtain the stoichiometry. The analysis of metallic
impurities was performed by spectrographic and
atomic absorption methods. Determination of oxygen
and nitrogen was carried out by vacuum extraction
and chemical methods, respectively, and of total
carbon by oxidation to CO, which was subsequently
determined by coulometric titration. Free carbon was
determined by dissolving the sample in HF and HNO3,
filtering the free carbon on asbestos and burning it to
CO; in a tube furnace.

Compositions vary between nearly stoichiometric
(TiC ¢.98) and about TiCoy. The variation must be due
to experimental factors which may be controllable
(temperature, gas composition, etc.) or not (aging of
the apparatus). A systematic study of this problem
has not yet been undertaken. Analysis of the impuri-

* Electrochemical Society Active Member.
Key words: anodic, dissolution, polarization.

ties showed about 4% each of iron and chromium,
which arise either by diffusion from the substrate or
by high-temperature attack on the reactor walls by
the gas stream. The level of these impurities is not
high enough to affect the general characteristics of
the corrosion behavior of the carbide, but uncer-
tainties in the stoichiometry and purity made a de-
tailed kinetic study impossible.

Anodes.—Deposits of titanium carbide 10-15 um
thick were obtained on disks of 2 mm thickness. The
carbide on one surface was planed away, and the
steel then dissolved in warm hydrochloric acid,
leaving flakes of titanium carbide.

Cell and instrumentation.—Experiments were per-
formed in a simple cell at room temperature, using
Reagent Grade acid solutions. A large cylindrical
platinum counterelectrode was used. The basic in-
strument for both potentiostatic and galvanostatic
experiments was a Tacussel! type PRT 2000 potentio-
stat. For potential scans this was coupled to a drive
unit, type Servovit 2, and current-potential curves
were obtained directly on a Sefram? XY recorder.

Results

Potentiostatic measurements.—Figure 1 shows a
typical polarization curve for TiC in 2N H,SOj,
obtained at a potential scan rate of 10 mV/min. At
about 2V,3 rapid dissolution of the electrode occurs.
The passivation of TiC at about 1V is a process which,
at a low rate of scanning, undergoes reactivation
when the potential is made progressively less positive.
At a higher rate of scan, little reactivation occurs.
This is shown in Fig. 2. The pH-dependence of the
potential of the peak maximum was found to be
—0.045 + 0.005 mV/pH unit, the potential becoming
more positive as the pH decreases. Although plots of
log i vs. E during the initial stages of dissolution
showed a well-defined Tafel relationship, the slopes
were not sufficiently constant to enable reliable
kinetic data to be extracted.

Galvanostatic measurements—When a titanium
carbide electrode was charged at constant current in
the range 2 x 1073 to 1 x 10-2 A cm~2 in 0.1N H,SO,,
two plateaus in the potential-time curve were found.
These occurred at about the same potentials as those
at which the two active regions were found during
potentiostatic polarization. A typical E/t curve is
shown in Fig. 3. The process giving rise to the first
plateau was assumed to have finished after a time, T,
which was arbitrarily marked by the intersection of
two straight lines, extrapolated from the region of
rising potential and from the second plateau, in the

1 Tacussel, 2, rue Carry, Lyon 3, France; Ryaby Associates, 38
‘Wall St., Passaic, N.J. 07055,

2 Sefram, 74, rue de la Fédération, Paris XV, France.

3 All potentials reported in this paper are referred to the standard
hydrogen electrode.
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Fig. 1. Polarization of TiC in 2N H2504, 10 mV min—!
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Fig. 2. Polarization of TiC in 2N H3SOy4 at different scanning rates
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Fig. 3. Potential-time curve for a TiC electrode charged at 5 A
ecm~2 in 0.1N H2SO4.
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Table 1. Transition times for galvanostatic charging of TiC

in 0.IN H2504
ix 103, A cm-2 10 9 8 7 6 5 4 3
T15€C 18 23 26 32 41 53 0 107
T3 18 23 27 33 42 53 68 104
73 19 23 27 33 42 53 68 104
iriz 43 44 41 40 39 36 33 35

manner indicated in Fig. 3. At each current, three
charging curves were obtained, each one after prior
polarization to the point of hydrogen evolution, and
the mean value of t recorded. At any one current, the
reproducibility in the values of v was generally excel-
lent. Typical results are shown in Table I

Identification of the dissolution products.—From the
titanium.—Several attempts were made to detect the
presence of Ti(III) in the solution during the anodic
dissolution of titanium carbide. In a standard solu-
tion of Ti(IV) in 2N H2SO4, containing 5 ppm of Ti
and saturated with nitrogen, a platinum wire elec-
trode was polarized cathodically to the point of
vigorous hydrogen evolution. After about 5 min, the
electrode was charged with a constant anodic current
of 3 wA. The E/t curve showed a plateau at 0.47V due
to the oxidation of Ti(III) to Ti(IV). A titanium
carbide electrode was then charged at 500 wA in 2N
H,SO, saturated with nitrogen. After a sufficient time
had elapsed to put a detectable amount of titanium
into solution, a platinum wire electrode in the solution
was charged anodically at 3 wA, and the E/t curve
recorded. No plateau corresponding to the oxidation
of Ti(III) could be found. Thus, while this test was
not intended to give a quantitative microanalysis of
Ti(III), it indicated at least that the concentration of
this ion did not build up during the dissolution to a
level which was comparable to the concentration of
titanium in the solution, and that therefore this
titanium is almost certainly in its tetravalent oxidation
state.

A similar attempt to detect the presence of Ti(III)
as a result of the dissolution of TiC was made by
potentiometric titration with a Ce(IV) solution. This
also gave a negative result.

From the bonded carbon.—A titanium carbide elec-
trode was charged galvanostatically at 100 uA for 6
days, in 5 ml of 2N HSOy4 contained in a tube sealed
with a silicon rubber bung. A platinum wire was used
as the cathode. The cell voltage was recorded contin-
uously, and was always less than 1.3V. At the end of
the charging period, samples of the gas above the
solution were taken by direct injection of a 1 ml
syringe. This gas was analyzed with a permanent-gas
chromatograph,* using a silica gel, and a molecular
sieve, column. The presence of both CO; and CO was
confirmed.

Repeat experiments were performed on single
crystals of titanium carbide, and in every case both
gases were detected.

Discussion

The equilibrium potential-pH diagram for the sys-
tem titanium-HO shows (8) that the most stable
species at pH = 0 and at potentials in the region of
1V is the tetravalent ion TiO2+. In fact, at this pH
the domain of stability of this ion extends from about
zero to about 1.8V. As all attempts to detect the pre-
sence of Ti3* during the anodization of titanium
carbide failed, it is reasonable to suppose that the
initial dissolution produces TiO2+. The actual mech-
anism cannot be elucidated at this stage, although
further work is in progress with pure single crystals
of the carbide.

It is quite possible that the dissolution actually
produces Ti3+, but that this species is subsequently
oxidized to TiO2* at the surface of the corroding

4+ H. Feichtinger, Schaffhausen, Switzerland.
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electrode. From Pourbaix (8), the equilibrium po-
tential for the redox couple Ti3*/TiO2+ at pH = 0
and at TiO2*/Ti3* = 6 is about 0.46V. Since the po-
tential of the titanium carbide is above 0.8V during
its dissolution, it is clear that any Ti3* formed would
be quickly oxidized to TiO2+. Thus, while the present
work cannot distinguish whether titanium carbide
is oxidized directly to Ti(IV) or whether this occurs
through the intermediate formation of Ti(III), the
net result is clearly an oxidation to the tetravalent
state. Further experiments are planned to examine
this question more fully, with the aid in particular
of a rotating ring-disk electrode, and it is hoped to
report these results in a further communication. It is
therefore proposed here that the passivation ob-
served between about 1.2 and 1.7V is due to a tetra-
valent oxide (or hydrated oxide) of titanium. The
peak at about 1V in Fig. 1 can thus be attributed to
the sequence

TiC(s) » TiO2* (aq) = TiO; - HxO(s)

Figure 4 shows that the formation of the oxide is
kinetically possible at potentials above 0.91V. At this
point, the i/t curve at constant potential first shows a
gradual decay, due to the depletion of active surface
by the formation of solid oxide.

During the second active region, one would then
expect the oxidation to produce Ti(VI) ions. The
potential at which this region begins is in fact in good
agreement with that indicated by Pourbaix for the
process TiO, - H»O - TiO»2*. Direct experimental
evidence is given by the fact that, during the dissolu-
tion of titanium carbide at about 2V, the solution
gradually becomes yellow. It shows exactly the same
absorption maximum (410 nm) as the yellow solu-
tion formed by the reaction of titanium(IV) ions
with hydrogen peroxide, which is due to the ion
TiOs2*+,

Figure 2 confirms that this oxide is relatively soluble.
Reactivation on the reverse scan occurs only at slow
sweep speeds; at higher scan rates, dissolution of the
oxide film is not sufficiently fast to allow reactiva-

i, pA

) t, min
0 15 30 45 60
Fig. 4. Current-time curves at various potentials during the dis-

solution of TiC in 2N HSO4; numbers refer to potential in milli-
volts.
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tion. It would appear, then, that passivation is not
due to anhydrous TiOy (rutile), which has a very low
solubility, but rather to the hydrated oxide TiOp -
H,0.

The gaseous corrosion products being COz and CO,
the initial dissolution may proceed according to the
reactions

TiC + 3 H,0 = TiO2*+ 4 COz 4+ 6 H* + 8e~
and  TiC + 2 H,O = TiO2* + CO + 4H* 4 6e~

for which dE/dpH is —0.044 and —0.039V, respec-
tively. This corresponds with the observed pH-depen-
dence of —0.045 = 0.005V.

The potentiostatic experiments therefore indicate
that the initial corrosion of TiC produces TiO2*, and
that at a certain potential (0.910V in 2N H3SO4) the
formation of solid oxide (TiOs - Hp0O) begins. At
about 1.05V, the rate of formation of oxide exceeds
the rate of its dissolution, and the electrode becomes
passivated. At about 1.75V, oxidation to TiOg2*
occurs, and severe corrosion of the TiC follows.

This picture is confirmed by the galvanostatic
experiments. The charging curve shown in Fig. 3
contains only two plateaus, of which the potential of
the first clearly corresponds to the dissolution of TiC
as TiO2*. In general during such galvanostatic
charging, where the initial corrosion product is
freely soluble, the current density, i, and the time, T,
required for passivation to occur are related by: itl/2
= constant. In the present case, although the transi-
tion times were very long and were rather arbitrarily
determined, this relationship held reasonably well
above about 6 x 103 A cm—2 (see Table I).

The second plateau in Fig. 3 occurs at a potential
which corresponds closely to that found potentio-
statically for the oxidation to Ti(VI). The absence
of an intermediate plateau is further evidence that
the net reaction during the first active region is an
oxidation to the tetravalent state of titanium.

Manuscript submitted April 13, 1970; revised manu-
script received July 15, 1970.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1971 JOURNAL.
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A Comparison of Various 24K Gold Electrodeposits

S. E. Craig, Jr.,* R. E. Harr,* J. Henry,! and P. Turner?

Chemical Engineering, School of Engineering, College of Engineering Sciences,
Arizona State University, Tempe, Arizona 85281

ABSTRACT

Thick electrodeposits of 24K gold were prepared from 14 types of plating
solutions in both new and replenished-used conditions. The deposits were
examined by x-ray, scanning electron microscope, gravimetric, and electrical
techniques. It was found that the purity, microstructure, and apparent density
were functions of the plating solution type and age. The crystal lattice con-
stants were found to be independent of both type and age.

Deposit Preparation

Fourteen types of plating solutions were selected as
representative of modern commercial plating practice.
They contained 8-15 g/liter gold and were operated
at 3 mA/cm2 The bath components are given in
Table I. The used baths were taken from various
production lines. They had all been “turned over” at
least 10 times. The amount of use and degree of con-
tamination could not be precisely determined for these
baths. However, a partial determination is given in
Table III. Before using the old baths, they were
filtered, analyzed, and regenerated by adjusting the
pH, density, and gold concentration to the nominal
values.

Plating was accomplished in a vigorously agitated
4 liter, constant-temperature tank. The anodes were
platinum-plated titanium and had approximately 5
times the area of the cathodes. During plating, small
quantities of gold were periodically added to the bath
to insure that the gold concentration never fell below
90% of its nominal value. The cathodes were copper
plates 2.5 x 5 cm. One side of each cathode was mirror
smooth while the other side had a fine mat finish. Four
cathodes were used for each bath and the gold was
deposited on both sides of each cathode. Immediately
after deposition, the samples were cut and the copper
etched away with nitric acid. The samples were
ultrasonically washed in water, trichloroethylene,
and methanol, dried, and stored for later examination.

* Electrochemical Society Active Member.

1 Present address: U.S. Army, Ft. Bliss, Texas.

* Present address, Texas Instruments, Inc., Dallas, Texas.

Key words: gold, electrodeposits, purity, crystal structure, resis-
tivity, density.

The deposits were very thick (127 um) so that
effects from the bath could be separated from effects
of the copper substrate,

The properties investigated were appearance,
density, purity, crystal structure, and preferred ori-
entation. In all cases, the samples from the smooth
side of the copper cathodes had the same character-
istics as those from the mat side of the copper.

Visual Appearance

The visual appearances of the solution side of the
deposits are tabulated in Table I. Except for deposits
from baths 1, 13, and 14, the surfaces were fairly
similar in appearance. They differed only in relative
brightness, smoothness, and fineness of the mat. Bath
13 produced unique, smooth, uniformly brown, dull
surfaces. Bath 14 produced bright, shiny, perfectly
smooth surfaces. The sparkly, bright appearance of the
new hot cyanide deposit is due to its large, individual
grains, while the dull, orange or brown color seen in
deposits 8u, 1lu, and 13 is caused by many small,
individual grains. Deposits from used baths tended to
be duller and smoother than deposits from new baths.
The addition of brighteners and hardeners caused the
baths to produce a finer mat surface.

The sides of the deposit adjacent to the copper
cathodes were visual replicas of the copper surface
even when viewed at 30,000X.

Density
The density of each sample was determined from
its weight in air and in diiodomethane. The results,
corrected for buoyancy of air and further corrected

Table 1. Gold-plating deposits investigated

Density Density
No. Ref. pH ° Baumé Visual appearance g/cm3
1In Hot cyanide, phosphate, carbonate (1) 12 15-30 Sparkly bright, very coarse mat. 19.22
lu Very coarse mat. 19.13
2n Citrate, phosphate in equal amounts (2) 5.7-6.0 15-25 Bright, coarse mat. 19.26
2u Dull, smooth. 19.25
3n Same as 2 plus 25 g/liter polyamino acid com- 5.7-6.0 15-25 Bright, fine mat. 19.27
3u plex Dull, fine mat. 19.27
4n Same as 2 plus 10 g/liter metallic brightener 5.5-6.0 15-25 Fine mat. 19.26
4u Fine mat. 19.26
5n Same as 4 plus 20 g/liter potassium chromium 5.5-6.0 15-25 Dull, fine mat. 19.25
5u sulfate hardener Dull, smooth. 19.26
6n Same as 5 plus 25 g/liter boric acid inhibitor 5.5-6.0 15-25 Very fine mat. 19.25
m Citrate plus 6 g/liter hydrazine sulfate redox (3) 4.2-45 14-16 Fine mat. 19.26
Tu agent Fine mat. 19.25
8n Phosphate plus 6 g/liter hydrazine sulfate (4) 5.5-6 14-16 Fine mat. 19.27
8u Dull, fine mat, orangeish stains. 19.26
9n Ammonium citrate plus 20 g/liter potassium (5) 4.5 12 Very fine mat. 19.25
Su chromium sulfate hardener Dull, very fine mat. 19.27
10u Borocitrate plus tetraethylene pentamine 5.0-6.0 20-25 Dull mat. 19.26
1lu Phosphate 6 17-18 Dull mat, orangeish stains. 19.27
12u Phosphate 9-10 23 Dull, very fine mat, 19.27
13n Gold sulfite with excess sulfate and sulfite (6) 9-10 10-12 Very dull, smooth, brownish. 19.23
13u Dull, smooth, orangeish, 19.25
14n Same as 13 plus 15 ppm arsenic 9-10 10-12 Bright, shiny, very smooth. 19.13
14u Bright, shiny, smooth. 19.24

® “n” and ‘“u” signify new and used baths respectively.

Source of gold is KAu(Cn): for all baths, except 13 and 14. All unspecified cations are potassium. The conducting salts had concentrations
of approximately 100 g/liter as required to prcvide the lower Baumé for new baths and the higher for used baths.
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to 25°C, are shown in column 7 of Table I. Most of
these densities are within 0.2% of the density of pure
gold. The exceptions are deposits from baths 1, 13, and
14. The low density of deposits from bath 1 is a result
of the large pores within the deposits. The lower
density of the deposits from bath 13 are caused by the
5 ppm sulfur contained in this deposit and by the
microscopic voids barely visible in the photomicro-
graphs. The arsenic in bath 14 further reduces the
deposit density.

Electrical Resistivity—Procedure

Strips approximately 1 mm wide and 25 mm long
were cut from the deposits and tested for electrical
resistivity using a standard four-contact technique.
The measurements were made at room temperature,
298°K, and liquid nitrogen temperature, 77°K. The
main uncertainty in any individual resistivity meas-
urement resulted from geometric uncertainties. How-
ever, when the resistivity at room temperature is
divided by the resistivity of the same sample meas-
ured at liquid nitrogen temperature, all geometric
factors cancel and a ratio. Rggs/R77, is obtained which
is a function of the material only. This ratio does not
include the effects of voids, pores, or electrically in-
active inclusions. It does include the effect of chemical
purity and, to a lesser extent, grain size.

This ratio serves as a sensitive indicator of relative
chemical purity. However, it yields no information
as to the concentration or types of impurities present.

White and Wood (7) report Rogs/R77 equals 5.0 for
99.999% pure, vacuum-annealed gold. The highest
value obtained in this work was 4.91. The difference
probably represents a normal amount of dissolved
gases, since most of these deposits are 99.999+4 % pure
on a metallic basis.

Deposits from new baths without special additives
(baths 1, 2, 7, 8) typically had a resistivity ratio of
about 4.9, while used baths without special additives
yield deposits with Rogs/R77 in the range of 4.6-4.8.
This reduction in purity is typical of the contamina-
tion obtained in normal industrial usage.

The high value of Rggs/R77 for the deposits from
bath 4 indicates an extremely low amount of codepo-
sition of the brightener.

The addition of hardeners reduced Rz9s/R77 into the
4.6 range. However, as the baths were used and the
special agents were depleted, the value of Rags/R77 for
deposits from these baths approached the value from
used baths without special additives.

24K GOLD ELECTRODEPOSITS
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Deposits from bath 13 had a lower value of Rags/R77
than expected. When these deposits were annealed to
400°C for 8 hr, the value of Rags/R77 increased to about
4.4 which still indicates a fairly high level of im-
purities. The exceptionally low resistivity level for
deposits from bath 14 is a direct result of the 15 ppm
arsenic included in the deposit.

The high value of the resistance ratio for deposits
from used baths 3 and 10 indicates a very high purity
of deposit. This purity can be traced to the low level
of contamination of these baths and to the effective-
ness of the chelating agent in preventing the deposi-
tion of contaminants.

Crystalline Structure

The crystalline structure of the deposits was ex-
amined by x-ray diffraction techniques, by Berg-
Barret X-Ray Topology (8) and by Scanning Elec-
tron Microscopy (SEM). Prior to SEM examination,
the sample cross sections were etched in a solution of
2.5% (NHy)2S20s and 2.5% KCN for 5-30 min at 25°C
to bring out the crystal structure. Typical SEM photo-
micrographs are shown in Fig. 1 through 8.

Generally, the surface microstructure can be
divided into four categories. The first is that produced
by the alkaline cyanide baths (Fig. 1). These surfaces
are composed of uniform, very large (60-120 um)
grains separated by open grain boundaries which
penetrate deeply into the deposit. The second category
includes most of the solutions. For this category, non-
uniform grains of 5-50 um are connected by distinct,
tight-grain boundaries. Deposits from baths 4, 5, and
6, which contain a codepositing metallic brightener,
show more small (1-5 um) grains. In these first two
categories, deposit surfaces made from new baths
tended to contain many smooth planes, sharp angles,
and straight lines identifiable with the underlying
crystal structure (Fig. 2 and 4). Deposits made from
used baths exhibited a less-organized structure made
up of rounded surfaces and curved lines and often
contained randomly distributed small (<1 um) pits
(Fig. 3 and 5). A notable exception to this is the de-
posit from bath 3 and to a lesser extent the deposit
from bath 10, where the chelating agents have
caused deposits from used baths to have the surface
characteristics of new baths.

The third category of surface microstructure is
exhibited by the pure sulfite bath, bath 13, Fig. 7. The
grains are small and fairly uniform in size 0.2-5 um).
The grain boundaries are distinct and do not appear to

Fig. 1. SEM photomicrographs
of deposit 1n from a hot cyanide
solution.
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Fig. 2. SEM photomicrographs
of deposit 2n. The center 2/3 of
the cross section is removed. The
lower picture is the copper edge
of the deposit, while the upper
picture is the solution edge. Sur-
faces and sections of deposits 3u,
7n, 10u, and, to a lesser extent,
8n, were similar.

Fig. 3. SEM photomicrographs
of deposit 2u.

be tightly closed. The fourth category is exhibited by
bath 14. Surfaces from this bath were completely
featureless even when viewed at 30,000X.

The SEM photomicrographs of cross sections may
also be divided into four categories. The first is the
coarse grain structure with deeply penetrating pores
found in the hot cyanide bath deposits, Fig. 1. The
second category includes the majority of the deposits
and shows grains less than 0.5 um in diameter on the
substrate side of the deposit and crystallites 5-30 um
in diameter on the solution side of the deposits. Many
of these crystallites can be followed for 20-60 um
through the deposit. Those deposits containing
hardeners and brighteners, baths 4, 5, 6, and 9, fall at
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the lower end of the crystallite size ranges. Deposits
from used baths tend to fall in the center of the range,
while deposits from new baths which do not contain
metallic impurities and from used baths containing
chelating agents have crystallites in the upper end
of the size range. The two anomalous structures in
this group are from new solution 3 which appeared
almost amorphous and from new solution 9 which ex-
hibited a distinct columnar structure (Fig. 6).

The third category consists of deposits from the
non-cyanide solution, bath 13, which had extremely
small grains throughout the deposit (Fig. 7).

The last category is from the non-cyanide solution
containing arsenic, bath 14. Cross sections of these
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Fig. 4. SEM photomicrographs
of deposit 4n. Deposits from 5n

edge -

deposits are amorphous in appearance (Fig. 8). The
deposit from the new bath also shows a layered
structure similar to those often found for alloy
deposits (8). The deposit from a used bath shows only
a random porosity.

The crystal lattice parameters were determined by
x-ray back reflection. Within the limits of the equip-
ment used, the lattice parameters were those for pure
gold. Thus the density variations shown in Table I
are caused by impurities, pores, inclusions, etc., but
not by lattice expansion.

X-ray line broadening was used to determine the
average crystal size (9). This technique is precise for
crystallite sizes under 0.1 um, but for larger values

and 6n were fairly similar.

Fig. 5. SEM photomicrographs
of deposit 4u.

the accuracy degenerates quickly and only a lower
limit can be placed on the size. The results of the
line-broadening measurements are shown in columns
3 and 4 of Table II

Berg-Barrett X-Ray Topology (10) was used to
determine the maximum crystallite size. With the film
used, crystals larger than 3 um were resolved. The
results are shown in parentheses in columns 3 and 4
of Table II. Where values are not reported, no in-
dividual crystals could be resolved by this technique.

The first crystals to nucleate from new baths not
containing metallic impurities (baths 1, 2, 3) grew to
average sizes greater than 0.1 um. However, the first
crystals to grow from all other baths were much
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Fig. 6. SEM photomicrographs
of deposit 9n.

Fig. 7. SEM photomicrographs
of deposit 13n. Deposit 13u was
similar, but finer grained.

smaller in size (about 0.03 pm). These other baths,
with the exception of 7 and 8, all contained metallic
impurities either because of normal contamination
from use or because of addition of hardeners and
brighteners. It appeared that these codepositing
metallic impurities facilitated nucleation on the
copper substrate so that the average crystal size was
smaller. Hydrazine sulfate (baths 7 and 8) performed
the same function although the mechanism by which
this occurred was not clear.

The average crystallite size on the solution side of
the deposit was a good indication of the ability of
hardeners and brighteners to control average crystal
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size. New baths 4, 5, 6, and 9, with these additives,
show average solution side crystal sizes of about 0.06
um, while new baths without these addition agents
produce crystals in excess of 0.1 um. As the baths were
used and replenished, the effectiveness of the
brighteners and hardeners in controlling crystal size
was diminished. This was probably caused by a
failure to replenish the baths with these additives at
the same rate they were consumed. At the same time,
all baths picked up impurities during use. These
impurities, unless counteracted with chelating agents
as in baths 3 and 10, tended to decrease the grain size.
The net result was that baths with and without the
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special additives took on the same character as they
became contaminated with use.

Except for baths 1 and 14, the maximum crystallite
size obtained by the deposits differed only slightly
from bath to bath. Bath 14 was the only bath to
produce resolvable crystals on the copper side of the
deposit. The used bath 14 produced many extremely
large single crystals on the solution side of the
deposit. These crystals exhibited internal structure,
possible parallel slip planes, and long range order

Table I1. Deposit characteristics

24K GOLD ELECTRODEPOSITS

Crystallite um Preferred orientation*

Bath size Solution Copper Solution

No. Rw/Riz  copper side side side side

In 482 >01 >0.1 (20) (111) r, —(111)

u 477 0.05 >0.1 (20) (311),r r, — (111)

2n 491  >01 >01 (12) (111) (311), (511)

2u 470 0.03 005 (7) (311 (311), (511),
= (1i1)

3n 479 >01 0.06 (6) (111) (311), (422)

3u 492 0.03 >01 (1) (111), (311  (31D), (511)

4n 470 0.06 008 (9) (220), (311) (220), (311)

4u 486 0.04 >01 (D (31,1 (311), (511)

5n  4.62 0.03 0.06 (8) r r

5u  4.69 0.03 >0.1 (10) (220), (311)  (220) (311)

6n 472 0.03 0.06 (9) (111) (311)

491 0.03 >01 (10) (111), (311)  (311)

Tu 460 0.03 0.08 (15) (311),r r

8n  4.87 0.03 >0.1 (15) (311) (220), (311)

8u 483 0.04 007 (9 (311) (311), (511)

9n 436 0.03 0.05 (11)  (111) (111)

u 465 0.03 0.05 (11) (111) (311)

10u 488 0.03 >0.1 (10) (111) (311), (511)

1u 491 0.04 >0.1 (10) (311) (200) (311),
(511)

12u  4.82 0.06 0.06 (10) (111) (311)

13n 412 0.03 0.06 (6) (220) (220)

1Bu 414 0.05 >0.1 (8) (111),r r

14n 267 0.05 (8) 0.05 (3) (200) (200), (220)

14u 373 0.06 (10) >0.1 (50) (220)

(200)

* “r” signifies a nearly random orientation. Underlined orienta-

l:xons are strongly preferred orientation. Doubly underlined orienta-
tions are very strongly preferred. Orientations preceded by a
minus sign are significantly diminished.
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Fig. 8. SEM photomicrographs
of sections of deposits 14n and
17u. Surfaces were featureless.

between crystals. Since these crystals were not re-
solved in SEM photomicrographs of either the section
or the surface, we conclude that these crystals are
extremely thin and oriented parallel to the surface.
Crystal platelets of this type are believed to be major
contributors to the smooth, shiny surfaces of these
deposits.

X-ray diffraction was used to determine the pre-
ferred orientation of the deposits. For each side of
each deposit, the x-ray intensities of the the first 10
diffraction peaks were measured. These peaks rep-
resent crystal orientation from (111) to (511). In-
tensities for redundant peaks such as (200) and (400)
were combined. The intensities were then normalized
and compared with NBS data for random deposits
(11) and with a pure gold powder sample. The re-
sults are shown in columns 5 and 6 of Table II. A
major feature of some diffraction patterns was the
suppression of a particular peak intensity. This is
shown in Table II by a minus sign in front of the as-
sociated orientation.

With the exception of the non-cyanide baths and
acid phosphate baths, new baths without hardeners
or brighteners tended to nucleate and grow (111)
initially. As growth of these deposits continued, the
(111) orientation was suppressed and higher order
orientations, particularly the (311), became dominant.
This is in keeping with the general concept that close-
packed orientations are natural for heterogeneous
nucleation but form the slowest growing crystal faces.

The addition of hardeners, brighteners, or normal
operational contaminants usually suppressed the
initial (111) nucleation so that both sides of the
deposit tended to have a (311) preferred orientation
or to be more nearly random. However, two baths,
6 and 9, which contained hardeners, produced deposits
with strongly preferred initial (111) orientation. In
addition to hardeners and brighteners, bath 6 con-
tained boric acid as a copper conditioner. New bath 9,
which contained the hardener and ammonium ion,
produced a strong (111) preferred orientation
throughout the deposit. The chelating agents in baths
3 and 10 were effective in controlling contaminations
so that deposits from these used baths had orienta-
tions typical of deposits from new baths. The acid
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Table Ill. Metallic constituents in used baths

Bath No. 1u 2u 3u 4u Tu Su 10u 14u
Gold 7.45 6.24 4.61 6.34 8.06 7.20 6.44 10.14
Silver 0.025
Nickel 0.21 0.11 <0.01 0.019 0.017 0.01 0.052 <0.01
Copper 0.44 0.01 0.056 0.02 0.015 <0.01 N.D. 0.10
Cobalt N.D. 0.07 N.D. N.D. 0.07 N.D. N.D. N.D.
Iron 0.19 0.27 <0.01 0.044 0.026 0.08 0.054 N.D.
Lead 0.014 0.01 0.18 <0.01 <0.01 <0.01 N.D. 0.011
Zinc N.D. N.D 0.50 N.D <0.01 0.02 N.D. N.D.
Chromium 0.14
Arsenic 0.40

Values are in grams per liter for baths taken from production lines.

phosphate baths (8 and 11) were unique in showing a
strong tendency to (311) nucleation and growth.

The observations on preferred orientation do not
correlate with the observations of crystal size, surface
appearance, or grain structure, except in the case of
new bath 9. The columnar structure that runs through
this deposit is a direct result of the strong (111) pre-
ferred orientation for both nucleation and growth.

Conclusions

With the exceptions of the large grain porous
structure of deposits from the hot cyanide bath, the
very fine grain, brown deposit from bath 13, and the
bright shiny deposits from bath 14, the deposits in-
vestigated were fairly similar. Special hardeners and
brighteners added to new baths decreased the grain
size and affected the orientation of the crystals and
the surface appearance. However, as the baths were
used and regenerated, the differences in deposits
tended to diminish. Chelating agents were found to
be effective in controlling impurity deposition from
used baths.

Manuscript submitted Nov. 5, 1969; revised manu-
script received July 6, 1970. This was Paper 151 pre-

sented at the Detroit Meeting of the Society, Oct. 5-9,
1969.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
JOURNAL.
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Electrophoretic Deposition of Luminescent Materials

P. F. Grosso, R. E. Rutherford, Jr., and D. E. Sargent
Applied Physics Department, CBS Laboratories, Stamford, Connecticut 06905

ABSTRACT

Electrophoretic deposition of luminescent materials such as 2CaO-MgO-
2Si0: Ce: Li has been accomplished by the adsorption of inorganic cations of
Mgt+, Cat+, Bat+, Srt+, Al+t++ Nat, K*, Lit or NH4*, from nitrates,
chlorides, and bromides, in polar liquids such as isopropyl alcohol with a
critical concentration of about 1% HyO. An explanation of the adsorption
charging and the pertinent factors which effect cataphoretic deposition for a
calcium magnesium silicate-magnesium nitrate system is presented. Acetone
has been found to have a beneficial depolarizing effect, while magnesium salts
produce a cementing action on the deposited phosphor layer.

The electrophoretic deposition of powdered phos-
phors to form fluorescent screens offers several ad-
vantages over the usual gravitational sedimentation-
cementation processes: (a) Curved or irregularly-
shaped objects can be coated uniformly; deposition can
even be accomplished in an upward direction to pre-
vent the settling out of large phosphor aggregates onto
the screen. (b) Very fine particle-size screens can be
deposited quickly from suspensions that flocculate or
settle very slowly (due to the similar charge on each
particle); in fact, in electrophoresis, the fine particles
move and are deposited more rapidly than larger par-
ticles. (c) Definite control can be exercised over the

Key words: electrophoresis,
phosphors, cathode-ray screens.

deposition, luminescent materials,

amount and character of the final particle cementing
agent; desirable cementing agents may be generated
simultaneously with particle deposition by combining
electrolytic with electrophoretic effects. (d) Very
smooth screens of uniform and controlled thickness
and density can be prepared.

In these laboratories in the past, phosphor suspen-
sions for electrophoretic deposition have been prepared
by stone-milling phosphor powders in polar organic
liquids such as alcohols, acetone, etc., for substantial
periods of time. Milling does indeed yield ‘“charged”
suspensions, but usually also damages the phosphor
(light output and efficiency are lower than the original
powder). The mechanism of this damage is not com-
pletely understood, but appears to result from severe
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physical shear, production of many particles below
optimum size for efficient fluorescence, thermal damage
caused by high local impact temperatures, surface
chemistry such as oxidation-reduction reactions, loss or
absorption of various substances (e.g. analysis shows
that phosphors milled with flint stones have absorbed
aluminum), etc.

During the present study, methods have been sought
for ‘“charging” phosphor suspensions without the at-
tendant damage of stone milling. Most attention has
been focused on the addition of soluble electrolytes to
suspensions of various phosphors in essentially non-
aqueous media, but auxiliary means such as stirring,
classification by settling (elutriation), and ultrasonic
dispersion have also been employed.

In the experimental work described, calcium mag-
nesium silicate (2Ca0-MgO-2SiO: Ce: Li) was used.

Experimental Procedure

In order to compare the efficacy of various added
electrolytes and various nonaqueous liquid suspending
media for promoting the cataphoretic deposition of
various phosphors the following test procedure was
employed.

The electrophoretic deposition cell consisted of an
unstirred vessel of 300 ml capacity, which was provided
with a stainless steel frame which supported a 1 in.
diameter test blank in a vertical position. The test
blanks were either conductive glass or stainless steel.
These blanks, one of which was used as the cathode in
each experiment, were cleaned ultrasonically with
acetone and were weighed before each deposition ex-
periment. Facing the blank cathode and separated from
it by a distance of %-34 in. was a row of three % in.
carbon rods held in a vertical position. These rods were
the anode in each experiment. Any inert material, such
as platinum, can be used as an anode. A variable d-c
power supply capable of providing potentials up to
500V and currents up to 250 mA was used to promote
electrophoretic deposition.

In typical operation, 250 mg of the phosphor powder
under test was added to 250 cc of the fluid suspending
media in which the electrolyte under test had pre-
viously been dissolved. The phosphor was allowed to
equilibrate with the liquid medium by stirring for 5
min, and the resulting suspension was then poured into
the test cell. Sufficient potential was immediately ap-
plied to yield a current of 10 mA and the deposition
was allowed to proceed at 25°C without stirring. The
test cathode blank was then withdrawn, dried, and
weighed. The appearance of the deposited phosphor
layer was examined and noted.

Pertinent Factors

Cataphoretic deposition is a complex phenomenon
in which several variables play significant roles. First,
the liquid suspending medium must be carefully
chosen. It must be a suitable solvent for the added
electrolytes under test, but must not yield solutions
having high conductivities. It is desirable to maintain
a high potential difference between the anode and
the cathode, but high current flow with resultant
resistance heating is not desirable. Deposition of the
suspended powder rather than electrolysis of the
liquid medium is desired. In addition, the liquid me-
dium should have a low viscosity so that the charged
particle can migrate at the maximum rate under the
applied field. For practical reasons, it should be in-
expensive, water miscible, and low in toxicity.

Previous work in these laboratories (1-3) and else-
where (4) has shown that polar liquids such as the
water soluble lower molecular weight alcohols and
ketones provide good media for electrophoretic de-
position. In the present study, isopropyl alcohol and
acetone have been used almost exclusively, either
separately or mixed together and usually with some
water added. Water can be used to advantage in elec-
trophoretic systems, but is very important to carefully
control the amount added. This may be illustrated by
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Fig. 1. Effect of magnesium nitrate and water concentrations on
amount of phosphor deposited. Deposition conditions: carbon anode-
stainless steel cathode; electrode spacing 5/8 in.; current 10 mA,
voltage 25-100V; time 5 min; P16 phosphor concentration in sus-
pension 1 mg/ml.

examination of 2Ca0-MgO-2SiO: Ce:Li (P16 phosphor)
deposition curves shown in Fig, 1. In the experiments
represented by the curves, increasing amounts of
magnesium nitrate Mg (NOj3)»-6H>0 was added to either
100% isopropyl alcohol, 99.5% isopropyl alcohol +0.5%
water, 99% isopropyl alcohol +1% water, 98% iso-
propyl alcohol +2% water, or 90% isopropyl alcohol
+10% water. It will be noted that the highest mass
deposition efficiency of phosphor (greater weight de-
posited during the standard 5 min time interval) oc-
curred when about 8 mg of the magnesium nitrate
was added to the 1% water system (250 mg phosphor
in 250 cc 99% isopropyl alcohol +1% water). Addition
of more or less magnesium nitrate gave less deposition
of phosphor. In the experiments in which water was
not added, the maximum deposition occurred with
approximately 22.5 mg of the nitrate. Addition of more
or less than 1% water also gave less deposition of
phosphor than 1% water. Use of 98% isopropyl alco-
hol +2% water, 90% isopropyl alcohol +10% water
gave very poor results at all levels of added magnesium
nitrate. The higher water concentrations increased
the conductivity to allow electrolysis to predominate
over electrophoretic deposition. Lower water con-
centration did not allow satisfactory ionization to take
place. It is then evident that the amount of water
present, as well as the amount of electrolyte added,
is critical.

In the 1% water system, addition of the optimum
amount of magnesium nitrate (8 mg) apparently gives
good ‘“charging” of the calcium magnesium silicate
(P16) phosphor since the weight of deposited phosphor
is high. Simultaneously, the conductivity of the system
appears to increase, for without the phosphor present
20 mg of magnesium nitrate would be required to give
the same conductivity. In order to explain this phe-
nomenon, it may be suggested that the phosphor,
known to have excess calcium oxide on its surface,
may undergo the following type of absorption-de-
sorption reaction:

2(P16) — SiO - CaO — OH + 2Mg*+ 4 2NO;—

5 ((PIG) — Si0 — Mg+ ) + 2Cat+

+ 20H~ + 2NO3~ [1]

The phosphor thus becomes ‘“‘charged” and the ionic
concentration (conductivity) of the suspending me-
dium is simultaneously increased. When less than the
optimum magnesium nitrate concentration is added,
maximum charging is not attained, and the weight
of phosphor deposition is decreased. If greater than
the optimum magnesium nitrate concentration is used,
the amount of phosphor deposited also decreases be-
cause either (a) the increase in conductivity causes
electrolysis instead of electrophoretic deposition or
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(b) the increasing electrolyte concentration may ac-
tually diminish the positive charge on the phosphor
particles through the increased absorption of negative
ions (5). This same type of maximum is noted in the
anhydrous system but at higher electrolyte concen-
trations.

It was also found that acetone is an effective cathode
depolarizer, e.g., that when present, it largely prevents
the appearance of gaseous hydrogen, presumably by
acting as an acceptor of any electrolytic hydrogen
generated.

2H+ 4+ CH3COCHj3; + 2e - CH3;CHOHCH3 [2]

Acetone Isopropyl alcohol

When no hydrogen is evolved, very smooth, compact
phosphor screens may be deposited. Experiments were
conducted to determine the optimum combination of
acetone, water, and alcohol.

Excellent results were obtained with 25% isopropyl
alcohol +474% acetone +41% water (by volume) as
the suspending fluid and electrolyte solvent. Below
70% acetone concentration yielded coarse phosphor
screens due to gas evolution during deposition. Above
80% acetone yielded thin, nonuniform phosphor
screens of low adherence.

Choice of Added Electrolyte

A large number of inorganic compounds were found
to be capable of “charging” calcium magnesium sili-
cate positively so that deposition at the cathode could
be achieved. The suitability of these various additives
was determined by dissolving 1 mg/ml of the inor-
ganic compound to be investigated to either 99%
isopropyl alcohol +1% water or to 74% acetone +25%
isopropyl alcohol +1% water (by volume), and then
suspending 1 mg/ml of the phosphor in the above
fluid and determining whether favorable rates of
deposition and good quality screens were obtained.
With promising candidate additive compounds, the
concentration was varied until the maximum deposi-
tion rate and screen quality was established.

Since cataphoresis rather than electroplating was
desired, principal attention was given to inorganic
compounds having anions which cannot be reduced
in aqueous media. Thus soluble salts of magnesium,
calcium, barium, strontium, aluminum, sodium, po-
tassium, lithium, and ammonium were evaluated.
Divalent magnesium, calcium, and strontium all gave
positive results. It is interesting to note that all of these
cations form rather insoluble silicates and it is not
surprising that they are well absorbed on and
“charge” calcium magnesium silicate (probably due
to reaction with exposed SiOH or SiO groups). Be-
cause of its relatively high ionic charge, low mass,
low toxicity, and low solubility in combination with
a variety of anions, magnesium was chosen as the
preferred cation, with aluminum as a close second
choice.

Insofar as the preferred anion is concerned, nitrate
and chloride (and to a lesser extent, bromide) ap-
peared to be preferable to several other anions evalu-
ated. While the nitrates and chlorides of magnesium,
aluminum, and lithium gave good deposition, the sul-
fates of these and other metals gave uniformly poor
results. It is possible that the sulfate ion was too well
removed from solution by the phosphor. When fluo-
ride, phosphate, formate, acetate, citrate, hydroxide,
etc., were introduced in the form of acids and bases,
the results were also not satisfactory.

P16 phosphor (2CaO-MgO-2SiO:Ce:Li) appears to
have a “basic” surface (shown by pH of moist powder
against pH paper), probably due to the presence of
MgO and/or CaO or the corresponding hydroxides. It
may also be “charged” by the addition of hydrochloric
acid (presumably by conversion of the oxides and/or
hydroxides to magnesium and calcium ions to form
the oppositely charged counter layer). The addition
of hydrofluoric, phosphoric, sulfuric, formic, acetic,
and citric acids do not give favorable “charging.” The
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failure of hydrofluoric, phosphoric, and sulfuric acids
may be explained on the basis that the anions of these
acids form insoluble calcium salts (the surface is
coated with an insoluble compound rather than con-
verted to an ionized double layer), but the failure of
formic, acetic and citric acids is more difficult to ex-
plain. Perhaps these acids too well “sequester” calcium
and magnesium, i.e., actually remove them from the
surface of the phosphor, making it impossible for a
double layer to form.

The behavior of nitric acid is anomalous. It should
yield calcium and magnesium nitrates by reaction
with the surface of the phosphor, and these nitrates
are known to give favorable depositions. But when
nitric acid was added to a system containing isopropyl
alcohol, no deposition resulted. Perhaps it is too
rapidly consumed in oxidizing the easily oxidized
alcohol.

Heavier, more easily reduced cations do not give
satisfactory results in general. Thus, the nitrates of
lead, iron (ferric), zinc, copper, the chlorides of nickel,
cobalt, manganese, palladium, and chromium sulfate
either gave no deposit, very discolored deposits (prob-
ably containing the respective metals or lower valence
compounds), or poorly adhering deposits. This is to
be expected in view of the ease of reduction of these
metallic ions at a cathode.

Added Advantage of Magnesium and

Related Metallic Salts
When magnesium salts are electrolyzed, hydrogen
rather than magnesium is liberated at the cathode. In
the system we have been investigating, the hydrogen
is apparently taken up by acetone (see above). Re-
gardless of the fate of the hydrogen, there is an in-
crease in hydroxyl ion concentration (or pH) in the
vicinity of the cathode. This results in the formation
(and deposition) of an interesting and adherent form
of magnesium hydroxide which can apparently act
as a cementing agent for the simultaneously cata-
phoretically deposited phosphor. The cathode reactions

involved may be represented as follows

(2Ca0 - MgO - 2Si0)Mg**+ + 2HOH
+ CH3COCHjs + 2e-
(2Ca0 - MgO - 2Si0) — Mg(OH)z |
+ CH3CHOHCH; [3]

That an adherent magnesium hydroxide film is formed
under the conditions employed is also indicated by
the following: The addition of phenolphthalein to the
system with the omission of phosphor gives a very
adherent, bright red film on the cathode when current
is passed. This is probably a combined film of magne-
sium hydroxide and the magnesium salt of the
phthalein (colored, basic form). Other dyestuff com-
pounds have also been bonded to the cathode by this
process, but extensive discussion of these is beyond
the scope of this paper.

Conclusions

An electrophoretic deposition process for the forma-
tion of luminescent phosphor screens has been devel-
oped which does not employ the use of stone milling to
disperse and charge phosphor particles. The charging
of calcium magnesium silicate phosphor particles is
achieved by the adsorption of nonreducible inorganic
cations of Mg++, Cat++, Ba*+, Snt+, Al+++ Nat,
K+, Li*, and NH4* on the phosphor surface. The
adsorbed cations cause the phosphor particles to mi-
grate in a suitable suspending media under the influ-
ence of an electric field to the electrode of opposite
charge. Salts of these cations produce a cementing
action between the deposited phosphor layer and the
substrate to be coated.

The resulting phosphor coating is tenacious to the
substrate, uniform, dense, fine grained, and does not
exhibit a decrease in luminous efficiency.
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Water concentration is extremely critical with mag-
nesium nitrate as the charging cation. Above and
below 1% H,O decreased the phosphor deposition
efficiency.

Acetone has been found to be an effective depolariz-
ing agent, thereby preventing gaseous evolution dur-
ing the deposition.

Manuscript submitted December 10, 1969; revised
manuscript received ca. July 22, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971
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Synergistic Effects of Anions
in the Corrosion of Aluminum Alloys

A. M. McKissick, Jr., A. A. Adams, and R. T. Foley*
Department of Chemistry, The American University, Washington, D. C. 20016

Aluminum and aluminum alloys are susceptible to
pitting and general corrosion in chloride solutions and
the fact that nitrate ion can inhibit this corrosion has
been reported by several investigators. Callendar (1)
measured the corrosion of Al and three Al-Cu alloys
in tap water to which were added various concentra-
tions of NaNOj;, NaCl, and K»Cr:O;. He reported that
a critical amount of NaNOg, 0.008% for his tap water,
was required to achieve passivation of the Al-Cu alloy
and he directly related the rate of reduction of nitrate
to the concentration required to achieve passivation.
Blanchard and Goucher (2) in their studies of alumi-
num corrosion in microbial culture media containing a
number of salts, including CaCly and FeCls, observed
that a 12 mM (millimolar) concentration of KNOj; pro-
tected aluminum alloys 2024 and 7075. At a C1-/NO3z—
ratio of 20 there was a slight stimulation of corrosion
(about 20% increase). Kassyura and Zaretskii (3) re-
cently reported on the anodic behavior of A-99 alumi-
num in 1IN and 3N solutions of NaNOj; with various
chloride additions. They noted that in a specific concen-
tration range for NaCl the region of the passive state
decreased with increased chloride ion concentration.
Bohni and Uhlig (4) noted that NaNOj additions to
NaCl solutions moved the pitting potential of 99.99%
Al in the noble direction and the relationship between
chloride activity and inhibiting nitrate activity fol-
lowed the equation

log (C1~) = 0.65log (NO3~) —0.78

From the review of the literature it may be con-
cluded that nitrate is an inhibitor for aluminum corro-
sion in chloride solutions, and that the C1-/NO;— ratio
is important. In connection with an investigation of
the chemistry of stress-corrosion cracking of high-
strength aluminum alloys we have examined the effect

* Electrochemical Society Active Member.

Key words: inhibition, chloride, nitrate, aluminum alloy 7075,
aluminum alloy 2024.

of a number of anions on aluminum and aluminum
alloys. Certain effects that have been observed are felt
to be sufficiently unusual to warrant a preliminary re-
port. We note, particularly, certain synergistic effects
that could not be predicted from a knowledge of the
behavior of individual ions.

Experimental

The work reported here consists of immersion tests
with three aluminum alloys. Alloy 1199-H14 was sup-
plied by the Reynolds Metals Company and alloys
2024-T3 and 7075-T6 by the Kaiser Aluminum Com-
pany. Samples 38 x 26 x 0.81 mm were cleaned in the
conventional manner. The strip was immersed in NaOH
solution (5 g/100 ml) at 75°-80°C for 1 min, rinsed
thoroughly, dipped in NHO3 (1:3) for 1 min at room
temperature, and thoroughly rinsed in distilled water
and acetone. Samples were immersed in triplicate in
solutions of various salt concentrations for periods of
14 days at 22° = 1°C. Following exposures, the corro-
sion product was removed with a stripping solution of
20g of chromic acid and 32.25 ml of 85% phosphoric
acid/liter. The weight loss reported was the difference
in weight of the sample before the test and that after
the stripping. The latter was corrected with the weight
loss of an uncorroded metal specimen in the stripping
solution.

Results and Discussion

The weight losses for the three aluminum alloys in
0.01N NaCl solutions are given in Table I. The corro-
sion observed with unalloyed aluminum is of the pit-
ting type, whereas that of the alloys progresses rapidly
after the first day to a general attack over the entire
surface. Also noted here is the inhibiting effect of
NaNO; in concentrations of 0.05N and higher in solu-
tions of 0.01N NaCl, i.e., a NO3~/Cl~ ratio of 5. These
two effects, corrosion in chloride solution and inhibi-
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Table I. Weight changes of aluminum alloys after 2 week
immersion in salt solutions

Weight loss

Alloy Electrolyte (mg/em?) (*£g)*
1199 0.01N NaCl 0.02 = 0.007
2024 0.01N NaCl 1.17 = 0.21
7075 0.01N NaCl 1.44 = 0.04
7075 0.01N NaCl/0.05N NaNOs 0.01 = 0.01
2024 0.01N NaCl/0.10N NaNO; 0.14 = 0.02
7075 0.01N LiCl 0.17 #= 0.003
7075 0.01N KC1 0.54 = 0.01

* These are average values. A minimum of three replicates were
run but most of these represent averages of about 12 samples run
by two different investigators.

Table 11. Weight changes of aluminum alloys after 2 week
immersion in salt solutions of various nitrate chloride ratios

Weight loss
Alloy Electrolyte (mg/cm2) (*a)
2024 0.01N NaCl/0.01N NaNOs 6.80 = 0.8
7075 0.01N NaCl/0.01N NaNOs 10.1 *=0.75
7075 0.01N NaCl1/0.005N NaNO; 8.8 +0.48
7075 0.01N KC1/0.01N KNOy 0.31 # 0.03
7075 0.01N LiCl/0.01N LiNOy 0.08 = 0.001
1199 0.01N NaCl/0.009N NaNOsy 0.07 = 0.03
1199 0.01N NaCl/0.003N NaNO; 0.07 = 0.03

tion at some critical NO3—/Cl— ratio have been re-
ported previously, at least qualitatively.

Table II lists typical results wherein the NO3—/Cl—
ratio is reduced to one and below. Corrosion is in-
creased by an order of magnitude in the sodium salt
solutions. The effect is graphically represented in Fig.
1. The maximum effect is exhibited at a NO3—/Cl—
ratio of about 0.7. Tables I and II also indicate that the
corrosion rate is not independent of the cation, which
is contrary to previously reported observations. The
corrosion rate for the 7075 alloy varies, as follows

NaCl > KCI1 > LiCl
85>32>10

for corrosion under the stated conditions. Also, there
is no synergistic effect with potassium or lithium salt
solutions.

There is an alloy effect observed here and in other
measurements as well. Thus in chloride solution the
rates are in the following order

7075 > 2024 > 1199

72>59>1
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Fig. 1. Effect of NaNO; additions to 0.01N NaCl solutions on
the corrosion of aluminum alloy 7075.
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The synergistic effect was noted with both alloy
types 7075 and 2024 but not with 1199. The physical
appearance of the samples corroded in the nitrate-
chloride solutions is different from those corroded in
chloride solution, being characterized by large blisters
suggesting considerable gas evolution during corrosion.
After about 1 day’s exposure the sample turns black,
suggestive of a dealuminification type of attack. Con-
tinual exposure over a period of weeks produces a
voluminous corrosion product often in the form of
streamers (probably hydrated aluminum oxide).
Metallographic cross section reveals considerable
roughening of the sample.

At this point we are not able to offer a good explana-
tion for these observations. The simple descriptions
based on oxide films or competitive adsorption do not
appear adequate. We have considered the physical
properties of the salts. For example, the activity co-
efficients at 0.01M are given (5) as

NaCl 0.904
KCl 0.901
LiCl 0.89

These values are not significantly different. The radii
of the ions (6) are in the following order

Li* 0.60
Na+* 0.95
K+ 1.33

This rules out any effect dependent on a trend in size,
but not an optimum size for some adsorption process.

The accelerating effect may be related to the reduc-
tion of nitrate to nitrite. Nitrite ion is not an inhibitor
for aluminum but actually accelerates corrosion. Under
conditions comparable to those given in Table II alloy
type 7075 exhibits a weight loss in a 0.01N NaCl +
0.01N NaNO; of 13.3 mg/cm?2, This explanation, how-
ever, would not account for the cation effect.

We are looking for an explanation of these effects
along two lines: The first, potentiostatic experiments
to establish the effect of anion ratio on pitting incep-
tion time when the alloy is held in the passive range;
the second, x-ray and metallographic studies of struc-
tural changes in the corrosion product.

Generally, it must be concluded that if these ob-
servations are borne out by future experiments we
must revise our concept of “anion” effects and include
cation effects as well.
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Composite Film Metallizing for Ceramics’

E. L. Hollar, F. N. Rebarchik, and D. M. Mattox

Sandia Laboratories, Albuquerque, New Mexico 87115

There are two primary approaches to forming a
solderable/brazable surface on oxide ceramics: (a)
react an oxygen active metal on the surface at high
temperatures (active-metal metallizing) (1), or (b)
fuse a glass-metal composite to the ceramic surface
(dispersion metallizing) (2).

In the active-metal metallizing technique, the oxygen
active metal reacts with the oxide surface at high
temperatures to form an interfacial complex oxide
system which may act as the intermediate bonding
agent, as has been suggested for the glass-on-metal
system (3-5). Not all of the active metal is allowed to
react with the oxide, thus a brazable metal surface
remains. In the dispersion-metallizing technique, the
glass phase reacts with the ceramic and, by the se-
lection of the correct coefficients of expansion, pro-
vides good bonding to the ceramic. The metal phase
which is dispersed in the glass then provides the
brazable surface. Both of these techniques require
high temperatures to allow chemical reaction and
diffusion to take place between the metallizing layer
and the ceramic surface. These techniques also allow
irregular penetration of the metallizing into the ce-
ramic, particularly in the polycrystalline ceramics hav-
ing a high glass content in the grain boundaries.

In some cases, design restrictions make these metal-
lizing techniques impractical. Some of these cases are:
(a) ceramics which cannot withstand high tempera-
tures without decomposition or distortion, (b) thin
ceramics where the interfacial region must be kept
very thin and carefully controlled, (c¢) ceramic applica-
tions where the irregular penetration of the conven-
tional metallizing imposes problems with dielectric
breakdown, and (d) metallizing techniques which are
incompatible with other processing.

The usual method of obtaining an adherent coating
in these cases is to sputter, or vacuum evaporate, an
oxygen active material on the surface and promote
substrate-coating reaction by limited heating (6, 7).
Without extensive heating the transitional interface
region which is formed is limited in extent and the
stress distribution across the interface, which is neces-
sary to obtain a good bond (8), is not developed.

We propose that a transitional interface region,
conducive to good bonding, may be formed by deposi-
tion of an oxygen-active metal in a controlled gaseous
environment. In this technique, the deposition of the
active metal is begun in a partial pressure of oxygen
to allow partial oxidation of the deposited material and
thus form a transition oxide and suboxide interfacial
region. By decreasing the partial pressure of oxygen
during the deposition, the composition of the inter-
facial region may be “graded” from the substrate ma-
terial through a metal oxide-metal composite region to
the pure metal. It has previously been noted that better
adhesion can be obtained with oxygen active materials
on glass when there is a poor vacuum (9, 10). Since

1 This work is supported by the U. S, Atomic Energy Commission.
. Key words: ceramic metallizing, composite films, thin film metal-
lizing, sputter deposition.

the oxygen-active metals are often difficult to braze,
a more brazable surface may be formed by the co-
deposition of some easily brazed material during the
active metal deposition and then grading to the pure
brazable metal by gradually decreasing the deposition
rate of the active metal.

This investigation was primarily concerned with
metallizing fused silica for a high-temperature brazing
operation. Fused silica develops large internal strains
when other chemical species are diffused into the sur-
face or when recrystallization (devitrification) occurs
at high temperature. These strains can crack the fused
silica. Therefore, metallizing must be done at moderate
temperature with controlled chemical reaction be-
tween the metallizing and the fused silica. In addition,
the low thermal expansion coefficient of fused silica
compared to most glasses and metals causes high
stress to be developed in the interfacial region on
cooling from high temperatures when conventional
metallizing is used. This problem can be averted by
using a thin metallizing layer and/or a ductile metal
coating.

The choice of materials is dictated by the processing
involved. The oxygen-active metal should be insoluble
in the braze alloy so that it will not be “scavenged”
from the ceramic surface during the brazing operation.
In addition, it should not exhibit grain growth at the
brazing temperature. The brazable metal should be
relatively insoluble in the active metal to prevent
excessive diffusion and should not alloy rapidly with
the braze material at the brazing temperature.

To prevent scavenging, a refractory material was
used in contact with the silica. Of the four refractory
metals (niobium, tantalum, tungsten, and molybde-
num) investigated, niobium seemed to be the most
stable under brazing conditions, and the system nio-
bium-silver with a copper-silver eutectic braze was
used. The niobium and silver were deposited in a hot
cathode triode sputtering system shown in Fig. 1. The
relative sputtering rates were controlled by varying
the bias on the sputtering cathodes. The oxygen con-
tent in the discharge was controlled using commercial
argon-oxygen mixtures and pure argon with valving
and a variable leak as shown. The oxygen content in
the system was monitored using a differentially
pumped mass spectrometer. Recorders were used to
monitor the cathode current during deposition.

The sequence of steps in a typical metallizing op-
eration was as follows. The fused quartz substrate
was thoroughly cleaned by scrubbing with Alconox
until water would wet the entire surface. After multi-
ple rinses in distilled water, the fused silica was
etched for 1 min in a 5 v/o (volume per cent) hydro-
fluoric acid solution and rinsed again. The final pre-
cleaning step was air firing at 800°C for 15 min. The
cleaned substrate was then placed in the sputtering
chamber and the chamber evacuated to 1 x 10—5 Torr.
The system was then backfilled with an Ar/5% O,
mixture to a pressure of approximately 8 x 10—3 Torr
while the chamber was continuously pumped. A hot
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Fig. 1. Hot cathode-dual cathode sputtering apparatus showing
disk niobium cathode and concentric ring-shaped silver cathode.
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cathode discharge was established, and the substrate
was glow-discharge cleaned (11) in the discharge
plasma. The sputtering of the niobium was begun by
applying a negative 2 kV bias to the niobium sputter-
ing cathode. After a predetermined time necessary to
give about 500A of oxide, the gas flow was switched
to pure argon. As the oxygen in the system was
pumped out, the film became more metallic and the
deposition was continued until about 1500A of niobium
were deposited. At this point, the negative bias on the
silver sputtering cathode was gradually increased to
codeposit silver with the niobium. The bias on the
niobium cathode was then gradually decreased until
pure silver was being deposited. The silver deposition
was continued until a total thickness of about 10,000A

|-——SILVER

SILVER-NIOBIUM
NIOBIUM
NIOBIUM-NIOBIUM OXIDE
NIOBIUM OXIDE

FUSED QUARTZ

Fig. 2. Schematic of the structure of the composite film metalliz-
ing showing composition of regions which are graded into each other.
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posite film metallizing.
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Operation

Gas composition
and pressure

Sputter niobium
. Sputter niobium
. Sputter niobium
. Sputter niobium
o Sputter;iobium

DB LON

Sputter silver
6. Sputter niobium
&

Sputter silver
. Sputter ;ioblum

I

Sputter silver
8. Sputter silver

Ar/5% O: @ 8 mTorr
Ar/5% O: @ 4 mTorr
Ar/5% O2 @ 1 mTorr
Pure Ar @ 1 mTorr

Pure Ar @ 1 mTorr

Pure Ar @ 1 mTorr

Pure Ar @ 1 mTorr
Pure Ar @ 1 mTorr

Time

Sputtering bias (min)
—-2kV 5
—-2kV 5
—2KkV 10
—2kV 30

2k
—1.5 kV (niobium)

—0.5kV (silver)
—1.0 kV (niobium)

—1.0 kV (silver)
—0.5 kV (niobium)

—1.5 kV (silver)
—2kV

had been deposited. Figure 2 shows the resulting com-
position of the composite metallized surface.

The times necessary to deposit the various thick-
nesses of niobium and silver with a given gas compo-
sition, discharge conditions, cathode current density,
and cathode bias were determined by stopping the
deposition at various stages and measuring the film
thicknesses with a Talysurf. Table I summarizes the
sequence of steps and the times involved. Care was
taken to insure that silver from the previous run was
cleaned from the niobium cathode. If this is not done,
silver will be deposited on the silica surface and a
poor bond will be obtained.

Figure 3 shows the oxygen content of the discharge
in a typical metallizing operation. Chemical and ion
pumping of oxygen by the discharge substantially
reduced the oxygen content of the discharge gas in
the initial phase of the process. In order to have excess
oxygen available during the initial niobium deposition,
high gas pressure was required. The gas pressure was
then reduced as the discharge electrodes were satu-
rated and as the discharge chemical pumping de-
creased.

The fused silica surfaces thus metallized were then
brazed with a copper-silver eutectic braze. After being
subjected to the brazing operation the seals thus
formed were vacuum tight, and when tested to failure
the joint fractured in the fused silica.

Where a low temperature-high strengh bond was
desired, the aluminum-silver composite system was
used. This system provided surfaces which may be
soft soldered and is useful for electroding ferroelectric
materials and in joining materials having large differ-
ences in coefficient of expansion such as alumina and
brass.

Manuscript submitted Mar. 31, 1970; revised manu-
script received June 29, 1970.

Any discussion of this paper will appear in a Dis-
cussion Section to be published in the June 1971

JOURNAL.
REFERENCES
1. W. H. Kohl, “Handbook of Materials and Tech-
niques for Vacuum Devices,” p. 451, Reinhold
Publishing Corp., New York (1967).
. R. N. Fulrath and E. L. Hollar, Am. Ceram. Soc.
Bull., 47, 493 (1968).
M. P. Boron and J. A. Pask, J. Am. Ceram. Soc.,
49, 1 (1966).
R. M. Pillar, T. G. Carruthers, and J. Nutting,
J. Mater. Sci., 2, 28 (1967).
. T. E. Hutchinson and K. H. Olsen, J. Appl. Phys.,
38, 4933 (1967).

J. L. Vossen, Electrochem. Technol., 3, 56 (1965).

. J. M. Seeman, Trans. Vacuum Met. Conf. 1965, p.
269, L. M. Bianchi, American Vacuum Soc.,
Boston, Mass. (1966).

8. D. M. Mattox, “Interface Formation and the Ad-
hesion of Deposited Thin Films,” Sandia Corp.
Report, SC-R-65-852 (1965).

. P. Benjamin and C. Weaver, Proc. Roy. Soc. (Lon-
don), A252, 177 (1960).

10. P. Benjamin and C. Weaver, ibid., A261, 516 (1961).

11. L. Holland, ‘The Properties of Glass Surfaces,”

p. 290, John Wiley & Sons, New York (1964).

NS o s W N

©o



JOURNAL 0OF THE ELECTROCHEMICAL SOCIETY

REVIEWS AND NEWS

NOVEMBER
1970

Physical and Mechanical Properties of Electrodeposited Copper

I11. Deposits from Sulfate, Fluoborate, Pyrophosphate, Cyanide, and Amine Baths*

Vernon A. Lamb, Christian E. Johnson, and Donald R. Valentine
National Bureau of Standards, Washington, D. C. 20234

VII1. Comparisons of Deposits from All Types of Baths:
Fatigue Strength, Thermal Properties, Cold Working,
Structure, Composition, and General Correlations

A. Fatigue Strength

1. Introduction, method, and apparatus—Fatigue
strength is of interest primarily in applications in
which vibration or other cyclic stressing of plated or
electroformed parts may cause fracture. Several
studies of the effect of plating on the fatigue strength
of a basis metal have been reported, but very little
information on fatigue properties of separated de-
posits has come to our attention [Ref. (2) for nickel,
Ref. (21), p. 55, for copper].

The method that we used for measuring fatigue
strength was designed by J. A. Bennett of the NBS
Metallurgy Division. It is an adaptation of the Amsler
“Vibrophore” test method!> to thin sheet stock (34).
Specimens were milled from panel stock to the form
shown in Fig. 37. They were then bent into a “U” as
shown at “1” in Fig. 38. The bending procedure was
as follows. A % in. diameter rod was placed trans-
versely across the center of the flat specimen, which
was supported on a deep (2-3 in.) sponge-rubber pile
which acted as a female mandrel. With a small press,
the rod and sheet were forced into the sponge-rubber
pile. The action of the test machine is illustrated in
Fig. 38. The formed specimen was attached to blocks
2 and 3 with screws through clamping plates (not
shown). Block 2 was rigidly attached to the frame
of the machine. Block 3 oscillated vertically, driven by
the force, P. This produced lateral oscillation of the
top of the specimen, as indicated by the arrows above
“1.” Thus, each of the four faces of the specimen was
alternately stressed in tension and compression, with
maximum stress at the position of minimum width.

* AES Project 21 Report. Sections VIII-X published here are the
third and last installment of this paper. Part 1 (Sections I-1II) ap-
pears on pages 291C-318C of the September issue, and part 2 (Sec-
tions IV-VII) on pages 341C-352C of the October issue.

15 Alfred J. Amsler & Co., Schaffhouse, Switzerland; Hirschmann
Corporation, Roslyn Heights, New York.
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Fig. 37. Dimensions of fatigue specimens. The thickness of the
specimens ranged from 0.015 to 0.02 in. (375-500 um).

The mean load was zero; i.e., the maximum deflections
of the specimen to either side of the zero-load posi-
tion were equal. Oscillation rate was 1800 cycles/min.
The maximum load, P, was determined from machine
adjustments; lateral displacement of the top of the
specimen, illuminated with a stroboscope, was mea-
sured with a micrometer microscope. The relationships
by means of which stress and strain in the specimen
are determined from P and the lateral displacement
of the specimen are developed in the Appendix, para-
graphs X-B-1 and X-B-2.

2. Results—The fatigue characteristics of several
typical kinds of copper deposits are shown in Fig. 39,
in which stress amplitude is plotted as a function of
the number of cycles required to produce failure by
cracking. The character of the curves is typical, simi-
lar to those obtained for wrought metals. The pertinent
data from these curves are summarized in Table XXVI.
Stress-strain parameters for three types of copper rep-
resenting high and low extremes and a mid-value of

p

Fig. 38. Schematic representation of the specimen mounting for
fatigue testing of electroformed copper. The specimen, 1, is at-
tached to holders, 2 and 3, with screws and clamping plates (not
shown). Holder, 2, is rigidly attached to the frame of the ma-
chine. Application of the pulsating force, P, causes holder, 3, to
oscillate vertically, resulting in lateral oscillation of the specimen
as indicated by the curved arrows. The distance “a” is 0.300 in.
(7.5 mm).
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Fig. 39. Relationship between fatigue life (cycles) and stress for electroformed copper. Part A (left): (1) Cu2-H2, mild cellulosic exposure,
30°C, 2 A/dm2; (2) Cu2-H2, severe cellulosic exposure, 30°C, 2 A/dmZ; (3) Cu2-H3 containing 1 mg/liter selenium, 30°C, 2 A/dm2;
(4) pyrophosphate, 50°C, 2 A/dm2; (5) pyrophosphate, 50°C, 4 A/dm2; (6) Cu2-H3 containing 3.5 g/I triisopropanolamine, 50°C, 5 A/dm2.
Part B (right): (1) F-1,30°C, 8 A/dm2; (2) F-2, 50°C, 20 A/dm?; (3) Cu3-H3 containing 1 g/l phenolsulfonic acid, 30°C, 2 A/dm2; (4)
CN-8 containing 2 g/I KCNS, 80°C, 6 A/dm2, PR, cycle 15 sec cathodic, 5 sec anodic; (5) CN-8 containing 2 g/| KCNS, 80°C, 6 A/dm2, PR,
cycle 30 sec cathodic, 10 sec anodic; (6) CN-8, 80°C, 6 A/dm2, no addition agent, PR, cycle 15 sec cathodic, 5 sec anodic. Specimens that
did not fail are indicated by a letter and an arrow. These specimens were tested further with larger loads. The point representing the re-

test conditions is designated by the corresponding letter.

fatigue strength are plotted in Fig. 40.16 The curves for
the non-addition agent sulfate deposits and for the
pyrophosphate deposits are linear, indicating that in
testing these deposits the elastic limit was not exceeded.
The small deviation from linearity at the top of the
stress range for the deposit from a sulfate bath con-
taining triisopropanolamine has questionable signi-
ficance.

In Table XXVI, the stress level at failure is shown
for two life periods, 106 and 107 cycles. For 106 cycles,
two values of stress are shown for lines 76 and 147,
designated as ¢, and om. o represents a ‘“calculated”
value, obtained from the basic mechanical relation-
ships developed in Appendix B-1. oy represents a
“measured” value, determined from direct microscope
measurements of strain on statically displaced speci-

16 Explanation of stress-strain parameters in Fig. 40: From Eq.
[12] of Appendix B-1, it is seen that stress is proportional to P/t*
since a and b are constants. From Fig. 72 it can be readily shown
that § = t/2R, where 6 is the strain in the surface fibers of the
specimen. Since R is approximately inversely proportional to the
horizontal deflection of the top of the specimen, we have R = K/D,
where K is the proportionality constant and D the deflection. Sub-
stituting this value of R in the preceding equation gives § = tD/2K.

Thus, surface strain is approximately proportional to tD. See Ap-
pendix B-1 for definitions of symbols.

mens. The procedure is described in Appendix B-2.
The magnitudes of the fatigue strength obtained by
the two methods are in reasonable agreement.

The value of ¢, will first be considered in rela-
tion to the yield strength (Table XXVI). Fatigue
failure would be expected to occur rapidly if the yield
strength were exceeded. It is seen that several of the
deposits were stressed beyond our values for yield
strength, but nevertheless had fatigue lives of 106 or
107 cycles. This indicates that the tabulated values of
vield strength, which are based on the arbitrarily
selected offset of 0.05%, may be too low, or that dy-
namic yield strengths are higher than static yield
strengths. Whatever the explanation, the results show
that at the stress levels applied for lives of 106 to 107
cycles, plastic deformation must not have occurred.

It is of interest to intercompare the endurance ratio,
i.e., the ratio of the fatigue strength to the tensile
strength, for the various plated coppers and for
wrought copper. The ratio varies from a low of 0.32
for a PR deposit from bath CN-8 to a high of 0.61 for
a deposit from the pyrophosphate bath. Ratios for
deposits from the sulfate and fluoborate baths are close

Table XXVI. Fatigue characteristics of electrodeposited copper

Fatigue strengthe

Endur-

Bath  Current

ance

am C )
No. of cycles ratio Inter

. - Yielda,b Tensiles oc, 108 malee
Line No,, Panel Bath Addition temp, density, 108 108 107 strength, strength, stress,
Table I No. symbol agent °C A/dm?2 psi psi psi T.S. psi
24 13 Cu2-H2 None 30 2 13 x 108 11 x 108 8 x 108 25 x 103 0.54 550

26 323 Cu2-H2 None 30 2 14 12 32 0.47
88 1 Cu3-H3 PSAd 30 2 19 13 34 0.58 —420
66 172 Cu2-H3 SeO: 30 2 19 14 16 44 0.44 2800
6 337, 341 Cu2-H3 TIPA? 30 5 25 31 x 103 18 43 71 0.36 7100
91 345 F-1 None 30 8 16 13 16 37 0.44 700
94 348 F-2 None 50 20 16 12 33 0.49 1600

139 281 CN-8 None, PR 80 6 25 38 64 0.39
147 294 CN-8 KCNS, PR 80 6 28 33 20 57 86 0.34 5100

148 295 CN-8 KCNS, PR/ 80 6 25 46 79 0.32
95 318 Pyrophos- None 50 2 22 17 20 38 0.61 —1600
98 314 phate None 50 4 22 22 40 0.59 1700

Commercial copper? Annealed 15 12 10 31 0.48

Half hard 23 18 38 45 0.51

Hard 24 18 48 54 0.44

2 One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mm2),

0.05% offset.

© Negative values represent compressive stress.

¢ PSA = phenolsulfonic acid; TIPA = triisopropanolamine,
¢ PR cycle 15 sec cathodic, 5 sec anodic.

! PR cycle 30 sec cathodic, 10 sec anodic.

¢ Data from Ref. (35).
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to 0.5, about the same as the ratios for wrought copper.

With respect to quality of deposits as measured by
fatigue strength, deposits from non-addition agent
sulfate and fluoborate baths are about the equal of
annealed wrought copper, but poorer than cold-
worked wrought copper. On the other hand, deposits
from the sulfate baths containing addition agents and
from the cyanide and pyrophosphate baths are equal
or superior in fatigue strength to cold-worked wrought
copper.

For a given type of bath, variation of operating
conditions did not affect the fatigue strength signifi-
cantly (Table XXVI). For example, changes in the
following variables produced either no change or
negligible change: degree of exposure of the sulfate
bath to cellulose (lines 24, 26); bath temperature and
current density (fluoborate bath, lines 91, 94 and
pyrophosphate bath, lines 95, 98) ; and PR cycle (lines
147, 148).

Residual tensile stress adds to deformation stress
to produce a higher total stress, which may be ex-
pected to hasten fatigue failure. One might, therefore,
expect a relationship between fatigue strength and
internal stress (Table XXVI). There are some positive
correlations. For example, compare lines 26 and 88.
The tensile strength is nearly the same, but the fa-
tigue strength of the latter, with a compressive stress,
is significantly higher. On the other hand, two of the
highest values of fatigue strength appear in lines 76
and 147, both associated with high internal stress. At
first sight this appears to be a reversal of the expected
effect. However, we note that these high stress values
corrrelate with the lowest endurance ratios. It is thus
probable that, if these deposits were to retain their
high strength and also had a low internal stress, the
endurance ratio would be in the “normal” range of
0.5 and the fatigue strength would then be about
40,000 instead of 25,000-28,000 psi. The difference is a
measure of the reduction due to the high internal
stress. The correlation with internal stress fails in the
case of the pyrophosphate deposits, where an appar-
ently significant variation in internal stress does not
affect the fatigue strength.

Several failed specimens were examined by J. A.
Bennett to determine the character of the failure
cracks, with the following results:

Panel

No. Structure type Character of cracks

13 Large columnar, fairly fine Cracks started on final (coarse)
starting grain surface, propagated between den-

drites

Cracks started on both sides.

Grain too fine to evaluate posi-

tion of cracks with respect to

grains at magnification used.

345 Like No. 13, U-bend with Like No. 13, cracks started on
final surface outside outside surface.

345 Same as above, but U- Like No. 13, but cracks started
bend with final surface in- on inside surface, in this case
side also the coarse surface.

295 Fine uniform grain

The above results are what one would expect. The
comparison between the two specimens from Panel
No. 345 shows that the characteristics of the machine
and the test procedure were such that inside and out-
side surfaces of the “U” were equally stressed.

B. Properties of Annealed Deposits

1. Annealing procedures.—Specimens were made
from panel stock before annealing, i.e., operations such
as machining and stripping of nickel were carried out
on the as-plated stock. Annealing!” was done either in
vacuum or in an argon atmosphere. Specimens were
held at temperature for the times indicated in Table
XXVII. They were put into and removed from a cold
furnace, so the actual total annealing period was longer
than the nominal period. The heat-up and cool-down
periods ranged from about 15 min for 150°C to 45
min for 500°C.

Since it was not feasible to procure the extended
data shown in Table XXVII for a large number of

17 Annealing was done in part by G. E. Hicho of the Metallurgy
Division, NBS, and in part by the authors.
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Fig. 40. Relationship between stress and strain at the surface of
copper fatigue specimens from three types of baths at the point
of minimum width: (O—Cu2-H2, 30°C, 2 A/dm2; @—Cu2-H3
containing 3.5 g/| triisopropanolamine, 30°, 5 A/dm2; @& —pyro-
phosphate, 50°, 2 A/dm2. The specimen thickness is represented by
“t”, the magnitude of the horizontal deflection of the top of the
specimen by “D,” and the applied load by “P.”

copper deposits, a representative sampling was chosen,
including typical soft deposits from sulfate and fluo-
borate baths, deposits of a hard strong type from a
sulfate bath containing an addition agent, typical pyro-
phosphate deposits, and PR deposits from bath CN-8
containing KCNS as an addition agent. The latter
was chosen because it has good properties as plated
and can be produced as thick electroforms. Limited
measurements were also made with thin deposits
from other cyanide baths, namely CN-2, a typical
low-concentration bath, CN-8 without an addition
agent or PR, and CN-9, the proprietary high-effi-
ciency bright-plating bath.

2. Effects of annealing on mechanical properties.—
Data are summarized in Table XXVII and in Fig. 41,
42, and 43. In Fig. 41, it is seen that in general anneal-
ing caused decrease of tensile strength and increase
of ductility. However, the changes are small for de-
posits that are initially soft and ductile, namely those
from the non-addition agent sulfate bath, the fluo-
borate bath, and the pyrophosphate bath. The deposit
from the sulfate bath containing triisopropanolamine
resists change to a fairly high annealing temperature
(325°-400°C), then abruptly loses strength and gains
ductility. The PR cyanide deposit, on the other hand,
undergoes significant changes in the same directions
at the lowest annealing temperature of 150°C. The
tensile strength and elongation of all of the deposits
tend to the same values after annealing at 500°-550°C.

Effects of both annealing and cold rolling on modu-
lus and hardness are illustrated in Fig. 42 and 43.
In general, cold rolling has less effect on modulus than
does annealing. The magnitude of the shifts due to
cold rolling is within our estimated accuracy of +1 x
106 psi and the direction is random. On the other hand,
annealing at 500°C causes a significant decrease of
modulus in all but one case (PR deposit from bath
CN-8).

The effect of annealing on hardness (Fig. 43) is
similar to its effect on tensile strength. The deposits
that are initially soft or fairly soft (non-addition
agent sulfate, fluoborate, and pyrophosphate) undergo
minor additional softening. The deposits from the
triisopropanolamine sulfate bath (TIPA) and the PR
CN-8 bath undergo marked reduction of hardness.
The abnormally low hardness, 32 KHN, of the TIPA
deposit is an ‘“apparent” value due to an “exploded
structure” of the deposit resulting from heating to
500°C. This has other related effects that are referred
to subsequently.

Cold rolling in all cases causes a significant increase
of hardness.
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Fig. 41. Relationships between annealing temperature and tensile
strength, elongation, and electrical resistivity of copper deposits
from various baths: (1) Cu2-H2, 30°C, 2 A/dm2; (2) Cu2-H3 con-
taining 3.5 g/| triisopropanolamine, 30°C, 5 A/dm2; (3) F-1, 30°C,
8 A/dm2; (4) pyrophosphate, 50°C, 2 A/dm2; (5) CN-8 containing
2 g/I KCNS, 80°C, 6 A/dm2, PR, cycle 15 sec cathodic, 5 sec
anodic.
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Fig. 42. Effect of cold rolling and annealing on modulus of
elasticity of copper deposits from various types of baths: 1—depos-
its as plated; 2—deposits cold rolled, 50% reduction; 3—deposits
annealed at 500°C for 15 min.

Yield strength decreases with annealing for all of
the deposits, reaching the extremely low value of
3000 psi for the fluoborate deposit annealed at 500°C
(Table XXVII).

3. Effect of annealing on density.—Since the effects
of annealing on density were in general small, data
were obtained only for deposits annealed at 500°C.
The results are compared with as-deposited values
in Table XXVII. No measurable effect was found ex-
cept for the TIPA deposit. It underwent a very large
decrease of density, 18%, due to “explosion” and
formation of interior voids. (The effect of the same
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Fig. 43. Effect of annealing and cold rolling on hardness of
copper deposits from various types of bath: 1—deposits as plated;
2—deposits annealed at 325°C for 15 min; 3—deposits annealed
at 500°C for 15 min; 4—deposits cold rolled, 50% reduction.

phenomenon on hardness was described above in
Section VIII-B-2.) The voids are shown in Fig. 45-3.

4, Effect of annealing on electrical resistivity.—Ef-
fect of annealing on electrical resistivity is shown in
Fig. 41. As in the cases of the other properties already
discussed, the deposits that are soft and have low
resistivity as plated undergo little change, although
their resistivity does decrease slightly. The anomalous
behavior of the TIPA deposit is seen again. Its resis-
tivity is high as plated and undergoes significant de-
crease after annealing at 325°C. However, after an-
nealing at 500°C, its resistivity increases. Our
interpretation is that, after heating at 325°C, the
deposit still has a normal structure, with grain growth
that correlates with the lower resistivity. After heating
at 500°C, void formation has occurred which causes
the true cross section of the deposit to be less than
the nominal cross section, hence, the resistivity in-
creases. The PR deposit from the CN-8 bath undergoes
a marked regular decrease of resistivity as the anneal-
ing temperature is increased, but even after heating
at 500°C its resistivity is higher than that of high-
purity copper.

5. Effect of annealing on the structure of wvarious
deposits—a. A deposit from a mon-addition agent
sulfate bath.—In Fig. 44 are shown the structures of
specimens from panel No. 322-323 (Table XXVII, line
26), as plated, annealed at 325°C, and annealed at
500°C. At 325°C recrystallization and grain growth
have involved mainly the originally fine-grained basal
portion of the deposit. After annealing at 500°C, com-
plete recrystallization has occurred, with large grains
extending through the entire thickness of the deposit.
The columnar character of the structure is retained.

It was seen in the preceding Sections VIII-B-2, 3,
and 4, that properties of this type of deposit varied
but little as a result of annealing. The change of struc-
ture is sufficient that a somewhat larger effect on
properties might have been predicted.

b. A deposit from a sulfate bath containing an addi-
tion agent.—In Fig. 45 are shown the structures of an
as-plated deposit from a sulfate bath containing 2
g/1 of triisopropanolamine, the same deposit after
annealing at 500°C, and a deposit from a bath con-
taining 3.5 g/l of the addition agent after annealing
at 500°C. The deposit from the bath containing the
low concentration of addition agent has equiaxed
grains of medium size after annealing, whereas the
deposit from the bath containing the high concentra-
tion of addition agent contains many voids (black
areas). This condition is discussed in detail in subse-
quent Section VIII-E-2. It causes the abnormally low
hardness and density already described.
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Fig. 44. Effect of annealing on structure of a copper deposit that is coarse grained as plated; from sulfate bath Cu2-H2, 30°C, 2 A/dm?:
(44-1) as plated; (44-2) annealed 15 min at 325°C; (44-3) annealed 15 min at 500°C.

CIn s
1y

PR 681

Fig. 45. Effect of annealing on structure of copper deposits that are fine grained as plated. Deposits made in a Cu2-H3 bath contain-
ing triisopropanolamine (TIPA), 30°C, 5 A/dm2. Note voids caused by gas-forming impurities entrapped in the deposit from the high-
TIPA bath. (45-1) 2 g/I TIPA, as-plated deposit; (45-2) 2 g/I TIPA, deposit annealed 15 min at 500°C; (45-3) 3.5 g/I TIPA, deposit an-

nealed 15 min at 500°C.

Fig. 46. Effect of annealing on structure of a copper deposit from fluoborate bath F-1, 30°C, 8 A/dm2: (46-1) as plated; (46-2) an-

nealed 15 min at 325°C; (46-3) annealed 15 min at 500°C.

In Table XXVII we see that the hardness of the
deposit shown in Fig. 45-2 is normal (footnoten),
which correlates with the absence of voids.

c. A deposit from the fluoborate bath.—The effect of
annealing on the structure of a deposit from a fluo-
borate bath is shown in Fig. 46. The character of the
changes is so similar to those for the non-addition
agent sulfate deposit discussed above in paragraph
“a” that the same remarks apply. However, there is
a larger difference in grain size before and after an-
nealing at 500°C, which correlates with a somewhat

larger effect on properties than occurred in the case
of the sulfate deposit.

d. A deposit from the pyrophosphate bath.—The effect
of annealing of a deposit from a pyrophosphate bath
is shown in Fig. 47. There is scarcely any effect at
150°C (47-2) and only a small effect at 325°C (47-3).
However, the specimen annealed at 500°C shows
marked grain growth. The same specimen at a higher
magnification (500X) is shown in Fig. 47-5. Large
columnar grains with a fine substructure are seen. The
magnitude of the properties and the relatively small
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Fig. 47. Effect of annealing on structure of a copper deposit from the pyrophosphate bath, 50°C, 2 A/dm2: (47-1) as plated; (47-2) an-
nealed 2 hr at 150°C; (47-3) annealed 15 min at 325°C; (47-4) and (47-5) annealed 15 min at 500°C.

degree of change on annealing, in comparison with the
TIPA and the CN-8 deposits (Section VIII-B-2, 3, 4;
Table XXVII), indicate that possibly fairly large grains
as seen in Fig. 47-5 are present in the unannealed de-
posit and that annealing delineates the boundaries.

e. A deposit from cyanide bath CN-8, made with
periodically reversed current—The effect of anneal-
ing on the structure of a deposit made with PR in
bath CN-8 is shown in Fig. 48. Annealing at 325°C
(48-2) has resulted in the loss of the fibrous character
of the as-plated deposit, but no distinct grains can be
seen. After annealing at 500°C, fairly large equiaxed
grains appear. The black spots are apparently an etch
effect and do not represent voids, since the density
did not change with annealing (Table XXVII, line
143). The marked changes of properties of this deposit
due to annealing, seen in Table XXVII and discussed
in Sections VIII-B-2, 3, and 4, correlate with the large
increase of grain size.

C. Properties of Cold-Rolled Deposits
1. Cold-rolling procedures.—Cold rolling was done
with a small hand mill. Strips of panel stock 1 in. wide,
with the nickel flash removed, were rolled to 50% and
10% of their original thickness. Rolling to 10% (90%

reduction) was done primarily to determine whether
the deposits were sufficiently malleable to permit such
drastic reduction. All of the deposits in Table XXVII
did submit to this treatment, without annealing and
with no edge-cracking apparent to the naked eye.
However, reductions were not carried out in one pass.
About three passes were used for 50% reduction, with
additional fine-adjustment passes to obtain, the exact
thickness desired and to straighten the strips. Speci-
mens for measurements of properties were cut from
the reduced strips.

2. Effects of cold rolling on several properties and on
structure.—a. Mechanical properties—Results are
shown in Table XXVII and Fig. 49. Division of deposits
into the same type-groups that occurred with annealed
deposits is noted for cold working. Thus, the soft as-
plated sulfate, fluoborate, and pyrophosphate deposits
undergo significant strengthening and embrittlement
due to cold reduction (Fig. 49). The initially strong
deposits from the sulfate TIPA bath and the CN-8 bath
with PR are only slightly affected.

The effects of cold reduction on yield strength are
closely parallel to the effects on tensile strength. All
deposits acquire a yield strength in the range of
45,000-50,000 psi after 50% reduction, essentially the
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Fig. 48. Effect of annealing on structure of a copper deposit from cyanide bath CN-8 containing 2 g/I KCNS, 80°C, 6 A/dm2, PR, 15
sec cathodic, 5 sec anodic: (48-1) as plated; (48-2) annealed 15 min at 325°C; (48-3) annealed 15 min at 500°C.

same as that of similar wrought copper (48,000 psi).!®

The effects of cold rolling on modulus and hardness
were already discussed above (Section VIII-B-2, Fig.
42 and 43).

b. Density.—Only one determination of the effect of
cold rolling on density was made (Table XXVII, line

15 The values in Table XXVII from the literature for cold reduced
wrought copper that have no temper designation are for material
that has been cold reduced 50%. Temper designation for this degree
of reduction is extra hard. The values included for half-hard mate-
rials (21% cold reduction) are for comparative purposes. For ex-
ample, the material cold reduced 50% is appreciably stronger than
that reduced 21%, or half hard, namely, 54,000 and 45,000 psi, re-
spectively. Magnitudes of effects on yield strength, elongation, and
hardness also depend on degree of cold reduction.
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Fig. 49. Relationships between the degree of reduction by cold
rolling and tensile strength, elongation, and electrical resistivity
of copper deposits from various types of baths: (1) Cu2-H2, 30°C,
2 A/dm2; (2) Cu2-H3 containing 3.5 g/I triisopropanolamine,
30°C, 5 A/dm2; (3) F-1, 30°C, 8 A/dm2; (4) pyrophosphate, 50°C,
2 A/dm2; (5) CN-8 containing 2 g/I KCNS, 80°C, 6 A/dm2, PR,
cycle 15 sec cathodic, 5 sec anodic.

26). The decrease of 0.001 g/cm3 for a soft sulfate
deposit is not a significant change. Data from the liter-
ature for wrought copper (Table XXVII, last line)
indicate that cold working causes a small decrease of
density.

c. Electrical resistivity.—Resistivity is increased by
cold rolling of the three soft-type deposits (Fig. 49).
The resistivity of the soft sulfate deposit (Table
XXVII, line 26) is slightly higher after 90% reduction
than after 50% reduction. The hard deposits (TIPA and
CN-8, PR) undergo a small decrease of resistivity with
cold rolling. However, the change is of borderline sig-
nificance. The small effect is what might be expected
of deposits that have very fine grain and high re-
sistivity as plated.

d. Structure.—The effects of cold rolling on structure
are shown in Fig. 50-54, inclusive, for the five types
of deposits appearing in Table XXVII. The soft sulfate
and fluoborate deposits (Fig. 50 and 52, respectively)
show elongation of grains in the direction of rolling,
and irregular crumpling of columnar grains, but little
reduction of grain size.

In general appearance, the effects of cold rolling on
the deposit from sulfate TIPA bath, the pyrophosphate
bath, and the CN-8 bath with PR are similar (Fig. 51,
53, and 54, respectively). The cold-rolled specimens in
Fig. 51 and 53 show a hint of conversion from a per-
pendicular to a longitudinal fiber, and Fig. 54 shows a
conversion from a perpendicular fiber to an equiaxed,
slightly finer structure. It will be noted that the re-
duced specimens are not exactly half the thickness of
the as-plated specimens. This is because the two were
made from different but duplicate panels which were
not identical in thickness.

D. Tensile Strength and Elongation of Deposits at Low and
High Ambient Temperatures

1. Methods of measurement. Tensile strength and
elongation were measured by the tensile pull method.
Specimens were pulled with the same test machine
that was used for measurements of modulus (Section
III-A-1). Three temperatures were used, —78°, 150°,
and 325°C. The specimens pulled at 150°C were
preannealed at 150°C for 1 hr to avoid the necessity
of holding them for this period at 150°C in the test
machine before pulling. The specimens pulled at 325°C
were held at this temperature in the test machine for
15 min before pulling. Specimens pulled at —78°C
were pulled immediately with no hold at temperature.
To provide the various ambient temperatures, a light-
weight aluminum can was attached to the lower speci-
men grip and extended upward to sufficient height to
enclose the specimen and the upper grip. The inside
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Fig. 50. Effect of cold rolling on structure of a large-grained type of deposit from copper sulfate bath Cu2-H2, 30°C, 2 A/dm2: (50-1)
as plated; (50-2) 50% reduction, cross section parallel to direction of rolling; (50-3) 50% reduction, cross section normal to direction of

rolling.

Fig. 51. Effect of cold rolling on structure of a fine-grained copper deposit from sulfate bath Cu2-H3 containing 2 g/l triisopropanol-
amine, 30°C, 5 A/dm2: (51-1) as plated; (51-2) 50% reduction, cross section parallel to direction of rolling.

Fig. 52. Effect of cold rolling on structure of a deposit from fluoborate bath F-1, 30°C, 8 A/dm2: (52-1) as plated; (52-2) 50% re-

duction, cross section parallel to direction of rolling.

diameter of the can was 2 in. A Nichrome winding and
thermal insulation surrounded the can. Controlled cur-
rent through the winding provided the elevated tem-
peratures. Tubes with an outside diameter of % in.
were welded to the lower and upper ends of the can to
provide inlet and exit, respectively, for argon, to pro-
vide a nonoxidizing atmosphere. A thermocouple close
to the center of the tensile specimen was used to
measure its temperature, which was maintained con-
stant to +=1°C. Prior determination of vertical tem-
perature gradient within the can showed that vertical
variation over the active length of the deposit was not
more than 2°C. For pulling at —78°C, the can was
filled with a cryogenic mixture of solid carbon dioxide
and absolute alcohol.

2. Effects of low and high ambient temperatures on
tensile strength and elongation.—The data on tensile
strength and elongation at the ambient temperatures
listed in Table XXVII are plotted in full in Fig. 55.
Several relationships of interest may be seen. Tensile
strength of all deposits increases as ambient tempera-
ture decreases from 325° to —78°C. The one excep-
tion in the case of the deposit from the CN-8 bath,
between 25° and —178°C, is probably not significant,
because the difference between 80,000 and 86,000 psi is
within our normal accuracy range of +5%. The same
type-grouping of deposits occurs as was seen above in
Sections VIII-B and C. The soft sulfate, fluoborate, and
pyrophosphate deposits remain close together in
strength with parallel decreases with increase in tem-
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Fig. 53. Effect of cold rolling on structure of a copper deposit from a pyrophosphate bath, 50°C, 2 A/dm?: (53-1) as plated; (53-2) 50%

reduction, cross section parallel to direction of rolling.

Fig. 54. Effect of cold rolling on structure of a copper deposit from cyanide bath CN-8 containing 2 g/I KCNS, 80°C, 6 A/dm?, PR, 15
sec cathodic, 5 sec anodic: (54-1) as plated; (54-2) 50% reduction, cross section parallel to direction of rolling.

perature. The deposits of the other group (TIPA; CN-8,
PR) have higher strengths at room temperature, but
lose strength more rapidly with increase of tempera-
ture; thus, deposits of both groups approach the same
strength at 325°C. The CN-8 deposit, with a strength
of 20,000 psi at 325°C, remains slightly stronger than
the other deposits at this temperature.

The relationship between tensile strength and elon-
gation of deposits tested at ambient elevated tempera-
tures is opposite to that for deposits that are annealed
and then tested at room temperature. In the first case,
both tensile strength and elongation decrease with in-
crease of ambient temperature. In the second case,
annealing causes tensile strength to decrease, but elon-
gation to increase, with increase of annealing tempera-
ture. The same relationships have been reported for
wrought copper (35).

The type-grouping referred to above is seen again
with respect to elongation. Except for two partial
aberrations, ductility for both groups decreases with
increase of ambient temperature. However, the soft-
type deposits, which at low temperature have
markedly higher ductility, decrease in ductility more
rapidly with increase of temperature so that, at 325°C,
all but the pyrophosphate deposit have very low and
nearly equal elongation (Fig. 55).

The deviation of the elongation of the pyrophosphate
deposit from the main pattern is large enough that it is

probably real and indicates that a difference in struc-
ture or a difference in rate of annealing exists that
accounts for its significantly higher ductility at 325°C.

E. Thermal Expansivity

1. Introduction and method of measurement.—
Knowledge of thermal expansivity may be needed in
cases where distortion might occur due to differential
expansion of coating and basis metal or of electro-
formed assemblies made of more than one kind of
metal. Cracking due to differential thermal forces,
which may occur with chromium or brittle nickel
deposits, is not likely in the case of copper deposits.
We know of no published data on thermal expansivity
of as-plated copper (3).

Specimens were made from sheet panel stock cut
into pieces 34 in. x 6 in. These were made into 6 in.-
long tubes, ¥4 in. diameter, by forming over a man-
drel. Several small holes were drilled adjacent to
each long edge of the sheet before forming. A lacing
of fine copper wire through these holes, inserted after
forming, bound the edges together and prevented
deformation of the tube during heating.

To measure thermal expansivity, we used an appa-
ratus of fused quartz described by Hidnert and
Souder (36). Length changes were measured with a
dial gauge accurate to 0.1 mil. It was calibrated against
a standard gauge block. An inert atmosphere was
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Fig. 55. Relationships between actual test temperature at which
properties were measured and tensile strength and elongation of
copper deposits from various types of baths: (1) Cu2-H2, 30°C,
2 A/dm2; (2) Cu2-H3 containing 3.5 g/I triisopropanolamine, 30°C,
5 A/dm2; (3) F-1, 30°C, 8 A/dm?2; (4) pyrophosphate, 50°C, 2 A/
dm2; (5) CN-8 containing 2 g/l KCNS, 80°C, 6 A/dm2, PR, cycle
15 sec cathodic, 5 sec anodic.

maintained in the specimen container while it was
heated. Calibrated thermocouples were located near
each end and at the center of the specimen. End-to-
end temperature variation was not more than 2°C
and average temperature of a specimen over its length
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was known to within less than 1°C. Measurements
were made at two temperatures, 200° and 400°C.
Measurements were made during both heating and
cooling portions of the cycle, and several of the
specimens were measured through more than one
cycle.

We estimate the accuracy of our measured expan-
sivities to be +1%, equivalent conservatively to an
uncertainty in the coefficient of expansion of =+0.2 x
106 parts per unit length per °C.

As described below, the deposit from the sulfate
TIPA bath underwent a large permanent expansion
as a result of heating. We, therefore, decided that a
limited study of the expansivity characteristics of
other deposits from addition agent baths, the amine
bath, etc., should be made, to determine whether
permanent changes in length occur due to heating.
For these limited measurements, specimens were flat
strips, % in. x 6 in. Their as-plated lengths were mea-
sured accurately, after which they were heated at
500°C for 15 min. After cooling to room temperature,
their lengths were again measured.

2. Measured wvalues of thermal expansivity.—The
types of deposits selected for expansivity measure-
ments are the same as were used for annealing, cold
rolling, etc. Complete expansivity data for these de-
posits are given in Table XXVIII. Hysteresis curves
are shown in Fig. 56, 57, and 58.

The expansivity of the soft deposit from the sulfate
bath (Table XXVIII, line 26) is seen to be nearly
identical with the values obtained by us for cold-
rolled commercial sheet and with the values reported
in the literature for high-purity electrolytic copper,
melted, cast, and cold drawn (37). There is indication
that the expansivity of this deposit is slightly higher
on first heating after annealing at 500°C, but it re-
verts to the “normal” value on second heating.

The expansivities of the fluoborate, pyrophosphate,
and CN-8 deposits are about 2% less than that of the
sulfate deposit.

Table XXVIII. Coefficients of linear thermal expansion of electrodeposited copper

Permanent
; 2
Add txzx; agent Average coefficient change in
. other variable X 10-8 = parts per length
Line ———— Bath Current i ° i
No., Panel Bath Cone, temp, density, Condition ‘;m“ lfngth pfr < aiAter'heat'mg
Table I No. symbol ~_Name g/l °c A/dm?2  of specimen Test cycle 20°-200°C  20°-400°C in. in 6 in.
26 324 Cu2-H2 None 30 2 As plated 1st heating 17.1 17.8
1st cooling 16.7 —0.0001
2nd heating 17.1 18.0
2nd cooling 17.0 0.0000
Annealed at After 500°
500°C anneal 0.001
1hr 1st heating 17.4 18.3
1st cooling 17.6 0.0000
2nd heating 17.1 18.0
2nd cooling 17.0 0.0000
— 224 Cu2-H3 TIPA“ 20 30 5 Preheated to 1st heating 17.0 18.0
470°C 1st cooling 17.0 0.003
76 339 Cu2-H3 TIPA 3.5 30 5 As plated 1st heating 18.9 25.8¢
1st cooling 34.9 0.02
2nd heating 18.1 217.3¢
Annealed at After 550° 0.14
550°C anneal
1hr 15! heating %8.7 19.0
st cooling 7.6 0.0000
91 343 F-1 None 30 8 As plated 1st heating 16.7 17.6
1st cooling 16.2 0.0000
95 320 Pyrophos- 50 2 As plated 1st heating 16.7 17.5
phate 1st cooling 15.9 —0.001
2nd heating 16.9 17.1
2nd coolin 16.8 —0.0003
143 293 CN-8 ECNS 2 80 6 As plated 1st heatingg 16.6 171
R cycle, 1st cooling 15.0 ~0.002
15-5 seconds
143 296 CN-8 KCNS 2 80 6 As plated 1st heating 16.7 16.7
PR cycle, 1st cooling 14.1 —0.003
Cold-rolled 19-5 seconds 4 18.1¢
sheet—half hard it ’3521‘1‘.’,‘5 i;:gd ’ —0.0001
From P. Hidnert and H. S. Kri- 17.3 20°-300°C
der, J. Res. NBS, 39, 419 (1947). ’ 17.7

¢ TIPA = triisopropanolamine.
b Estimated concentration.

T ”Due to the large apsolute expansion it was necessary to limit the temperature in these two cases to about 325°C to avoid exceeding the
imit of our gauge. This effect and the large permanent elongation is caused by formation of voids. See Fig. 45-3 and corresponding valuc

for density, Table XXVII,
¢ Values measured by authors of present research.
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Fig. 56. Thermal expansion of a copper deposit from a pyrophos-
phate bath, 50°C, 2 A/dm2. Curve shows first heating and cooling
cycle. Hysteresis effect was much smaller on second cycle (not
plotted). Specimen length, 6 in.
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Fig. 57. Thermal expansion of a copper deposit from cyanide
bath CN-8 containing 2 g/I KCNS, 80°C, 6 A/dm2, PR, cycle 15
sec cathodic, 5 sec anodic. Curve shows first heating and cooling
cycle. Specimen length, 6 in.

The expansivities of the deposits from the sulfate
TIPA bath were quite irregular. The irregular be-
havior of these deposits was first noted when a large
permanent expansion of a specimen from panel No. 224
caused loss of data because the range of our microm-
eter dial gauge was exceeded. The bath from which
this deposit was made contained approximately 2 g/l
TIPA, whereas the bath from which panel No. 339
was made contained 3.5 g/l. It is seen that the speci-
men from panel No. 224 had normal expansivity after
heating to 470°C, but still underwent an additional
small permanent expansion. A specimen from panel
No. 339 yielded very high expansivities and under-
went large permanent expansion. Annealing at 550°C
stabilized the specimen so that no further permanent
expansion occurred, but the expansivity is about 5%
higher than for the other deposits. Figure 58 shows
expansion curves for two cycles for the deposit from
the sulfate TIPA bath. The first cycle shows the large
permanent expansion. This behavior is undoubtedly
due to incorporation of addition agent or other gas-
generating impurities into the deposit during plating.
Gas generation on heating expands the deposit (Fig.
45-3) and causes decrease of density, hardness, and
strength as noted in previous sections. The expansivity
specimen from panel No. 339, after final heating, was
distorted, brittle, and friable.

The pyrophosphate and cyanide deposits, which had
low expansivities, underwent small permanent con-
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Fig. 58. Thermal expansion of a copper deposit from sulfate bath
Cu2-H3 containing 3.5 g/l triisopropanolamine, 30°C, 5 A/dmZ.
Curve A shows first heating and cooling cycle—use scale on left.
Curve B shows third cycle after specimen was annealed at 550°C
for 1 hr—use scale on right. Permanent expansion of 0.12 in. oc-
curred between heatings represented by curves A and B. Specimen
length, 6 in.

tractions. The contraction and the low expansivity
are undoubtedly related. The pyrophosphate deposit
on second heating had nearly normal expansivity.
Expansion curves for these deposits are shown in
Fig. 56 and 57. They show the small hysteresis effect
associated with the slightly smaller expansivity always
noted on the cooling cycle. The effect is larger for the
CN-8 deposit (Fig. 57) than for the pyrophosphate
deposit (Fig. 56).

3. Qualitative tests of thermal expansion.—The re-
sults of the qualitative tests described above in Sec-
tion VIII-E-1 are tabulated in Table XXIX. The amine
deposit undergoes significant permanent expansion,
but only about 1/15 that of the TIPA deposit (Table
XXVIII). The proprietary bright sulfate deposit un-
dergoes about 50% more permanent elongation than
the TIPA deposit and is quite brittle after heating.
The deposit from the sulfate bath containing 0.1 g/l
gelatin is the only other deposit that underwent
marked permanent expansion. It was very brittle,
but this was also its condition before heating. None
of the deposits in Table XXIX showed distortion of
shape except the amine deposit, which was severely
blistered.

It is probable that the deposits in Table XXIX that
undergo only a small permanent expansion have ther-
mal expansivities very close to the value for the de-
posit in Table XXVIII, line 26.

F. Structure of Deposits

1. Optical micrographs.—Structure in relation to
various parameters has already been illustrated with
many optical micrographs in preceding figures. In
this section we restrict the consideration of optically
determined structure to comparisons between typical
deposits from various types of baths (Fig. 59).

In Fig. 59-1 and 59-2, deposits from non-addition
agent sulfate and fluoborate baths are compared. The
concentration of copper was the same in each bath,
and operating conditions (bath temperature, current
density, and cellulose filter) were the same for each
deposit. The finer, more fibrous structure of the deposit
from the fluoborate bath must, therefore, be ascribed
to some unique effect of the fluoborate anion. The finer
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Table XXIX. Effect of heating on dimensions and ductility of a variety of copper deposits
Deposits held 15 min at 500°C
Operating Increase in lengthe .
conditions _ Addition agent T (oo — 1) 100 Ductilityd
Line No., Pane Bath Bath CD Conc, % = After heating
Table I No. symbol temp, °C A/dm?2 Name g/1 Ios No. of bends
150 329 Amine 55 2 None 0.16° <1
79 306 Cu2-H3 30 4 None PR, 5-2 0.00 3
sec
7 226 — 22 4 Prop. A° — 3.6 <1
43 5-4 Cu2-H3 30 2 Dextrin 0.02 0.06 3
44 5-6 Cu2-H3 30 2 Dextrose 0.05 0.04 2
45 219 Cu2-H3 30 2 EA + Mc 0.3, 2.0 0.01 2
15 65 Cu2-H1 30 2 Gelatin 0.003 0.05 2
46 81 Cu2-H3 30 2 Gelatin 0.01 0.02 3
47 83 Cu2-H3 30 2 Gelatin 0.1 12 0
48 5-5 Cu2-H3 30 2 Glycerol 1.0 0.03 4
49 5-2 Cu2-H3 30 2 Glycine 0.1 0.00 4
50 214 Cu2-H3 30 2 LAo 0.05 0.00 4
54 91 Cu2-H3 30 2 NDse 18 0.04 3
52 160 Cu2-H3 30 2 B-NQe 0.1 0.14 2
59 71 Cu2-H3 30 2 PSAc° 10 0.03 3-4
64 166 Cu2-H3 30 2 SeOs 10—+ Se 0.06 3
68 5-1 Cu2-H3 30 2 Sorbitol 0.1 0.00 3
70 88 Cu2-H3 30 2 TU° 0.015 0.4 <1
2 Nominal length of specimens: 6 in. liw,s; is length at 25°C, after cooling from 500°C. 1y is initial length at 25°C.
b Blisters formed during heating of the deposit from the amine bath.
«Prop. A = proprietary addition agent containing a sulfonate and an azo dye; EA + M = ethyl alcohol plus molasses; LA = lactic

acid; NDS = 1,5-naphthalenedisulfonic acid; g-NQ = B-naphthoquinoline; PSA = phenolsulfonic acid; TU

= thiourea.

¢ A qualitative check of physical damage caused by heating. Specimens were bent onto themselves and creased with pliers, opened, and

repeated.

structure is associated with slightly better mechanical
properties than those of the sulfate deposit.

The pyrophosphate deposit, Fig. 59-3 and 59-4, ap-
pears to have a fine random structure. However, this
conclusion is in conflict with the magnitudes of the
properties of this deposit, with its behavior on anneal-
ing (already discussed in Section VIII-B-5-d), and
with the results of x-ray diffraction examination
presented in the next section.

The deposit from the high-efficiency cyanide bath,
the structure of which is shown in Fig. 59-5, is similar
to that from the pyrophosphate bath and involves
similar contradictions. It appears to have a fine ran-
dom grain, in conflict with its properties and with the
x-ray data. An explanation for these anomalies is
suggested in the next section following the presenta-
tion of the x-ray data. Similar contradictory data on
grain size, as determined optically and by x-ray, have
been noted by Read.!?

The deposit from the amine bath, shown in Fig. 59-6,
appears to have a very fine, random structure with
no resolved crystals. The properties of this deposit,
such as fairly high strength, low ductility, and high
hardness, summarized in Section VIII-H, confirm the
reality of its fine structure.

2. X-ray diffraction.—a. Back-reflection patterns.—
Back-reflection patterns were obtained from both the
final and starting faces of the six deposits listed in
Table XXX to obtain information on grain size. Ilford
CX film was used to enhance resolution. Specimens
were used as plated; i.e., the faces were not polished.
Specimens were positioned normal to the beam, with
6 cm between specimen and film. Filtered radiation
from an iron target was used, collimated to a beam
diameter of 1 mm.

Grain size is estimated from the degree of resolu-
tion of spots in the back-reflection patterns (Fig. 60).
However, accurate values of grain size cannot be de-
termined by this method unless the following condi-
tions are met: (a) specimens must be free of internal
stress; (b) grain orientation should be random; (c)
grain size should be uniform. While some as-plated
electrodeposits approach these criteria, most fail in
one or more of them. Furthermore, grain size esti-
mated by the x-ray method and by optical methods
under ASTM standards is not comparable because a
twin is not regarded as a new grain in optical determi-
nations, but does give rise to a new x-ray spot. Because
of these factors, the grain sizes given in Table XXX

*H. J. Read, Pennsylvania State University, University Park.
Pennsylvania, Private communication.

can be regarded only as qualitative and as showing
relative fineness of grain for the various deposits.

In Fig. 60, the diffraction index of the outer ring is
311 (Ka), middle ring 222 (Ka), and inner ring 400
(KB). The absence of the resolution of the Ka doublets
may be due to internal stress or to very small grain
size.

Following are interpretations of the patterns shown
in Fig. 60:

1—Panel No. 323 (line 26), a soft-type deposit from
a sulfate bath. Figure 60-1-F shows the pattern for
side F, the final plated surface. It shows blurring to
very large spots, indicating a wide range of grain
size. Figure 60-1-B shows the pattern for side B, next
to the basis metal. It contains continuous rings with
doublets resolved, indicating very small grain size
and low stress.

2—Panel No. 337 (line 76), a hard, strong deposit
from a sulfate bath containing triisopropanolamine.
Figures 60-2-F and 60-2-B show the patterns for
sides F and B, respectively. The rings are continuous,
with doublets unresolved, indicating a uniform fine
grain throughout the deposit.

3—Panel No. 343 (line 91), a soft-type deposit from
a fluoborate bath. Figure 60-3-F shows the pattern for
side F. The 222 and 400 lines are absent, indicating
texture. The 311 line contains 2 large spots and a very
faint continuous line, indicating a mixture of fine and
large grains. The rings for Fig. 60-3-B, with no resolu-
tion of spots and poor resolution of doublets, indicate
a very fine structure of the fluoborate deposit in the
basal zone. These x-ray results for panels No. 323,
337, and 345 confirm the grain sizes seen in the optical
micrographs, Fig. 59-7, 59-8, and 59-2, respectively.

4—Panel No. 320 (line 95), a deposit from a pyro-
phosphate bath. Figures 60-4-F and 4-B show the
patterns for the final and starting surfaces of the de-
posit, respectively. Both show large isolated spots
with some faint blurring, indicating large grains in-
termixed with some fine grains. The indicated grain
size in the basal zone is not quite as large as in the
final plated zone. The absence of the 222 reflection
indicates that the deposit is textured.

The x-ray evidence in the preceding paragraph,
physical property data, and behavior on annealing
(Section VIII-B) indicate that the pyrophosphate de-
posit has a large grain size. However, contradictory
evidence was found by optical examination (Fig. 59-3
and 59-4). Since evidence for a relatively large grain
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Cu2-H2, 30°C, 2 A/dm?; (59-8) Cu2-H3 containing 2 g/I triisopropanolamine, 30°C, 5 A/dm2; (59-9) CN-1, 40°C, 1 A/dm2.

size is preponderant, we conclude that the optical
structure is misleading. We suggest the following two
theories to account for the apparent discrepancy:
(a) A columnar structure such as seen in Fig. 47-4
and 47-5 after annealing may be present in the as-
plated deposit, but the etching technique used for
preparing the photomicrograph specimen was inade-
quate to reveal it. (b) The fine structure seen in Fig.
59-3 and 59-4 represents an end-view of crystals whose
main axes lie in the plane of the deposit. The pyro-
phosphate photomicrographs would thus be analogous
to a view normal to the surface of, e.g., the fluoborate
deposit, Fig. 59-2. This theory would require that the
grains in the pyrophosphate deposit grow in a direc-
tional parallel to, or nearly parallel to, the plane of

the deposit. This could occur by a mechanism in which
shallow crystal steps are located with their faces
nearly normal to the plane of the deposit, with growth
occurring by build-up on these faces (38). We favor
this theory, as it is also in accord with the semibright-
ness of the pyrophosphate deposits.

5—Panel No. 128 (line 101), a deposit from a strike-
type cyanide bath, CN-1. The diffraction lines, Fig.
60-5-F and 5-B, which are continuous, indicate fine
grain size on both the final plated side and in the basal
zone of the deposit. The photomicrograph (Fig. 59-9)
and the electron micrographs (Fig. 36) show columnar
grains, of the order of 1 um in diameter, in agreement
with what the x-ray sees in a view normal to the
plane of the deposit.
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Fig. 60. Back-reflection x-ray patterns of copper deposits. F and B represent patterns with the beam directed at the final plated surface
and the starting surface, respectively. (60-1-F and B) Cu2-H2, 30°C, 2 A/dm2; (60-2-F and B) Cu2-H3 plus 3.5 g/I triisopropanolamine,
30°C, 5 A/dm2; (60-3-F and B) fluoborate F-1, 30°C, 8 A/dm2; (60-4-F and B) pyrophosphate, 50°C, 2 A/dm2; (60-5-F and B) cyanide

CN-1, 40°C, 1 A/dm2; (60-6-F and B) cyanide CN-8, 80°C, 6 A/dm2,



398C

Table XXXI. Nonmetallic impurities in copper electrodeposits

Fluorine Selenium Sulfur

Carbon Boron

Content of impurity, % by weight
O/H Nitrogen

Ratio,

Hydrogen

C.D.,
A/dm2 Oxygen

Bath
temp,
*c

Other
variable

Conc,
g/l

Addition agent
Bath
No. symbol Name

Panel

Line
No.,
Table I

0.0011
0.0039

>4 0.0010 0.0005
0.0015%

<0.0001

Cu2-H2

323

26

40

0.0003

297
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0.0021

0.0530 0.0530%

0.0094 0.0062 0.00006
0.0017 <0.0001 0.0017

0.0015

0.0055
0.0036
0.0021

01 Se

-
SmSn
coom

Gelatin
SeO:
TIPAcC

Cu2-H3
F-1

>7

<0.0001

320 Pyrophos-

95

phate

0.0005
0.0022%

PR, 15-5

CN-2
CN:
CN:
CN:

0.0011

sec

Prop. B¢

CN-9

303

147

Inc., respectively. All other determinations were made at

@ and ® Values designated ¢ and ® were determined at the laboratories of American Metal Climax, Inc., and E. I. du Pont de Nemours & Co.,

NBS.

¢ TIPA: triisopropanolamine; Prop. B: proprietary brightener, selenium type.

November 1970

possible preferentially oriented planes. For example,
the (211) plane was not examined.

We are indebted to C. J. Bechtoldt of the NBS
Metallurgy Division, Lattice Defects and Microstruc-
ture Section, for the x-ray measurements and for
interpretation of the results.

3. Correlations among structure, properties, and
impurities—The deposits in Table XXX fall into two
distinet groups, those with medium to large grain size
(non-addition agent sulfate, fluoborate, pyrophosphate,
and high-efficiency cyanide), and those with fine grain
(sulfate-TIPA, and cyanide, CN-1). The deposits in
the coarse-grained group have low to medium tensile
strength, hardness, and resistivity, and a small content
of impurities. The deposits in the fine-grained group
have high tensile strength, hardness, resistivity, and
impurity content.

As discussed by Brenner (2) and others, the primary
factor that determines properties of electrodeposits
is impurity content. A high content of impurities in-
terferes with crystal growth, causing fine grain and
associated high values of properties. Impurity content
in turn is determined primarily by type of bath and
by the kind and concentration of addition agent used.
Variations in operating conditions of baths, in the nor-
mal range, have minor effects in comparison with type
of bath and addition agent. This theory is confirmed
for copper by the results summarized in Table XXX.
Thus, the total impurity content of the four large-
grained deposits is in the range of 0.003-0.005%,
whereas that of the fine-grained deposits (lines 76
and 101) is much larger, namely, 0.022 and 0.01%,
respectively.

G. Composition and Impurity Content of Deposits

1. Introduction.—It is generally recognized that im-
purities in deposits may significantly affect their struc-
ture and properties. About 20 papers dealing with
this aspect of electrodeposited copper were reviewed
in the first paper of this series (3). In the present
work we have determined metallic and nonmetallic
impurities in several representative types of deposits.

Determinations of metallic impurities in both anodes
and deposits were made, mainly to monitor the effec-
tiveness of our purification procedures. The results
of these determinations, already presented in Table
V, were discussed in Section II-A.

In this section we consider nonmetallic impurities
in several typical kinds of deposits.

2. Results of determinations of nonmetallic impuri-
ties in copper deposits.—a. Hydrogen and oxygen.—
Content of hydrogen and oxygen in various deposits
is shown in Table XXXI. Values of oxygen designated
“a” in Table XXXI were determined in the labora-
tories of American Metal Climax, Inc.2 The other
values of both oxygen and hydrogen were determined
at NBS.20 Reasonable agreement is seen between values
determined at the two laboratories.

The ratio of O/H in nickel and chromium deposits
has been found to be close to 8 on the average, indi-
cating that they enter these metals in the form of
adsorbed water or hydrated salts (1,2). Ratios of
O/H for copper deposits calculated from our data
range from 4 to 40, with 5 out of the 10 values equal
or close to 8 (Table XXXI). One might conclude that
in a significant proportion of deposits the hydrate
theory is indicated, but that in several kinds of de-
posits other factors must be acting. For example, the
high value of 40 for the sample from panel No. 297
(line 42) is shown below to be probably caused by
the inclusion of sulfate ion in the deposit.

With one exception, only 1/10 to 1/2 as much oxy-
gen is present in the three soft-type deposits (non-
addition agent sulfate, fluoborate, and pyrophosphate)
as in the addition agent and cyanide deposits.

# Determinations at American Metal Climax, Inc., were made by
courtesy of G. C. Van Tilburg. Oxygen, hydrogen, and nitrogen

were determined by J. T. Sterling of the Analytical Chemistry
Division, NBS, by a vacuum fusion method.
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Fig. 61. Relationship between concentration of gelatin in a
sulfate bath and concentration of impurities in deposits from the
baths. Bath: Cu2-H3, 30°C, 2 A/dm2. ()—oxygen; @—nitrogen or
carbon; @ —hydrogen.

One would expect the concentrations of oxygen and
hydrogen in deposits from acid-type copper baths to
be lower than in deposits from nearly neutral nickel
baths. This is the relationship that occurs. On the
average, we found the content of oxygen and hydro-
gen in copper deposits to be less than 1/10 of that
reported in nickel deposits (2).

The effect of concentration of an addition agent in
the bath on concentration of impurities in the deposit
is seen in Fig. 61. The concentration in the deposit
increases more rapidly than that in the bath. This
relationship implies that part of the impurities in the
deposit may be entrapped by a mechanism other than
adsorption, because, as is well known, the amount
of a material adsorbed on a surface increases less
rapidly than its concentration in the contacting fluid.

b. Nitrogen.—The possibility exists that nitrogen
will enter deposits from sulfate baths that contain a
nitrogen compound as an addition agent (gelatin,
TIPA) and from pyrophosphate and cyanide baths,
both of which contain nitrogen compounds. Nitrogen
was found in these deposits in reasonable relative
concentrations (Table XXXI). It is surprising that
nitrogen was found in the deposits from the non-addi-
tion agent sulfate bath or from the fluoride bath. The
source of the small amounts in the latter deposits could
be accidental, e.g., contamination of the surface of the
samples that were analyzed, although precautions were
taken to minimize surface contamination.

c. Carbon.—The relatively high content of carbon2?! in
the gelatin and TIPA deposits is to be expected, due to
adsorption of these carbon-containing addition agents
(Table XXXI).

The amount of carbon in the cyanide deposits is small,
indicating that the amount of cyanide ion adsorbed by
the deposit is small. If the carbon in the cyanide de-
posits does enter via adsorption of CN ion, the ratio
C/N might be expected to be close to 12/14 = 0.86.
Since the deposits in lines 138 and 141 are similar, it is
valid to use the concentration of carbon in one and
nitrogen in the other to obtain C/N, which is seen to
equal 1.05. This is close enough to 0.86 to indicate that
carbon and nitrogen do enter the deposit as CN ion. On
the other hand, the ratio for the deposit from bath
CN-5 (line 127) is about 7, a large deviation. Not much
weight can be given to this speculation, based on only
two determinations.

d. Boron and fluorine in deposits from the fluoborate
bath.—The very low concentrations of boron2? and

“1 Determinations of carbon were made in the laboratories of E. I.
du Pont de Nemours and Company, Inc.,, by courtesy of O. B.
Mathre. Carbon was also determined, by combustion, by J. R. Bald-
win of the Analytical Chemistry Division, NBS.

ELECTROCHEMICAL SOCIETY REVIEWS AND NEWS

399C

IMPURITIES
% BY WEIGHT

CARBON

21506

ELONGATION
PER-CENT

HARDNESS DENSITY RESISTIVITY
KHN , kg/mm? G/CM OHM-CM
200 G LOAD AT 25 °C AT25°C

TENSILE
STRENGTH
PSl

Fig. 62. Correlations between impurities in deposits and prop-
erties of deposits for various types of baths: 1—sulfate bath
Cu2-H2, 30°C, 2 A/dm2; 2—sulfate bath Cu2-H3, 60°C, 20 A/dm?;
3—sulfate bath Cu2-H3 containing 0.1 g/I gelatin, 30°C, 2 A/dm?;
4—sulfate bath Cu2-H3 containing 3.5 g/l triisopropanolamine,
30°C, 5 A/dm2; 5—fluoborate bath F-1, 30°C, 8 A/dm?; 6—pyro-
phosphate bath, 50°C, 2 A/dm2; 7—cyanide bath CN-5, 80°C,
4 A/dm?2; 8—cyanide bath CN-8, 80°C, 6 A/dm2. Note pseudo-
logarithmic impurity scale. Metric conversion: one pound per
square inch (psi) = 0.000704 kilogram per square millimeter
(kg/mm?).

fluorine?? in the deposits from the fluoborate bath indi-
cate that there is very little inclusion of fluoborate ion
in the deposits (Table XXXI).

e. Selenium in deposits from baths containing sele-
nium compounds as addition agents.—Selenium?23 is
present in the deposits from the sulfate bath containing
SeO, and in the deposit from the high-efficiency cyanide
bath containing the proprietary selenium-type bright-
ener (Table XXXI). Evidently very small concentra-
tions of selenium in copper deposits produce marked
effects on structure and properties. (Sections III-A-4-e,
I1I-B-3-e, III-F-2-e, VII-B-3-g, VII-C-2-f, VII-G-1,
and Fig. 20 and 34).

f. Sulfur in deposits from sulfate baths.—The low
concentration of sulfur?! in the deposit from the non-
addition agent sulfate bath (Table XXXT, line 26) indi-
cates very little inclusion of sulfate ion in normal de-
posits. The high current density deposit (line 42)
contains more than three times as much, which corre-
lates with the high value of the ratio, O/H, for this
deposit.

3. Correlations between concentrations of impurities
and properties of deposits.—Correlations between im-
purity content and properties for eight representative
types of deposit are shown in the bar graphs in Fig.
62, from which one can visualize the interrelationships.
While some variations from regular correlations will
be noted, there are, in general, fairly close correlations
between, on the one hand, concentrations of the vari-
ous impurities, and, on the other hand, between these
impurities and the various properties. It should be
noted that the correlations with impurities are in-
verse in the case of elongation and density. Close
study of this figure will reveal many details regarding
correlations that we leave to the reader to ferret out.
Relationships between total impurity content, struc-
ture, and properties were discussed above (Table XXX,
section VIII-F-3).

H. Summary of Properties and General Correlations

In this section we present a general analysis and
correlation of all properties for all as-plated deposits.

=2 Boron was determined by quantitative spectrography by Vir-
ginia C. Stewart and fluorine by a wet method by J. R. Baldwin,
both of the staff of the Analytical Chemistry Division, NBS.

2 Selenium was determined by neutron activation analysis by
D. A. Becker of the Analytical Chemistry Division, NBS.

2 Sulfur was determined by combustion by J. R. Baldwin of the
Analytical Chemistry Division, NBS.
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Fig. 63. Ranges and comparative magnitudes of tensile strength
of copper deposits from various types of baths: 1—Sulfate baths:
plus thiourea (0.005 g/1) and spangled deposits. 2—Sulfate baths,
no addition agent, all conditions. 3—Sulfate bath plus addition
agents with small effect on strength: dextrin, ethyl alcohol and
molasses, glycerol, glycine, lactic acid, 1,5-naphthalenedisulfonic
acid, sorbitol, thiourea (0.015 g/1). 4—Fluoborate baths, all condi-
tions. 5—Cyanide baths that yield deposits with lower strengths
than those from low-concentration baths: CN-7, CN-8, CN-9. 6—
Pyrophosphate bath, all conditions. 7—Sulfate baths plus addition
agents or other conditions that cause a moderate increase in
strength: gelatin, 3-naphthoquinoline, phenolsulfonic acid, sel
dioxide, thiourea plus 1,5-naphthalenedisulfonic acid, thin deposits
(2 mils), periodic current reversal (PR). 8—Cyanide bath, sodium
ion Rochelle salt type, CN-6. 9—Cyanide baths, all low-concentra-
tion types, CN-1 through CN-5, all conditions. 10—Amine bath.
11—Sulfate baths plus addition agents or other conditions that
cause a large increase in strength: proprietary A, selenium di-
oxide (thin deposits, 2 mils), triisopropanolamine. 12—Cyanide
baths plus addition agents or other conditions that cause a large
increase in strength: CN-8 plus PR, CN-8 containing KCNS plus
PR, CN-9 plus PR.

1. Correlations between tensile strength and types of
deposits—In Fig. 63, values of tensile strength are
plotted for all deposits that we studied. The data are
shown for groups of deposits, classified in part on the
basis of bath and in part on magnitude of tensile
strength, arranged with increasing strength from left
to right on the graph. The limits of the shaded zones
at the tops of the bars represent minimum and maxi-
mum values of tensile strength for the group. The
limits plotted for each group are based mainly on the
average deviation from the mean within the group.
However, if several deposits within the group had
values appreciably lower or higher than the limits de-
fined by the average deviation, the range plotted was
enlarged to take account of these deviant deposits. The
plotted values are thus somewhat subjective, but in
our judgment best represent the group. This procedure
was followed for determining the plotted values of
upper and lower limits for Fig. 63-65 and 67-70, in-
clusive.

Figures 63 to 70 were prepared primarily to serve as
a convenient visual reference summary, and are there-
fore discussed only briefly. For example, it is seen in
Fig. 63 that the over-all range of strength varies by a
factor of four, with spangled sulfate deposits the weak-
est and PR cyanide deposits the strongest. Changes of
tensile strength due to large-effect variables, such as
type of bath or addition agents, are readily seen. How-
ever, changes in strength due to small-effect variables,
such as current density, are not revealed. For the lat-
ter type of information, the reader must refer to the
appropriate preceding section.

2. Correlations between the yield strength-tensile
strength ratio and types of deposits—The ratio, yield
strength/tensile strength, is very low (about 25%) for
soft-type deposits, considerably lower than that of an-
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Fig. 64. Ranges and comparative magnitudes of the yield ratio
of copper deposits from various types of baths: 1—Sulfate baths,
non-addition agent, all conditions. 2—Sulfate baths plus addition
agents that cause minor change in yield ratio: lactic acid, 8-
naphthoquinoline, 1,5-naphthalenedisulf acid, phenolsulf
acid, selenium dioxide, thiourea (0.005 g/I), thiourea plus 1,5-
naphthalenedisulfonic acid. 3—Fluoborate baths, all conditions, 4—
Cyanide bath, CN-9. 5—Sulfate baths plus addition agents or
other conditions that cause a moderate increase in yield ratio:
ethyl alcohol plus molasses, thiourea (0.015 g/I), triisopropanol-
amine, periodic current reversal (PR), thin deposits (2 mils) from
bath containing 1,5-naphthalenedisulfonic acid. 6—Pyrophosphate
bath, all conditions. 7—Cyanide bath, CN-8 plus PR. 8—Sulfate
baths plus addition agents or other conditions that cause a large
increase in yield ratio: gelatin, proprietary A, thin deposits (2 mils)
from a bath containing selenium dioxide. 9—Amine bath. 10—
Commercial wrought copper, led. 11—C ial wrought
copper, half hard (219% reduction). 12—Commercial wrought
copper, extra hard (50% reduction).

nealed wrought copper (55%). The ratio increases
progressively with strength, approaching that of cold-
worked wrought copper for the strongest electro-
deposits.

3. Correlations between elongation and types of
deposits.—Figure 65 discloses a general inverse rela-
tionship between elongation and type of bath, as com-
pared with Fig. 63 for tensile strength. Thus, the de-
posits from the amine bath, among the highest in
tensile strength, are the most brittle, and the soft-
type sulfate deposits, next to weakest, are third from
most ductile. The deposits from the pyrophosphate and
high-efficiency cyanide baths, with the highest duc-
tilities, are somewhat more ductile than would be
predicted from their position in Fig. 63. This could be
the result of the crystal orientation hypothesized in
Section VIII-F-2-a.

4. Correlations between modulus of elasticity, tensile
strength, and types of deposits.—A general correlation
between tensile strength and modulus is seen in Fig.
66. However, the higher range of modulus, 16 and 17 x
106 psi, embraces a rather large range of tensile
strength  (40,000-86,000 psi). Modulus values for
wrought copper are seen to be located in the mid-
range of the correlation band. Correlations between
modulus and type of deposit are similar to those be-
tween tensile strength and type of deposit, although
the fluoborate and sulfate-TIPA deposits deviate con-
spicuously from the predominant pattern, having ab-
normally low moduli.

5. Correlations between hardness and types of de-
posits.—The type-grouping for hardness, Fig. 67, is
closely parallel to that for tensile strength, Fig. 63.

6. Correlations between internal stress and types of
deposits—Examination of the groupings in Fig. 68
shows many deviations from the group order that
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Fig. 65. Ranges and comparative magnitudes of elongation of
copper deposits from various types of baths: 1—Amine bath. 2—
Sulfate baths plus addition agents or other conditions that cause
significant lowering of ductility: dextrin, ethyl alcohol plus
molasses, glycerol, glycine, lactic acid, B-naphthoquinoline,
sorbitol, thiourea (0.005 and 0.015 g/I), triisopropanolamine, pro-
prietary A, non-addition agent thin deposits (2 mils), thin de-
posits (2 mils) from baths containing 1,5-naphthalenedisulfonic
acid or selenium dioxide, spangled deposits. 3—Cyanide baths, all
low-concentration types, CN-1 through CN-5, all conditions.
4—Cyanide baths, high concentration types that yield deposits
with ductility nearly the same as those from low concentra-
tion baths: CN-8 containing KCNS plus periodic current reversal
(PR), CN-9. 5—Fluoborate baths, all conditions. 6—Sulfate baths
plus addition agents or other conditions that cause minor effect
on ductility: gelatin (0.003 g/I), 1,5-naphthalenedisulfonic acid,
phenolsulfonic acid, selenium dioxide, thiourea plus naphthalene
disulfonic acid, PR. 7—Sulfate baths, no addition agent, all condi-
tions. 8—Pyrophosphate bath, all conditions. 9—Cyanide baths that
yield deposits that are significantly more ductile than those from
low-concentration baths: CN-6, CN-7, CN-8, CN-8 plus PR, CN-9
plus PR.
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Fig. 66. Relationship between tensile strength and modulus of
elasticity of copper deposits from various types of baths: (O —non-
addition agent sulfate baths; @—sulfate baths containing gelatin;
@—sulfate bath containing selenium dioxide; @ —sulfate bath
containing triisopropanolamine; () —fluoborate bath; @ —pyrophos-
phate bath; ® —cyanide baths, CN-1 through CN-5; @—CN-8
containing KCNS plus periodic current reversal (PR); [J—commer-
cial wrought copper, annealed; [X—commercial wrought copper,
half hard (219% reduction); W—commercial wrought copper, extra
hard (50% reduction).
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Fig. 67. Ranges and comparative magnitudes of hardness of
copper deposits from various types of baths: 1—Sulfate bath,
Cu2-H3, 30°C, 2 A/dm2, severe exposure to cellulose. 2—Sulfate
baths plus addition agents that have minor effect on hardness: dex-
trin, ethyl alcohol plus molasses, glycerol, sorbitol. 3—Sulfate baths,
no addition agent, all conditions. 4—Fluoborate baths, all condi-
tions. 5—Cyanide bath, CN-9. 6—Sulfate bath, spangled deposit.
7—Pyrophosphate bath, all conditions. 8—Cyanide baths, CN-7
and CN-8, all conditions. 9—Sulfate baths plus addition agents:
includes all addition agents in Table XIIl except those in “2"
above. 10—Cyanide baths, CN-1 through CN-6, all conditions. 11—
Cyanide baths: CN-8 plus periodic current reversal (PR); CN-8
plus KCNS plus PR, cycle 15 sec cathodic, 5 sec anodic. 12—Amine
bath. 13—Cyanide bath, CN-8 plus KCNS plus PR, cycle 30 sec
cathodic, 10 sec anodic. 14—Cyanide bath, CN-9 plus PR.
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Fig. 68. Ranges and comparative magnitudes of internal stress
in copper deposits from various types of baths. Negative stress is
compressive. 1—Amine bath. 2—Sulfate bath containing 0.1 g/I
gelatin. 3—Pyrophosphate bath, all conditions. 4—Fluoborate baths,
all conditions. 5—Sulfate baths, no addition agent, all conditions.
6—Sulfate baths plus all addition agents in Table XIII except
gelatin (0.1 g/I), B-naphthoquinoline, triisopropanolamine (30°, 5
A/dm2). 7—Sulfate bath plus periodic current reversal (PR). 8—
Cyanide baths: CN-8, CN-8 plus PR. 9—Cyanide bath, CN-6. 10—
Cyanide bath, CN-8 plus 2 g/I KCNS plus PR. 11—Sulfate bath plus
B-naphthoquinoline. 12—Sulfate bath plus triisopropanolamine (30°,
5 A/dm?2). 13—Cyanide baths: CN-1 through CN-5, CN-7, all con-
ditions. 14—Cyanide bath, CN-9.

exists in the other graphs in this set (Fig. 63-70). This
individuality of internal stress, or lack of consistent
relationships with other properties, has been previ-
ously noted.

7. Correlations between density and types of de-
posits.—Except for the low values of density seen in
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Fig. 69. Ranges and comparative magnitudes of density of copper
deposits from various types of baths: 1—Sulfate baths plus addition
agents or other conditions that cause a large decrease of density:
gelatin, 0.1 g/I; Cu2-H3, 60°C, 20 A/dm?2 (high current density).
2—Amine bath. 3—Cyanide baths: CN-1 through CN-5, all condi-
tions. 4—Sulfate baths plus addition agents that have slight lower-
ing effect on density: gelatin, 0.003 g/I; triisopropanolamine, 30°,
5 A/dm2; proprietary brightener A. 5—Cyanide baths: CN-6 and
CN-7, all conditions; CN-8 plus KCNS plus periodic current re-
versal (PR). 6—Cyanide baths: CN-8, CN-9. 7—Sulfate baths, no
addition agent, all conditions. 8—Sulfate baths plus addition agents
or other conditions that have no significant effect on density:
ethyl alcohol plus molasses, lactic acid, 1,5-naphthalenedisulfonic
acid, B-naphthoquinoline, phenolsulfonic acid, dioxide,
thiourea, thiourea plus naphthalenedisulfonic acid, triisopropanol-
amine, 30°, 2 A/dm2; periodic current reversal; spangling. 9—
Fluoborate and pyrophosphate baths, all conditions. 10—Commer-
cial sheet, half hard (21% reduction). 11—Single crystal.

the first two groups of Fig. 69, all deposits have
rather high density, with only small differences be-
tween groups. Nevertheless, the lower density of cya-
nide deposits and the reduction of the density of sul-
fate deposits due to “active” addition agents is ap-
parent.

8. Correlations between electrical resistivity and
types of deposits—Type groupings for electrical re-
sistivity, Fig. 70, are quite parallel to those for tensile
strength and hardness (Fig. 63 and 67, respectively).

9. General correlations among properties and types
of deposits.—Some of the properties of the main types
of deposits are represented in Fig. 71. In the first
group, the seven types of deposits are arranged in in-
creasing order of tensile strength. The same order, type
1 to .7 serially, is maintained in the representations of
the other properties, so that deviations from regular
correlations will be apparent. There is general paral-
lelism between tensile strength, hardness, and resis-
tivity, and to some extent internal stress, and inverse
correlation of these properties with elongation and
density.

The higher than “normal” elongation of the de-
posits from the high-efficiency cyanide bath and pyro-
phosphate bath is apparent, as is the inverse relation-
ship between ductility and tensile strength of the de-
posits from the amine bath and from sulfate baths
containing high-effect addition agents. The average
hardness of the latter group of deposits is lower than
normal. This is the only significant deviation from a
regular hardness pattern.

We have remarked several times that internal stress
is the most unique property in that it is least corre-
lated with other properties. While this is true, Fig. 71
does show several regular correlations. Abnormally
low stress of the pyrophosphate and amine baths is the
main deviation from normal correlation.
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Fig. 70. Ranges and comparative magnitudes of electrical resis-
tivity of copper deposits from various types of baths: 1—Sulfate
baths, no addition agent, all conditions. 2—Fluoborate and pyro-
phosphate baths, all conditions. 3—Sulfate baths containing addi-
tion agents that have minor effect on resistivity: ethyl alcohol plus
molasses, S-naphthoquinoline, gelatin (0.003 and 0.01 g/I), lactic
acid, naphthalenedisulfonic acid, phenolsulfonic acid, i
dioxide, thiourea, thiourea plus naphthalene disulfonic acid, triiso-
propanolamine (30°C, 2 A/dm2), periodic current reversal (PR).
4—Cyanide baths: CN-7 and CN-8, all conditions; CN-8 plus PR.
5—Sulfate baths plus factors that have medium effect on resistivity:
thin deposits (2 mils); proprietary brightener A. 6—Cyanide baths:
CN-1 through CN-5, all conditions. 7—Cyanide bath: CN-9 (pro-
prietary B). 8—Cyanide baths: thin deposits (0.25 mil) from CN-1
through CN-3; CN-6, all conditions. 9—Cyanide baths: CN-8 plus
KCNS plus PR; CN-9 (proprietary B) plus PR. 10—Sulfate baths
plus addition agents or other factors that have large effect on
resistivity: Cu2-H3, 60°, 20 A/dm?2 (high current density); gelatin
(0.1 g/1); triisopropanolamine plus high current density (5 A/dm2);
spangling. 11—Amine bath. 12—Commercial wrought copper: an-
nealed electrolytic tough pitch.
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Fig. 71. General correlations among properties of copper de-
posits from various types of baths: 1—Sulfate baths, all non-addi-
tion agent deposits. 2—Fluoborate baths, all conditions. 3—Cyanide
bath, CN-8, all conditions except no addition agent nor periodic
current reversal (PR). 4—Pyrophosphate bath, all conditions. 5—Cy-
anide baths, CN-1 through CN-5, all conditions. 6—Amine bath.
7—Sulfate baths plus large effect addition agents. Notes: Elonga-
tion is in per cent in 2 in. except for column “5"” which is 100X
significant strain. Negative values of internal stress represent com-
pressive stress. Metric conversion: one pound per square inch (psi)
= 0.000704 kilogram per square millimeter (kg/mm?2).

Considering density, correlation is regular except
for the same reversed positions between the deposits
from the amine bath and the sulfate bath containing
high-effect addition agents, also noted for elongation
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and hardness, and repeated again for electrical re-
sistivity. The low value of resistivity of the pyro-
phosphate deposit is also apparent. The consistent de-
viation of the properties of the pyrophosphate de-
posits from the normal, in general in favorable direc-
tions, is the most apparent phenomenon shown in
these comparisons. It is quite likely that it is associ-
ated with a unique structure, as hypothesized in
Section VIII-F-2-a.
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X. Appendix

A. Procedures Used for Preparation of
Electron Micrographs (Fig. 36)25

Mechanically polished cross sections were electro-
polished in a commercial electropolishing unit with a
proprietary polishing solution containing H3PQy, 250
ml; distilled water, 500 ml; ethanol, 250 ml; propanol,
50 ml; urea, 5g; proprietary constituent, 2 ml. Condi-
tions were: time, 5 sec; temperature, 25°C; current,
0.6A. Contact to one specimen was made with a solder
spot at the base of the mount and to another with silver
paint. No significant difference in structure was seen
due to the brief heating during soldering. After elec-
tropolishing, chemical etching was done in the etch
mixture: NH4OH, 30 ml; H202-3%, 30 ml; H,O, 30 ml;
5 sec, 25°C.

Replicas were made with cellulose acetate tape. The
negative replicas were rotary shadowed at an angle of
25° with palladium and backed with carbon at an
angle of 90°.

L

B. Development of Fatigue Relati I
1. Calculation of ¢, in Table XXVI—The fatigue
specimen is represented in Fig..72 with exaggerated
thickness and curvature and with the U-bend at the
top replaced with an equivalent rigid bar so that the
rotational moments may be visualized. The lower end
of the right-hand strip is rigidly fixed. The vertical
force, P, causes bending as shown. We consider the
bending of only one arm, recognizing that the same
forces are present in both. Thus, the force, P, may be
thought of as divided in two equal parts, P/2, each
part causing the bending of one arm. Therefore, the
moment causing rotation about O and corresponding
bending about O’ is

-3 M 1
?a,= [1]

M, the moment about O’, is also equal to the integral

% Electron micrographs were made by D. B. Ballard, NBS Metal-
lurgy Division, Lattice Defects and Microstructure Section, who
also supplied the data on procedures used.
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Fig. 72. Stresses and moments in a flexed fatigue specimen

over the cross section of the specimen of the product
of the fiber stresses (represented by the small arrows)
and their respective moment arms. It is thus expressed

as
M= foy dA [2]

where ¢ is the fiber stress at distance y from the neu-
tral plane of the strip and dA is an element of area in
a normal plane. By definition

o =Ed [31

where E is Young’s modulus of elasticity and & is
strain. From Fig. 72, 6 = (v’ — u)/u. Substituting in [3]

U —u
c=E [ ] [4]
U
Again from Fig. 72
u
=— [5]
R4y o
from which
e 161
U =u4—
R
Substituting «’ from [6] in [4]
Ey
==l 71
4 R [
Substituting for ¢ from [7] in [2]
M & f 2dA i [8]
TRV TR

where I = fy2dA, the geometrical moment of inertia
around O’,

For a rectangular beam of width b and thickness t,
dA = bdy; hence

f 3 | t/2 b3
I=b 2dy = 2b | — =— [9]
Ll 3|, 12

Equation [7] gives the actual stress in any given plane
at distance y from the neutral plane. The distance y
to the outer plane is t/2. Therefore the surface stress
is given by

E t [10]
‘TR 2
From Eq. [8], E/R = M/I. Substituting this in [10]
M t
c=—+— [11]
I 2

Substituting the value of M from [1] and the value of
I from [9] in Eq. [11] gives
Pa 12 t 3Pa
el e g

2 b3 2 b2

Equation [12] gives surface stress, and is the relation

[12]
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Fig. 73. Relationship between radius of curvature and deflection
of an arc.

used for calculating ¢, in Table XXVI. P is obtained
from the machine calibration, a is 0.30 in. for our
specimens, b is 0.50 in., and t is the measured thick-
ness of the specimen.

2. Calculations of om in Table XXVI.—The arc ACB
in Fig. 73 represents an edge view of a short segment
of one arm of a flexed fatigue specimen. C is the longi-
tudinal center, i.e., the point of minimum width. Index
marks were placed on the edge of the specimen at C
and at points A and B, with AC and CB each equal to
1/8 m_The variation in width of the specimen over the
span AB is small, so that the curvature is nearly uni-
form. The specimen was statically flexed and clamped
in the flexed position in a jig. The distances EB, FC,
AE, and AF were then measured with a micrometer
microscope to an accuracy of 0.1 mil. Their values were
then plotted on large paper on a magnified scale of
100X. From the plot, CD and AD were measured. The
following right triangle relationship is apparent from
Fig. 73

(R—CD)2+ AD2 = R? [13]
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Expanding [13] and solving for R gives

CD2+ AD?

= [14]
2CD

From Eq. [10] in the preceding Section X-B-1
C=—c— [10]

Substituting in [10] the value of R from [14]

Et 2CD
o=— [_—_:'] [15]
2 “CD2+4+ AD?
This is the value of ¢ designated as om in Table XXVI.
The values of E (modulus) used in [15] were deter-
mined by us or estimated from values for similar de-

posits. CD and AD were determined from the direct
measurements and graphical evaluation just described.
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232 RNP

Vacancy Cluster Formation in
Dislocation-Free Floating Zone Silicon
Crystals

A. J. R. de Kock, Philips Research
Laboratories.

During growth of dislocation-free silicon
crystals with the floating zone technique,
vacancy clusters are formed. These defects
can be detected by, e.g., preferential etch-
ing or copper decoration in combination
with x-ray topography and infrared micro-
scopy. A model describing the vacancy
clustering process, in which vacancy-oxygen
complex formation plays an essential part,
is discussed. From this model, two methods
for the prevention of vacancy clustering can
be obtained, both based on the elimination
of vacancy-oxygen complex formation dur-
ing growth.

233 RNP

The Growth of Dislocation-Free Floating
Zone Silicon Crystals Without Vacancy
Clusters

A. J. R. de Kock, Philips Research
Laboratories.

Conditions are described under which dis-
location-free floating zone silicon crystals
were grown without formation of vacancy
clusters, These conditions are based on our
model describing the vacancy clustering
process. Small amounts of impurities, which
interact with oxygen, were added to the
growing crystals.” In combination with ad-
justed growth conditions, the formation of
vacancy nucleation sites (vacancy-oxygen
complexes) was prevented. In these crystals,
no vacancy clusters could be detected.

234 RNP

Growth of Stacking Faults in (100)
Epitaxial Silicon during Steam
Oxidation: Effect of HF

C. M. Drum and W. Van Gelder, Bell
Telephone Laboratories, Inc.

When (100) epitaxial silicon or (100) heat-
treated bulk silicon is exposed to HF and
then oxidized in steam or in wet oxygen,
stacking faults are formed. This does not
occur on wafers with (111) surfaces. The
faults are revealed by etching or by electron
microscopy. Since these defects can ad-
versely affect device performance, it is im-
portant to have processes which keep the
silicon lattice free from these faults. Such
processes include (a) dry oxygen oxidation,
(b) dry oxygen-steam-dry oxygen oxndahon,
and (c) etching of the epitaxial surface fol-
lowed by HF and steam oxidation.

235 RNP

Donor Diffusivities in Silicon Free from
Surface Effects

R. N. Ghoshtagore, Westinghouse Re-
search Laboratories.

P-32 has been used to show the extrinsic
effects associated with the normal diffusion
process in silicon. Consequently, P, As, Sb,
and Bi have been diffused into (111) silicon
from doped epitaxially deposited source
layers in hydrogen atmosphere. The diffusion
coefficients obtained between 1130° and
1405°C show values uniformly much lower
than those available in the literature. These

data are analyzed to indicate the most prob-
able diffusion mechanism in silicon.

236 RNP

Reduced Dislocation Densities in
Liquid Phase Epitaxy Layers by
Intermittent Growth

R. H. Saul, Bell Telephone Laboratories.

GaP liquid phase epitaxy (LPE) layers,
grown using an interrupted cooling rate to
induce intermittent growth, exhibit an abrupt
reduction in dislocation density, p, which
coincides with the interface between growth
increments. Constant cooling rates inter-
rupted by partial melt-back (heating) of the
LPE layer or isothermal annealing are both
effective in reducing p, typically by factors
of 3-6. Successive reductions in p could be
achieved by employing several interruptions
in cooling rate. These results are discussed
in terms of proposed mechanisms for dislo-
cation elimination in crystals.

237 RNP

Evaluation of a New Polish for GaAs
Using a Peroxide-Alkaline Solution

J. C. Dyment and G. A. Rozgonyi, Bell
Telephone Laboratories.

The effectiveness of H.0:-NH.OH or per-
oxide-alkaline (PA) as a new polishing so-
lution for GaAs* has been compared with
a standard bromine-methanol (BM) solution
and also a Syton-bromine-methanol (SBM)
solution. We have compared the surface
roughness, orientation dependence, polish-
ing rates, and residual surface damage as
determmed by x-ray topography. The PA and
BM soluticns are superior to the SBM in
terms of residual surface damage; however,
the PA solution has better aging properties
and will also polish the {111} Ga-face. Fi-
nally, PA polished substrates have yielded
diffused junction lasers with threshold cur-
rent densities comparable to the best BM
values.

* This solution was first used by A. J. Sayko
of these laboratories.

238 RNP

Effects of Crystalline Defects on
Arsenic-Emitter Transistors

M. L. Joshi, T. H. Yeh, J. J. Chang,
M. Vora, A. S. Oberai, and H., N.
Ghosh, IBM Components Division.

It is well known that the high concentra-
tion phosphorus diffusion in the emitter
regions of the NPN transistors introduces
defects such as dislocations and precipita-
tions in those regions. In addition, there
is always the emitter-push effect, the
enhanced movement of the base-collector
junction under an emitter, if one uses phos-
phorus to form the emitters. Because of the
emitter-push eﬂect, the doping profile in
the base region tends to spread out and
cause the reduction in the integrated base
dopant. For the high-speed devices, one
needs the combination of narrow base-
width and certain integrated base dopant.
This combination, up to now, is very diffi-
cult to achieve, if one uses phosphorus to
form the emitters. But we found it can be
done by using arsenic instead of phosphorus,
and NPN transistors with extreme high cur-
rent gain, B, and cut-off frequency, fi, have
been made. Advantages of using arsenic to
form the emitters plus its impurity distribu-
tion under various conditions of time, tem-
perature, and source concentration are pre-
sented and discussed.
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Thin High-Quality Silicon Layers on
Insulating Substrates

George Wallis, P. R. Mallory & Co., Inc.

A new procedure is described by which
silicon-on-insulator structures suitable for
MOS and bipolar IC's are obtained. The
silicon layers, 1-204 thick, have the electri-
cal properties of bulk crystals The layers
are joined to substrates of Pyrex or 4-54
thick thermal oxide on single-crystal silicon.
Joining is accomplished by a new method
which utilizes high electrostatic fields to
form strong bonds at relatively low tem-
peratures without the use of adhesives.

240 RNP

Potential Distributions on Diffused
Silicon Surfaces

R. E. Gegenwarth,

Division.

Potential distributions have been mea-
sured on the surface of diffused silicon wa-
fers to test the accuracy of previously pub-
lished three-dimensional models and to de-
termine the range of applicability of a two-
dimensional model. Boron-diffused sampled
having junction depths ranging from 0.38z
to 11.47u were measured. The normalized
potential distributions of all samples were
essentially equal and showed that the po-
tential distributions in the vicinity of a cur-
rent contact could be described very well
by a two-dimensional model. Whereas the
potential distribution decreased rapidly in
the vicinity of a finite area contact on a
semi-infinite or thick layer, it did not do
so in the case of thin layers. It is therefore
necessary to consider the effect of sample
geometry on surface resistivity measure-
ments and spreading resistance profiling.

IBM Components

241 RNP

Resistivity and Lifetime of N-Type

Silicon Affected by Gold Diffusion,

Platinum Diffusion, and Electron
Radiation

K. Chu, D. K. Schroder, and P. E.
Felice, Westinghouse Electric Corp.

In the fabrication of high power, fast
switching silicon devices, gold diffusion,
platinum diffusion, and high energy electron
irradiation were used to achieve a reduction
of lifetime. P-NP: devices were diffused at
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LITHIUM BATTERY ANODES
IN ORGANIC ELECTROLYTES

New Technology for High Energy Density Batteries

If you're working with lithium metal, Foote can furnish
your complete requirements—from ingots to finished
anodes. Our continuing development program on new
forms of lithium for use in high energy density batteries
now makes it possible to offer these options:

Expanded Screen can be filled with lithium metal and
low melting lithium alloys, increasing thicknesses by
only one mil, thus maintaining dimensional tolerances.

Porous Metal Composites: Sintered compacts can be
filled with lithium.

Bimetallic Strips: Stainless, nickel, copper and many
other metals in various thicknesses can be coated
on one or both sides.

Anodes can be produced by various methods to customer
specification.

Casings and Wire Connections can be furnished for
any of the above anodes.

Let’s talk. Foote Mineral Company,
Dept. 111, Route 100, Exton, Pa. 19341.
FrooTe Phone: 215-363-6500.

MINERAL COMPANY

865° = 2°C for varying times or irradiated
with 2 MeV electrons at a dose of 101 to
10"t electrons/cm= The samples were evalu-
ated by measuring the resistance (spreading
resistance technique) and the lifetime (open-
circuit voltage decay) before and after the
above treatments. All three processes re-
duce the lifetime effectively. While the re-
sistivity of the N-bulk is increased for gold
diffused samples, there is no appreciable
resistivity change due to platinum diffusion
or electron irradiation. Experimental pro-
cedures and quantitative results are dis-
cussed in this paper.

242 RNP

Effects of Low Energy Electron Beam
Bombardment on Semiconductor
Properties

J. R. Fiebiger and R. S. Muller, Univer-
sity of California, Berkeley, Calif.

Investigations of semiconductor and inte-
grated-circuit properties using the scanning
electron microscope (SEM) have become
very widespread. Experiments using the
SEM have been regarded generally as non-
destructive because the requisite voltages
and beam-current densities for most studies
can be shown to produce negligible heating
in the structures. We describe here a syste-
matic study of the effects on fundamental
semiconductor parameters of SEM measure-
ments. Specifically, a theoretical and experi-
mental study of the effects of bombard-
ment of germanium and silicon by 10-30
keV electron beams on the basic semicon-
ductor properties mobility, g, diffusion con-
stant, D, and lifetime, 7, has been com-
pleted.

243 RNP

Conductor Defects in Multilayer LS|
Structures

M. A. Schuster, D. S. Herman, J. Gross-
man, and H. G. Oehler

Mechanisms which account for ohmic
contact, isolation, and interconnection fail-
ures in mulmayer structures, and process
design criteria, for achaevmg their control
are described. Substrate/alummumx contacts
must minimize interfacial and substrate
alloying as well as contact resistance. Alumi-
numi grain growth and via-pattern photo-
engraving parameters interact to control
(aluminum)u-SiO:  -(aluminum)ns1  isolation.
Continuity of upper level interconnections
is dependent on shaping the profile (edge
geometry, height, and surface planarity) of
the underlying metal stripes and their di-
electric over-coat.

244 RNP

Electromigration Behavior in Alloy
Concentration Gradient Regions of Thin
Aluminum Films

J. J. Gniewek, IBM Components Divi-
sion.

The effect of alloying elements on electro-
migration in thin aluminum films was in-
vestigated by observing the migration be-
havior in alloy concentration gradient re-
gions produced by selected area diffusion.
The special test structure consisted of long
pure aluminum stripes containing small
alloy regions. The resulting series connec-
tion of pure and alloy aluminum was pow-
ered at 10¢ A/cm: for various times and
temperatures Any effect of the alloy con-
stituent is evidenced by an atom flux di-
vergence at the diffusion site. Examples of
beneficial and degrading constituents are
shown by the results for copper and beryl-
lium additions. Detailed microprobe and
scanning electron microscopy results are
presented for the copper specimens.

245 RNP

Mobile lon Transfer to SiO; from
Ethanol

S. |. Raider and R. Flitsch, IBM Com:
ponents Division.
Hofstein reported ionic drift in thermally
grown SiO: as a result of contamination

with tritiated ethanol. He related the ob-
served ionic drift to protonic conduction,
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The effect of contamination of an SiO: sur-
face with ethanol with respect to subsequent
ionic drift is re-examined. The ionic drift
results obtained are in disagreement with
those previously reported by Hofstein. The
differences are attributed to the purity of
the ethanol samples.

246 RNP

Transient Electron Injection into Si0.
from Metal Electrodes

E. H. Nicollian and C. N. Berglund,
Bell Telephone Laboratories.

By driving an MOS capacitor with a large
amplitude a-c field exceeding about 2 mV/
cm, d-c electron currents as high as 100uA
have been injected into thick (>500A) SiO:
layers from the metal electrode. The magni-
tude of this injected current depends on the
perimeter of the gate electrode rather than
its area. The explanation of the electrode
injection is that the electric field existing
in the oxide within a short distance of the
electrode edge can be much higher than
the average electric field under the elec-
trode. Expenmental evidence supporting the
model is described.

247 RNP

An Analysis of Impurity Distribution in
Homoepitaxial n on n* Films of GaAs
which Contain High Resistivity Regions

J. V. DiLorenzo, R. B. Marcus, and
R. Lewis, Bell Telephone Labora-
tories.

The occurrence of a high resistivity re-
gion (i layer) at the interface of n-type GaAs
films on n- GaAs substrates has been a re-
curring problem in the halide synthesis
transport growth of these films for micro-
wave devices. Although consistent success
has been achieved in the elimination of an
i layer by deposmon of an n+ epitaxial film
substrate prior to the growth of the active
n film, the nature and cause of the i layer
has remained unknown.

248 RNP

Heteroepitaxial GaAs on Al,03, 111. The
Formation and Electrical Properties of
Zn- and Cd-Doped Films

H. M. Manasevit and A. C. Thorsen,
Autonetics Division, Rockwell Corp.

An all metal-organic-hydride chemical
vapor deposition process has been used to
produce p-type GaAs films on sapphire. Di-
methylcadmium (DMCd) and diethylzinc
(DEZ) have been combined with trimethyl-
gallium-arsine to produce films with maxi-
mum net acceptor carrier concentrations of
about 2 x 10'" and 8 x 10% cm-% respec-
tively. These upper limits on doping level
are found to be an exponential function of
temperature and can be related to the vapor
pressure of the respective elements. Nearly
bulk electrical properties have been achieved
in Zn-doped films as thin as 1lx and in
thick (>10 um) Cd-doped films.

249 RNP

Plasma Resonance on P-Type Gallium
Arsenide

J. W. Philbrick, C. A. Pllus, and C. P.
Schneider, IBM Components Division.

The variation of the position of the infra-
red reflectivity minimum with carrier con-
centration from our Hall Effect and reflec-
tivity measurements, from unpublished data
of other workers, and from selected data
from the literature was determined. The
calibration curve for the determination of
concentration is

Lambda = 1.796 x 1QUN--3%0

where: Lambda is the wavelength position
of the reflectivity minimum in microns, and
N is the concentration in cm-%. The equation
is valid for concentrations from 3.5 x 10
to 1.2 x 10=. Concentrations determined
from this equation agree with those deter-
mined from Hall measurements to *=12.64%
(1 std dev).

250 RNP
The Precipitation of Ga,0; in GaP

M. Kowalchik, A. S. Jordan, and M. H.
Read, Bell Telephone Laboratories.

Needlelike precipitates (up to 60 um long)
of B-Ga:03 have been observed in O-doped
GaP crystals grown between 1050°-1035°C
by liquid-phase epitaxy under nearly iso-
thermal conditions in sealed ampoules. The
amount of this precipitated second phase
in GaP drastically increases with increasing
Ga:0: additions to the melt between 0.01
and 0.35 m/o. The precipitates can be elimi-
nated by either adding less than 0.01 m/o
Ga:0: to the melt or by imposing a tem-
perature gradient over the ampoule.

251 RNP

Electroluminescence Characteristics
and Efficiency of GaAs Si Diodes

I. Ladany, RCA Laboratories.

The need for devices to pump visible light-
emitting phosphors has led to a study of
the peak wavelength, spectral half-width,
and efficiency of liquid phase epitaxial
GaAs:Si diodes as a function of silicon con-
centration in the melt. The peak of the
emission spectrum could be shifted from
about 9200 to 10,000A by varying the silicon
concentration. For all wavelengths investi-
gated, unccated diodes with 6% efficiency
could be made, with some going as high as
10%. External, room temperature, d-c effi-
ciencies up to 32% were measured on
diodes provided with high-index glass
domes. The spectral half-width was found
to increase with silicon concentration, and
was especially large for growth on the 111B
plane. The internal absorption loss was
found to be significant for all peak wave-
lengths. These findings are discussed in
the light of current models of recombination
processes in heavily doped semiconductors.

252 RNP

Defect Scattering in Epitaxial PhTe
Thin Films

T. S. Jayadevaiah and R. E. Kirby,
University of Wisconsin, Milwaukee,
Wis.

Mobility studies have been made on
single-crystal (100) PbTe thin films grown
on NaCl substrates. The defect scattering
mobility is determined by subtracting the
lattice and surface scattering mobilities
from the experimental effective mobility.
The T-' dependence of the defect scattering
in films of 2000-10,000A thickness indicates
dislocation scattering as opposed to the
usual model of boundary-limited scatterlng
in lead chalcozenide films. Electron micro-
scopic studies support this result. The mo-
bility increases with thickness because the
films improve structurally with a consequent
decrease in defect scattering decreases, and
the contribution of surface scattering is
insignificant to this effect.

253 RNP

Stress Effects and Interjunction
Dislocations Formed during Phosphorus
Diffusion into Silicon

E. D. Jungbluth, General Telephone &
Electronics Laboratories, and P. C.
Parekh, Sylvania Electric Products,
Inc.

Planar phosphorus-type diffusions into
silicon create a variety of dislocations both
inside and outside the diffused-junction vol-
umes. Four types of dislocations due to dif-
fusion stresses are discussed. These include
a high concentration of dislocation arrays
within less than a micrometer of the surface,
emitter-edge-type loops at junction bound-
aries, and two sets of linear arrays pene-
trating at least five times deeper than the
junction and extending laterally between
junctions into the nondiffused matrix. Stress
effects as a function of depth are analyzed
by x-ray diffraction topography. Evidence
for dislocation motion and image force ef-
fects due to stress discontinuities are pre-
sented. Conditions necessary to promote dis-
location generation in the nondiffused zones
of both (111) and (001) surfaces are de-
scribed.
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First Annual Electronics Division Award

Forrest A. Trumbore

Dr. Forrest A. Trumbore of the Bell
Telephone Laboratories received the
first annual Electronics Division Award
of The Electrochemical Society at the
Spring Meeting in Los Angeles. The
award was presented by Society presi-
dent Mr. N. Corey Cahoon to Dr. Trum-
bore for his pioneering work in the

fields of solute incorporation in semi-
conducting solid solutions and the role
of impurities in pn junction lumines-
cence. The award is granted annually
to a member of the Society upon some
recent technical achievement in, or
outstanding contribution to, Electronic
Science.

Dr. Trumbore received his B.S. de-
gree in chemistry from Dickinson Col-
lege in 1946 and his Ph.D. in Physical
Chemistry from the University of Pitts-
burgh in 1950. He is the author or co-
author of about forty publications and
patents in the fields of crystal growth,
luminescence and phase equilibria
with primary emphasis on semiconduc-
tors, particularly on gallium phosphide
in recent years. Dr. Trumbore joined
Bell Laboratories in 1952. He is a mem-
ber of The Electrochemical Society,
the American Physical Society, and the
American Association for the Advance-
ment of Science. He has served as a
Semiconductor Division Editor for the
JOURNAL. He is an honorary member of
Sigma Xi, Phi Lambda Upsilon, and
Phi Beta Kappa.

F. M. Becket Memorial Award

The Electrochemical Society will
offer the F. M. Becket Memorial Award
to a qualified graduate student for the
summer of 1971. This Award commem-
orates F. M. Becket, a man of great
research and administrative ability and
a former President of the Society, whose
accomplishments in science and indus-
try were outstanding. The stipend val-
ued at $1500 provides a grant-in-aid
toward a summer's (at least two months)
research and study overseas in the lab-
oratory of a recognized research insti-
tute or institution of higher learning,
selected from the approved list main-
tained by the F. M. Becket Memorial
Award Committee.

The objectives of this Award are to
stimulate and encourage education and
participation in the fields of electro-
chemical science and industry con-
erned with specialty materials and proc-
esses as follows:

a) Materials such as refractory metals
and compounds, intermetallics, graph-
ite, fused salts, and rare earth metals;

b) Equipment for the utilization of
electrical energy in materials synthesis;

c) Processes using arcs, vacua, plas-
mas, and electron and ion beams; and

d) High temperature kinetics and
thermodynamics phenomena such as
melting, vaporization, reactions, sinter-
ing, diffusion or oxidation occurring at
high temperatures, high pressures, or
vacua involving high temperature mate-
rials.

To be eligible for the Award, the
entrant must qualify in one of the two
following categories. He must be either

(1) a graduating senior of demonstrated
ability, regularly enrolled in any recog-
nized college, university, or institute of
technology in continental United States
or Canada, who intends to seek an ad-
vanced degree, or (2) a graduate stu-
dent, similarly enrolled, who is seeking
an advanced degree. No limitations of
sex, race, nationality, or religion are to
be imposed by the Award Committee in
determining the recipient of the Award.

The Award shall be presented on the
basis of the following material:

1. A complete transcript of the stu-
dent’s academic record.

2. Two copies of a letter, over the
signature of the head of the College or
Department in which the student is en-
rolled, describing briefly his academic
work, his campus activities, and pre-
senting an estimate of his abilities.

3. Two copies of a letter, over the
student's signature, containing a brief
biographical sketch, a detailed descrip-
tion of the nature and extent of his
academic work, particularly as it may
relate to the field of the Award, and
an outline of his plans for the future.
The student shall indicate, from the list
provided by the Award Committee, his
choice of a place of residence under
the Award.

Application forms are available from
the Executive Secretary, Mr. Ernest G.
Enck, The Electrochemical Society, Inc.,
30 East 42nd Street, New York, N. Y.
10017. Deadline for receipt of completed
applications will be February 1, 1971;
and the Award winner will be announced
on April 1, 1971
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SECTION NEWS

Chicago Section

The Chicago section will hold the
following meetings at the Chicago
Engineering Club during 1970-1971:

November 12, 1970—"Zinc-Air Cells,”
Arthur Fleischer, Orange, N. J.

December 10, 1970—"“The Influence
of Reaction Product Properties on Cor-
rosion Processes,” M. J. Pryor, Olin
Corporation, New Haven, Conn.

January 14, 1971—“Electronic Ma-
terials—Present and Future,” N. B.
Hannay, Executive Director of Research
Materials Division, Bell Telephone Labs,
Murray Hill, N. J.

February 11, 1971—“New  Move-
ments in Patent Law,” Phil Hill, Patent

and Licensing Department, Standard
0Oil of Indiana.
March 11, 1971—“Electrochemistry

of Fused Salts,” H. Laitinen, University
of Illinois, Urbana, Il1.

April 9, 1971—"Electrochemistry as a
Valuable Tool in Organic Synthesis,”
R. A. Benkeser, Purdue University,
W. Lafayette, IlI.

A social hour and dinner will precede
each meeting.

Metropolitan New York Section

The Metropolitan New York Section
held its first meeting of the 1970-71
schedule at Stonehall !nn, 6 Stone
Street, New York City, on September
23, 1970. A small group braved the heat
and disregarded the daylong harping by
news media on an imminent power
failure in the city. They were rewarded
by Ralph J. Brodd's interesting, excel-
lent, and straightforward presentation,
“Current Distribution In and On Porous
Electrodes.” Dr. Brodd set the stage
by his application of Shepherd's work
on the representation of battery capa-
cities, to the current distribution over
the apparent electrode area and showed
how practical deductions may be de-
rived by defining applicable thermo-
dynamic, kinetic, and structural condi-
tions. The application of the principles
was illustrated for the porous “flow-
through” electrode using oxygen dis-
solved in solution as the reactant
(active material or depolarizer).

Palmer Langdon
Secretary-Treasurer

NEWS ITEM

Electrodeposition Process Licensed

General Technologies Corporation,
a subsidiary of Cities Service Com-
pany, has acquired an exclusive li-
cense for Union Carbide Corporation's
patented electrodeposition process for
refractory metals.



Vol. 117, No. 11 ELECTROCHEMICAL SOCIETY REVIEWS AND NEWS 409C
UYL /
A
SIS
AR X )
" Y
s "

s

plenum

UBLISHING CORPORATION

ADVANCES IN CORROSION SCIENCE
AND TECHNOLOGY*

VOLUME 1

Edited by M. G. Fontana and R. W. Staehle, Corrosion Center, Department
of Metallurgical Engineering, Ohio State University, Columbus, Ohio

For the first time a new series on corrosion science and technology will
attempt to offer solutions to complex technological corrosion problems
by applying analytical techniques which have served physical metallurgy,
fundamental chemistry, measurement science, and continuum theory.

CONTENTS: D. de G. Jones and H. G. Masterson, Techniques for the measurement
of electrode processes at temperatures above 100 degrees C ® R. M. Latanision
and A. R. C. Westwood, Surface and environment-sensitive mechanical behavior @
Giordano Trabanelli and Vittorio Carassiti, Mechanism and phenomenology of
organic inhibitors @ Sakae Tajima, Anodic oxidation of aluminum.

374 PAGES SEPTEMBER 1970 $22.50
SBN 306-39501-0

HETEROGENEOUS KINETICS AT
ELEVATED TEMPERATURES

Edited by G. R. Belton and W. L. Worrell, School of Metallurgy and Mate-
rials Science, University of Pennsylvania, Philadelphia, Pa.

This book emphasizes the latest experimental techniques, as well as the
most recent research findings. The papers contained in the book form an
up-to-date and authoritative report on current knowledge of the kinetics
of interfacial reactions between the gaseous phase and a condensed
phase or between gaseous phases. The papers also discuss in detail
microscopic and macroscopic transport phenomena that have a direct
‘ bearing on the investigation and interpretation of high temperature inter-

facial reactions.
we | Proceedings of an International Conference in Metallurgy and Materials Science
‘ held at the University of Pennsylvania, September 8-10, 1969
532 PAGES AUGUST 1970 $27.50

specialists | SILICON CARBIDE

We are proud of the broad accep- Structure, Properties, and Uses

tance of our polyamide separator/ | : : : i i

adsorber webs, a basic ingredient ggiléﬁiezyofl.thNe' J;?:i:;:cshéRlnsmute of Materials Science, Academy of
E;I::gsga(itlg:z: Cf;g:g:gr}gagy ahl- | Translated from Russian by Simon Lyse .
out the free worIF:j rough- Detailed presentation of such topics as: equilibria in systems containing
But there is moré o TR T ‘ silicon carbide, crystal structure and optical and electrophysical proper-
tine: P 2 | ties, physical and chemical bases for preparing materials from poly-
B : . crys@allme silicon carbide, the 'behawor of 'ghese.rpatenals in various
¢ empioyind VTHURIZ B Known ‘ media, and methods of preparing and doping silicon carbide single

non-woven manufacturing tech- tals fi Teondiict
niques . . . and then some we pro- crystals for semiconductor use.
‘ 276 PAGES MAY 1970 $35.00

duce other separators for primary SBN 306-10838-0
and secondary batteries and fuel

cells. Our separators are specifi- | PROTECTIVE COATINGS ON METALS*

cally designed for resistance to VOLUME 2

acid, alkaline or non-aqueous elec- Edited by G. V. Samsonov, Laboratory of Metallurgy of Rare Metals and
trolyte—.even for heat sterilized ‘ Refractory Compounds, Institute of Cermets and Special Alloys, Academy
systems; they are adsorbent, have ‘ of Sciences of the Ukrainian SSR, Kiev

controlled porosity, can be heat ‘ Translated from Russian by Z. S. Michalewicz

sealed and gauged down to 1 mil | Reports on many new theoretical and practical aspects of research for
if neCESS?W- obtaining materials with different surface and bulk properties by means
If we don’t already have what you of surface impregnation. In view of the scarcity and high cost of such

need we'll develop it—just for you! metals as nickel and molybdenum, the techniques described in this vol-

|

ume offer industry the opportunity for substantial economies.

212 PAGES APRIL 1970 $27.50
‘ SBN 306-18322-6

®
* Place your continuation order today for books in this series. ItAwiII ensure
| the delivery of new volumes immediately upon publication; you will be billed

CORPORATION ‘ later. This arrangement is solely for your convenience and may be cancelled by

5 A you at any time.
Industrial Division &

Webs to meet the exacting require-

ments of today’s industry. ‘
221Jackson St., Lowell, Mass. 01852 | consultants bureau/plenum press
617-454-0461 © ® Pellon Corp. 1970

‘ Divisions of Plenum Publishing Corporation

i 227 W.17th ST., NEW YORK, NEW YORK 10011
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Three $1000 Electrochemical Society Summer Fellowships
to be Awarded

The Electrochemical Society will offer
three fellowships for qualified graduate
students for the summer of 1971. Each
fellowship will have a stipend of $1000
and its purpose is to assist a student
to continue his graduate work during
the summer months in a field of interest
to The Electrochemical Society. These
fellowships are to be known as The
Edward Weston Fellowship, The Colin
Garfield Fink Fellowship, and the ECS
Summer Fellowship Award.

Candidates qualifications: “The award
shall be made without regard to sex,
citizenship, or race, or financial need.
It shall be made to a graduate student
pursuing work between the degree of
B.S. and Ph.D. in a college or univer-
sity in the United States or Canada, and
who has received a nine-month grant
preceding the summer period and who
will continue his studies after the sum-
mer period. A previous holder of the
award is eligible for reappointment.”

Qualified graduate students are in-
vited to apply for these fellowships. Ap-

plicants should complete an application
form and supply:

1. A brief statement of educational
objectives.

2. A brief statement of the thesis re-
search problem, including objectives,
work already accomplished, and work
planned for the summer of 1971.

3. A transcript of undergraduate and
graduate academic work.

4. Two letters of recommendation, one
of which should be from his research
adviser.

Application forms are available from
the Chairman of the Fellowship Awards
Subcommittee, to whom completed ap-
plications and letters of recommenda-
tion should be sent: Professor David M.
Mohilner, Department of Chemistry,
Colorado State University, Fort Collins,
Colo. 80521.

Deadline for receipt of completed ap-
plications will be March 2, 1971, and
award winners will be announced on
May 1, 1971.

SOCIETY

for the 70's

Battery Design

Electrode

Salt Batteries

The All-Electric Bus

Cadmium Electrodes

6TH ADVANCES IN BATTERY TECHNOLOGY
SYMPOSIUM

Sponsored by the Southern California-Nevada Sec-
tion of The Electrochemical Society, December 4, 1970,
Union Oil Auditorium, 461 South Boyleston Street,
Los Angeles, California, at 9 A.M.

INVITED SPEAKERS AND TOPICS INCLUDE:
o Galen Frysinger (Electric Storage Battery, Inc.) Batteries
o David Feder (Bell Telephone), Bell Systems Lead Acid

Jose Giner (Tyco Laboratories, Inc.), Rechargeable Oxygen

Argonne National Labs, Electrode Structures for Molten

e George Hoffman (McDonnell Douglas Astronautics Co.),

T. Katan (Lockheed Missiles & Space Co.), Structure and

Performance of Oxygen Electrodes

e C. J. Menard (Gould Inc.), Nickel Plaque Substrates for

e F. G. Will (General Electric Co.), Morphology and Capacity
of a Cadmium Electrode: Studies on a Simulated Pore

A Registration Fee of $10 includes the published
proceedings of the meeting. Those desiring to pre-
register may send checks payable to Southern Califor-
nia-Nevada Section ECS to E. L. Littauer, Co-chair-
man, Lockheed Aircraft Service Company, Box 33,
Ontario, California 91764.
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(News Item Continued)

The licensing agreement grants
General Technologies all rights to
process patents and technical know-
how as well as production deposition
cells developed exclusively for the
process by Union Carbide. General
Technologies will make the process
available under the trade name “Metal-
ating.”

“Metalating” services will initially of-
fer deposition of tantalum metal coat-
ings. Processing cells are now in
operation and General Technologies is
accepting materials for tantalum plat-
ing.

NEW PRODUCTS

Battery-Powered Semiconductor La-
sers—Bell Laboratories scientists have
devised a new laser, smaller than a
grain of sand, that can be powered by
ordinary dry cell batteries. It will emita
beam of near-visible infrared light. The
new laser, designed by lzuo Hayashi
and Morton Panish with the aid of their
co-workers P. W. Foy and S. Sumski,
is a semiconductor device that op-
erates continuously at normal room
temperature (75-80°F).

The new semiconductor laser is a
double heterostructure diode com-
posed of four layers of gallium alu-
minum arsenide alternating with gal-
lium arsenide. These layers are doped
with tin, silicon, zinc, and germanium.
They are grown by a technique known
as liquid phase epitaxy.

New Nickel-Cadmium Batteries—A
new complete product line of industrial
nickel-cadmium batteries has been an-
nounced by Exide Power Systems Di-
vision of ESB Incorporated, Philadel-
phia.

Operating within a temperature range
of —60°F and 140°F the Exide nickel-
cadmium batteries feature a choice of
three plate types including a double-
positive steel pocket plate. Three cell
ranges, low rate, medium rate, and high
rate are listed. Exide offers the 169 new
cell types in either plastic or steel cell
containers.

For further information please con-
tact: O. D. Dean, Vice President, Elec-
tro-Mechanical and Alkaline Products,
Exide Power Systems Division, ESB
Incorporated, Rising Sun & Adams
Avenues, Philadelphia, Pa. 19120.

FROM PUBLISHERS

“Sputtering,” Defense Documentation Cen.
ter, Alexandria, Va., April 1970. Order DDC
bibliography AD-703 900,* 158 pages; $3.00.

‘““Activation Analysis: A Bibliography,” edited
by G. J. Lutz, R. J. Boreni, R. S. Maddock,
and W. W. Meinke, National Bureau of
Standards, December 1969. Order SD Cat.
No. C13.46:467; or NBS TN-467,* 264 pages;
$8.|50 per set of 2 volumes, sold in sets
only.
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“Bibliography on the High Temperature
Chemistry and Physics of Materials,” J. J.
Diamond, editor, April 1970. Order SD Cat.
No. C13.10:315-5; or NBS-SP 315-5* 18
pages; $.75.

“Electrolytic Conductance and the Conduc-
tances of the Halogen Acids in Water,” by
W. J. Hamer and H. J. DeWane, May 1970.
Order SD Cat. No. C13.48:33; or NSRDS-NBS
33,% 37 pages; $.50.

*Order from the Superintendent of Docu-
ments, U.S. Government Printing Office,
Washington, D.C. 20402; or the Clearinghouse
for Federal Scientific and Technical Informa-
tion, Springfield, Va. 22151.

BOOK REVIEWS

“Clean Surfaces: Their Preparation and
Characterization for Interfacial
Studies” edited by G. Goldfinger.
Published by Marcel Dekker, Inc.,
New York, 1970. pp. xix and 385;
$18.75.

This is another symposium volume
with the addition that the papers given
in April 1968 were subsequently re-
vised and amplified. Some key words
and phrases from the chapter headings
are polyethylene, monodisperse latexes,
blood, ellipsometry, ultrahigh vacuum,
scanning electron microscope, alkali
halides,  chemisorption,  supersatu-
rated colloidal states, electrochemical
spreading of liquids, aqueous, leached
glass, mineral, finite lattices, oxide and
organic contaminants. Thus the attempt
to bring together all kinds of surface
chemists and their disciplines appears
to have succeeded.

The general appearance of the book
is good, most of the photographic re-
productions being quite clear. It is un-
fortunate that no subject index is in-
cluded—this severely limits usage for
casual reference.

K. E. Johnson
University of Saskatchewan
Chemistry Department

“Characterization of Semiconductor
Materials,” Texas Instruments Elec-
tronics Series, by Philip F. Kane and
Graydon B. Larrabee. Published by
McGraw-Hill Book Co., New York,
1970. 351 pages; $18.50.

This book is a first of its kind in an
area thus far carefully ignored by
authors of technical books in solid
state physics and technology. The only
objection one might have is that the
list of references on the second chap-

ter, entitled “Semiconductor Princi-
ples,” is somewhat thin.
The third chapter entitled “Bulk-

material Characterization,” one of the
highlights of the book, discusses most
of the common elements of semicon-
ductor technology in terms of their his-
tories, sources, and purity analysis.

The remaining seven chapters con-
sider the evaluation of bulk grown, ex-
pitaxially grown, and diffused semicon-
ductor material in practically all of the
known and accepted ways. In general
the balance in the descriptions of the
many various techniques appears to

Division. The totals listed are the total membership in each section.
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ECS Membership Statistics

The following three tables give a breakdown of membership as of October 1, 1970.
In Table I it should be noted that the totals appearing in the right-hand column are
not the sum of the figures in that line since members belong to more than one

Table I. ECS Membership By Sections and Divisions
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Division
8 g
THETEPUE B W
E % g3 88 5 5 B% BE ¥E oz By A3
+ 2o E g T BhE B $ 28 85 R Es Es
Section 53 8 % &ﬁ 5 &O % E’d ﬁ 2 g g
Chicago 52 33 13 35 43 17 12 15 30 6 178 182
Cleveland 52 26 3 31 35 14 22 27 47 7 176 166
Detroit 44 40 9 61 22 16 11 6 51 4 147 140
Midland 3 4 1 2 10 3 6 11 4 42 34
New York
Metropolitan 151 89 49 123 262 47 67 53 118 21 1706 665
Niagara Falls 15 15 14 20 35 7 25 33 20 11 133 122
Pacific N.W. 1 10 3 12 6 5 5 13 20 1 57 50
Philadelphia 57 31 13 41 64 11 21 21 46 12 231 217
Pittsburgh 13 43 12 34 59 8 37 26 40 3 183 177
San Francisco 20 23 23 23 116 6 18 11 36 2 192 213
National Capital
Area 48 28 12 27 39 8 16 6 42 1 163 152
Ontario-Quebec 15 29 15 26 37 1 41 30 37 145 148
Boston 38 39 15 35 121 11 29 6 52 5 270 261
S. Calif.-Nevada 64 44 16 58 132 20 37 27 75 4 269 288
Columbus 6 22 7 15 22 4 19 6 19 1 87 80
Indianapolis 7 10 9 8 23 4 9 3 13 68 56
North Texas 13 9 13 17 93 7 11 4 12 3 149 132
South Texas 4 10 1 2 12 3 2 7 11 3 38 41
Non-Section 186 169 69 170 256 73 116 124 227 83 855 936
TOTAL as of
October 1, 1969 837 678 262 1758 1387 259 525 452 918 168 4089
TOTAL as of
October 1, 1970 809 674 297 740 1387 265 504 429 900 167 4060
Table 11. ECS Membership By Grade
Total as of Total as of
10/1/69 10/1/70
Active 3658 3606
Life 23 25
Emeritus 98 100
Honorary 7 7
Associate 29 32
Student 156 165
Representatives of Patron and Sustaining Members 118 125
Total 4089 4060
Delinquent 173 231
Total 4262 4291
Table I1I. ECS Patron and Sustaining Membership
Total as of Total as of
10/1/69 10/1/70
Patron Member Companies 7 1
Sustaining Member Companies 119 122
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Puzzle Me This*

Solution to puzzle shown on page 380C

Only 2 marbles can be trans-

J ferred out of the first cup. The
contents of the 2 cups will then
be one of the following:

FIRST CUP SECOND CUP
Color | Color | Color | Color [ Color | Color
A B C A B C
1st
Possibility 3 3 1 3* 3* 5
2nd
Possibility 3 2 2 3 4 4

Your best answer, also.

To assure at least 2 of each color in the first cup,
at least 7 marbles must be transferred back, be-
cause the first 6 might be the 3 Color A and the
3 Color B marbles represented by the starred 3’s

in the first possibility shown above. Therefore, Q“SON Phy,
there will be 4 marbles remaining in the second $
e ( |
%,@ STACKPOLE ¢
o,
ATOR\®
®
Box 2680 Station A
R
GRAPHANODES®

be satisfactory, but there are a few
glaring distortions. For example, the
inclusion of Hall measurement data
sheets on pages 94, 95, and 96 is
probably excessive detail, while the
short section on the differential ca-
pacitance technique overlooks all of
the recent developments using auto-
matic profiling machines. On the whole,
this book is a timely and worthwhile
contribution. Its greatest value will be
as a reference book, and it should be
found readily accessible in all semi-
conductor characterization laboratories.

Stephen Knight
Bell Telephone Laboratories,
Murray Hill, N. J.

PURIFIED SALTS
SALT MIXTURES
ELECTROCHEMICAL

FUSED SALT
CHEMISTRY

\_ ANDERSON PHYSICS
. LABORATORIES, INC.

Telephone 1 (217) 356-1347

AND

FOR

AND

Champaign, lllinois

POSITIONS WANTED

Please address replies to the box
number shown, c/o The Electrochem-
ical Society, Inc., 30 East 42 St., New
York, N.Y. 10017.

Positions Wanted

Society members of any class may, at
no cost and for the purposes of pro-
fessional employment, place not more
than three identical insertions per
calendar year, not to exceed 8 lines
each. Count 43 characters per line,
including box number, which the So-
ciety will assign.

Electrochemist—Ph.D.—Six years' basic
and applied research in electrodeposition,
high energy density batteries, corrosion, and
electroanalytical techniques. Publications.
Seeks R & D or teaching position. Reply
Box C-39.

Physical-Inorganic Chemist—Ph.D. 1957. Di-
verse experience in product and process
R & D. Extractive metallurgy, refractory met-
als. Special and electronic materials, pig-
ments, chlor-alkali. Seeks responsible R & D
or technical staff position. Reply Box C-40.

ADVERTISER'S INDEX

r—-r——=-—-—-—- - —-—=—- -7 777777

ATTENTION, MEMBERS

AND SUBSCRIBERS ATTACH
Whenever you write to

The Electrochemical Soci- LABEL
ety about your membership

or subscription, please in- HERE

clude your Magazine ad-
dress label to ensure

U
Change of Address

To change your address, place magazine
address label here. Print your NEW address
below. If you have any question about your
subscription or membership, place your
magazine label here and clip this form to

I
I
|
| prompt service.
I
I
|
I

your letter. |
M |
Mail to the Circulation name _ - |
Department, The Electro-
chemical Society, Inc., 30 o |
East 42 St., New York, ad s - - 7
N. Y. 10017, ' address
city state ~ zipcode |
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Call for Papers
139th National Meeting
Washington, D.C., May 9-14, 1971

Divisions which have scheduled sessions are listed on overleaf, along with symposium topics.

1.

Symposium Papers.

Authors desiring to contribute papers to a symposium listed on overleaf should check first with the symposium chair-
man to ascertain appropriateness of the topic.

General Session Papers.

Each of the several Society Divisions which meet in Washington, D. C., can plan a general session. If your paper
does not fit readily into a planned symposium, you should specify “General Session.”

To Submit a Meeting Paper.

Each author who submits a paper for presentation at a Society National Meeting must do three things:

A—Submit one original 75-word abstract of paper to be delivered, use the form printed on the overleaf or a fac-
simile. This abstract is required for consideration for scheduling at the meeting. Deadline for receipt of 75-word
abstract is December 1, 1970.

B—Submit original and one copy of an Extended Abstract of the paper. Deadline for receipt of Extended Ab-
stract is January 1, 197 1. See (5) below for details.

C—Determine whether the meeting paper is to be submitted to the Society Journal for publication. See (6) be-
low for details.

Send all material to The Electrochemical Society, Inc., 30 East 42nd Street, New York, N. Y. 10017.

Unless the 75-word and required Extended Abstracts are received by stated deadlines, the papers will not be

considered for inclusion in the program.

Meeting Paper Acceptance.

Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with
general instructions no earlier than two months before the meeting. Those authors who require more prompt noti-
fication are requested to submit with their abstracts a self-addressed postal card with full author-title listing on
the reverse.

Extended Abstract Book Publication.

Division programs will be the subject of an Extended Abstracts volume in a manner prescribed by the Society
Board of Directors. The volume is published by photo-offset directly from typewritten copy submitted by the author.
Therefore, special care should be given to the following instructions to insure legibility.

A—Abstracts are to be from 500 to 1000 words in diately below. It is not necessary in the heading or

length (maximum two pages, single spaced) and are to
contain to whatever extent practical all significant
experimental data to be presented during oral delivery.

B—Please send original and one copy of the abstract
typed single spaced. Use white bond paper, size 812 x
11 inches, with 1% inch margins on all sides. Typing
guide forms are available from symp session
chairman and from National Headquarters., Submit all
copy in black ink. No handwritten corrections, please.

C—Title of paper should be in capital letters.
Author(s) name and affiliation should be typed imme-

body to designate paper as “Extended Abstract” or to
quote the divisional symposium involved.

D—If figures, tables, or drawings are used total
space for these cannot exceed one page. Submit only
the important illustrations and avoid use of halftones.
Lettering and symbols should be no smaller than '3
inch in size. Type captions no wider than figure dimen-
sions, placing figure caption at bottom of figure and
table title at top of table.

E—Mail to The Electrochemical Society, Inc., 30
East 42nd Street, New York, N. Y. 10017, unfolded.

Abstracts exceeding the stipulated length will be returned to author for condensation and retyping.

Manuscript Publication in a Society Journal.

All meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen-
tation incurs no obligation to publish. If publication in Journal is desired, papers should be submitted as promptly
as possible in full manuscript form in order to be considered. If publication elsewhere after presentation is de-
sired, written permission from Society Headquarters is required.
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Washington, D. C., Meeting Symposia Plans-Spring 1971

Dielectrics and Insulation

Division Symposia Plans
The Dielectrics and Insulation Divi-
sion has planned Symposia on Elec-
tronic Applications of Ceramic Materials
and Deposited Thin Film Dielectric Ma-
terials and Processes, as well as a
Joint Symposium with the Electronics
Division on Plastics for Environmental
Protection and Encapsulation of Elec-
tronic Devices for the Spring Meeting

in Washington, D. C., May 9-14, 1971.

Electronic Applications of Ceramic
Materials

This Symposium will cover the gen-
eral field of electronic ceramic ma-
terials. Specific topics to be included
will be insulators or substrates for thick
and thin film applications and electro-
optic materials. A number of invited
papers will be presented and contrib-
uted papers are also being solicited.
For further information contact R. E.
Mistler, Western Electric Engineering
Research Center, P. 0. Box 900,
Princeton, N. J. 08540.

Deposited Thin Film Dielectric
Materials and Processes

A Symposium on Deposited Thin Film
Dielectric Materials and Processes is
scheduled for the Spring 1971 Meeting
of the Society.

There will be a number of invited
papers; contributed papers are also
being actively solicited. Subject matter
for this symposium includes:

a. Studies on the electrical and me-
chanical properties of deposited thin
film dielectrics.

b. New techniques for the deposi-
tion or control of thin film dielectrics.

c. Properties and applications of thin
film dielectrics.

Comments and suggestions are wel-
come and should be directed to the
Chairman of the Symposium, F. Vratny,
and Co-Chairmen W. R. Sinclair and
R. J. Strain, Bell Telephone Labora-
tories, Inc., Mountain Avenue, Murray
Hill, N. J. 07974.

Dielectrics and Insulation and
Electronics Divisions Joint
Symposium Plans

Plastics for Environmental Protection
and Encapsulation of Electronic
Devices

The purpose of this Joint Symposium
of the Dielectrics and Insulation and
the Electronics Divisions is to present
and discuss the various means to pro-
tect and encapsulate electronic devices
and circuits by means of plastics and
polymeric materials.

Topics of interest are the packaging
requirements and device interactions
(electrical mechanical, thermal, and
chemical) as well as material types
and properties. This includes tech-
niques, equipment, testing, evaluation,
repair, and long range reliability.

In particular we encourage papers on
the theoretical and explanatory aspects
of the behavior of plastics on electronic

May 8-14, 1971

a.) For receipt no later than December
1, 1970, submit a 75-word abstract of
the paper to be delivered, on the form
overleaf. b.) For receipt no later than
January 1, 1971, submit two copies of

an extended abstract, 500-1000 words.
Send all material to The Electro-

chemical Society, Inc., 30 East 42nd

Street, New York, N. Y. 10017.

See details on preceding page.

devices. All types of devices, both pas-
sive and active, including discrete
semiconductors, integrated circuits, and
hybrids will be considered. Suggestions
and questions for the Dielectrics and
Insulation Division should be directed
to the Symposium Co-Chairman, A.
Pfahnl, Bell Telephone Laboratories,
555 Union Blvd., Allentown, Pa. 18103.
Suggestions and questions for the Elec-
tronics Division should be directed to
the Symposium Co-Chairman, Ralph
Olberg, Fairchild Research and De-
velopment Lab, Materials and Proc-
esses  Department, 4001 Miranda
Avenue, Palo Alto, Cal. 94304

Electronics Division
Symposium Plans
In addition to the Joint Symposium
with the Dielectrics and Insulation Di-
vision on Plastics for Environmental
Protection and Encapsulation of Elec-
tronic Devices and the Joint Symposium
with the Electrothermics and Metallurgy
Division on New Techniques for Ma-
terials Characterization, the Electronics
Division has planned a Symposium on
Infrared Excited Visible Luminescence.
There will also be Semiconductor Gen-
eral Sessions and Luminescence Gen-
eral Sessions.

Infrared Excited Visible Luminescence

The areas of interest for this Sym-
posium will include the preparation,
characterization, optical properties, en-
ergy transfer and luminescent prop-
erties of materials exhibiting lumines-
cence from incoherent multiphoton ex-
citation, as well as discussion of any
properties of interest to their use in
optoelectronic displays. Papers may
range from theoretical investigations to
device applications. For further infor-
mation please contact Symposium
Chairman Dr. Ralph Hewes, Lighting
Research Laboratory, General Electric
Company, Nela Park, Cleveland, Ohio
44112.

Semiconductor General Sessions

Original papers relating to the follow-
ing areas are being solicited for the
Semiconductor General Sessions.

1. Semiconductor Materials Prepara-

tion: synthesis, purification, crystal

growth, shaping, epitaxy, heteroepi-
taxy, and thin film deposition.

2. Semiconductor Materials Evalua-

tion: measurements of physical,
chemical electrical, and optical
properties.

3. Semiconductor Materials Process-
ing for Devices and Integrated Cir-
cuits: diffusion, epitaxy, ion implan-
tation, and effects of processing on
materials properties.

4. Characterization of Semiconductor

Materials for Specific Device and
Integrated Circuit Application.

5. Dielectric Films Used on Semicon-
ductor Devices and Integrated Cir-
cuits: grown films, deposited films,
control of film properties, defects,
patterning, MIS effects, breakdown
phenomena in dielectric films, thin
film capacitors, amorphous film
switches, and dielectric isolation.

6. Metal Films Used on Semiconduc-
tor Devices and Integrated Circuits:
film properties, silicon contact ef-
fects, deposition techniques and
control, film defects related to sub-
strate topology, electromigration, in-
termetallic formation, multilayer me-
tallization, and burnout.

7. Resistive Films Used on Semicon-
ductor Devices and Integrated Cir-
cuits: deposition techniques, control
of film properties, and contact ef-
fects.

8. Reliability: physics of failure re-
lated to the materials and processes
utilized in the fabrication of semi-
conductor components, and acceler-
ated reliability testing.

9. Radiation Effects Pertinent to the
Materials Systems Utilized in Semi-
conductor Devices and Integrated
Circuits.

10. Packaging: materials and tech-
nologies important to the encapsuias
tion of semiconductor components,
and testing methods and results.

Suggestions and questions should be
directed to the Chairman, I. A. Lesk,
Motorola Semiconductor Products Di-

vision, 5005 East McDowell Road,
Phoenix, Ariz. 85008.

Lumi General S

General sessions on luminescence

and laser materials are being organized
by the Luminescence Section of the
Electronics Division for the Spring 1971
meeting in Washington, D. C. The areas
of interest will include such topics as
materials and phosphor synthesis, opti-
cal and luminescent properties of rare
earth and non-rare earth activated
phosphors, laser materials and prop-
erties, energy transfer, cathodolumi-
nescence and phosphor screen appli-
cations.

Papers are being solicited from
those workers active in research and
development in these areas. The papers
may range from theoretical investiga-
tions to device applications. While 25
minutes is the usual time allotted for
presentation and discussion of sched-
uled papers, authors desiring more or
less time should indicate this when
submitting their short abstract. Ques-
tions concerning the program should
be addressed to the Program Chair-
man, Frank C. Palilla, General Tele-



phone & Electronics Laboratories, 208-20
Willets Point Blvd., Bayside, N.Y. 11360.

There will also be a Recent News
Papers Session. Triplicate copies of
the 75-word abstract should be sent to
Mr. Palilla at the above address. The
submission deadline is April 1, 1971.
Authors requiring more or less than the
standard 15 minutes should so indicate.

Electronics and Electrothermics
and Metallurgy Divisions
Joint Symposium Plans
New Techniques for Materials
Characterization

The Electronics Division is jointly
sponsoring this Symposium with the
Electrothermics & Metallurgy Division
to be held during the Spring Meeting,
Washington, D. C. May 9-14, 1971.

This Symposium will cover new tech-
niques for surface and bulk charac-
terization of materials of interest to
The Electrochemical Society. Suitable
topics include: scanning electron
microscopy, electron microprobe anal-
ysis, auger electron analysis, field ion
microscopy, and high resolution elec-
tron microscopy.

invited papers will predominate but
appropriate contributed papers are also
welcome. The Symposium Chairman is
Victor A. Phillips, General Electric Re-
search & Development Center, P. O.
Box 8, Schenectady, N. Y. 12301.

Electro-Organic Division
Symposia Plans

The Electro-Organic Division  will
sponsor a Symposium on New Directions
in Organic Electrochemistry and will
hold General Sessions at the Washing-
ton, D. C., Meeting, May 9-14, 1971. In
addition, this Division is cosponsoring a
Symposium on Electrochemistry and
Biological Processes with the Theoreti-
cal Division.

New Directions in Organic
Electrochemistry

This Symposium will be organized by
Prof. Ralph N. Adams, Dept. of Chemis-
try, University of Kansas, Lawrence,
Kansas, and Dr. Thomas B. Reddy,
Stamford Research Laboratories, Amer-
ican Cyanamid Co., 1937 W. Main St.,
Stamford, Conn. 06904. The object of
the Symposium will be to explore new
trends in organic electrochemistry. A
round table discussion of important
new areas in this field will be con-
ducted. Potential contributors may con-
tact Prof. Adams.

General Sessions

The Electro-Organic Division will
also hold General Sessions and papers
are needed for inclusion in such ses-
sions. For information please contact
Dr. Thomas B. Reddy, American
Cyanamid Co., 1937 W. Main St., Stam-
ford, Conn. 06904.

Electro-Organic and Theoretical
Divisions Joint
Symposium Plans
Electrochemistry and Biological
Processes
The Electro-Organic and Theoretical
Divisions are scheduling a Joint Sym-

posium on Electrochemistry and Bio-
logical Processes for the Spring Meet-
ing to be held in Washington, D. C.,
May 9-14, 1971. There will be approxi-
mately sixteen invited and contributed
papers. The topics for discussion will
be:

1. Electrochemistry of
Significant Compounds
2. Charge Transfer in Membranes
3. Biological Electrodes

Biologically

For  further information, please
contact, Dr. H. P. Silverman, Man-
ager, Biosciences and Electrochemistry
Dept., Systems Group of TRW, Inc.,
One Space Park, R1/2094, Redondo
Beach, Cal. 90278.

Electrothermics and Metallurgy
Division Symposia Plans

The Electrothermics and Metallurgy
Division program for the Spring 1971
Washington, D. C., Meeting will include
two Symposia, Chemical Reactions in
Gaseous Discharges and Directional
Solidification of Eutectics, as well as
General Sessions. In addition the Di-
vision is cosponsoring a Symposium on
New Techniques for Materials Charac-
terization with the Electronics Division,

Directional Solidification of Eutectics

Recent developments in the applica-
tion of controlled solidification of
eutectic systems have identified the
possibility of utilizing this technique to
produce new materials for high tem-
perature, high strength, as well as opti-
cal, electronic and magnetic applica-
tions. This Symposium will document
the latest developments pertinent to
directional solidification of eutectic sys-
tems including: theories of controlled
eutectic freezing, crystallography and
microstructure of eutectic alloys pre-
pared by controlled solidification, as
well as, utilization of modern chemical
and analytical techniques pertinent to
this area. Additional information can be
obtained by contacting the Vice Chair-
man of the Electrothermics and Metal-
lurgy Division, Dr. Joan B. Berkowitz,
Arthur D. Little, Inc., 15 Acorn Park,
Cambridge, Mass. 02140.

Authors wishing to submit papers for
this Symposium should submit the nor-
mal 75-word and extended abstract by
the appropriate date directly to Society
Headquarters.

Chemical Reactions in Gaseous
Discharges
The purpose of this Symposium is to
discuss homogeneous gas phase reac-
tions occurring in electric discharges
and the engineering aspects of reactor
design and scale-up. Papers pertinent
to economic investigations or systems
which possess commercialization feasi-
bility would be particularly welcome.
In addition the Symposium will cover
research in the area of film deposition
from species produced in the gas
phase, including sputtering of material
from target to a substrate.
Specific topics of greatest
include:

interest

1. Discussions of the basic mech-
anisms of discharge reactions and

the relationship between the produc-
tion' of atomic and free radical inter-
mediates and the electrical param-
eters controlling the discharge.

2. Proposals for reactor design and
scale-up and evaluation of the eco-
nomics of applying electric discharge
chemistry.

3. Discussions of thin film deposition
by the use of discharge devices, ex-
clusive of transport of matter from
electrodes.

4. Interpretation of material transfer
processes occurring during sputter-
ing glow discharge environments.

Authors wishing to participate in this
Symposium should submit the normal
75-word and extended abstract directly
to Society Headquarters by the appro-
priate dates. Additional information
pertinent to this Symposium can be
obtained by contacting  Professor
Alexis T. Bell, Department of Chemical
Engineering, University of California,
Berkeley, Cal. 94720, or Dr. Eric Kay,
IBM Research Laboratories, Monterey
and Cottle Roads, San Jose, Cal.

95114.
General Sessions
In addition to the Symposia on
Chemical Reactions in Gaseous Dis-

charges, Directional Solidification of
Eutectics, and the Joint Symposium on
New Techniques for Materials Charac-
terization, General Sessions will be
scheduled if sufficient papers pertinent
to the interest of the Division are sub-
mitted. Suggestions and questions
should be directed to Dr. Stanley T.
Wlodek, Chairman E&M Division, c/o
Stellite Division, Cabot Corporation,
1020 West Park Avenue, Kokomo, Ind.
46901.

Industrial Electrolytic Division
Symposium Plans

Anodes for the Electrolytic Industries
This Symposium will cover metal,
graphite and other nonconsumable
anodes for the aqueous electrolytic in-
dustries. Papers are solicited covering
anode materials, design, preparation,
production, economics, mechanisms
and operating characteristics in use.
Suggestions and inquiries should be
directed to the Chairman; Dr. W. C.
Gardiner, Crawford and Russell, Inc.,
Stamford, Conn. 06904; or to the Co-
Chairman, Dr. P. A. Danna, Olin Cor-

poration, Research Center, 275 Win-
chester Avenue, New Haven, Conn.
06504.

Theoretical Electrochemistry
Division
General Session
The Theoretical Electrochemistry Di-
vision will hold a General Session at
the Spring 1971 Meeting to be held in
Washington, D. C., May 9-14, 1971. In-
cluded in the program will be a panel
discussion on the topic “Are Univer-
sities Meeting the Current Employment
Needs in Electrochemistry”? For fur-
ther information contact the session
chairman, Dr. Christie G. Enke, Dept.
of Chemistry, Michigan State University,
East Lansing, Mich. 48823.
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