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Many functions of the Bell System communications
toll network are simulated by a digital computer us-
ing the TOLLSIM program along with a traffic tape
and punched cards. The traffic tape, which may be used
for a number of traffic studies, specifies times, originat-
ing and terminating points, numbers, and durations of
simulated telephone calls. The punched cards specify
characteristics of real or theoretical offices and trunks.

The printed output, by recording and summarizing re-
attempts, abandoned calls, and other “real life” traffic
data, both for the entire network and for its component
parts, enables engineers to judge performance under
various operating conditions. Many variations are pos-
sible. The effect of rearranging switching equipment
in an office, for example, can be studied by using a
different punched card for that office.

TRAFFIC ANALYSIS

Mathematics for good telephone service

At Bell Laboratories simulated
telephone calls are placed through a
computer programmed to represent
the Bell System nationwide Direct
Distance Dialing network. The com-
puter program, known as TOLLSIM
for “Toll Network Simulator,” is one
of many tools used by traffic special-
ists in studying how well traffic is
handled by the network and how cer-
tain design changes might improve
telephone service.

For example, a long-standing prob-
lem within the telephone industry is
that of coping with heavy overload

conditions during relatively short
periods. These overloads can occur
because of storms or other disasters
that result in unusually heavy tele-
phone calling. Such conditions also
occur during the Christmas season
and on Mother’s Day.

In conjunction with earlier theo-
retical work, a TOLLSIM simulation
indicated that, during overload con-
ditions, a greater number of custom-
ers could be served if the pattern of
automatic alternate routing of tele-
phone calls were changed. The
change involved making fewer at-

tempts to route the calls over long,
roundabout alternate routes when
shorter direct trunks were busy. The
results were then confirmed by field
tests performed during the 1963
Christmas period.

This work is an example of the way
Bell Laboratories people advance
traffic theory and practical applica-
tions. The goal: to tailor facilities
closely to the needs of telephone
customers.

BELL TELEPHONE LABORATORIES ...
Research and Development Unit ‘
of the Bell System.
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How Long to Publish

HOW long should it really take to publish a technical article in the
JoURNAL? Let us assume that an author mails a short manuscript to the New York
Office on October 1. It is sent to one or two reviewers, is accepted without change
and is back in the Office by October 20. It is prepared for the printer and mailed to
him on October 25, the monthly deadline. The author receives proof about Novem-
ber 25 and returns it to New York. It is returned to the printer on December 14 and
appears in the finished JOURNAL on January 2, three months after the initial mailing.

This schedule is of course exceptional. The longer technical articles take much
more time for review. Suppose that three copies of a manuscript are mailed to New
York on October 1. By October 10 or 12 two copies will have reached the appropriate
Divisional Editor, one copy the Technical Editor (that is, if the author makes plain
which Division should review his manuscript). The Divisional Editor will take some
time to consider the paper and choose reviewers. Let us say that he mails copies to
two reviewers on October 22. The Reviewer has other things to do. In his spare time
he will read the paper carefully, probably several times, making notes; he will look
up references, make a trip to the library, try to find a half-forgotten article, consult
a colleague, finally write his review. While some manuscripts can be returned very
promptly, we had best allow four weeks for the two copies to get back to the Divi-
sional Editor, making the date November 20.

In most cases the Divisional Editor will now send a copy to the author, asking
him to make some changes, deletions, additions or clarification. The delay is now
in the hands of the author; let us allow him three weeks, and allow two more weeks
for the manuscripts with the review file and the recommendations to be sent to the
Technical Editor. Let us assume that everything is in order and there is no delay at
this point. The manuscript is returned to the Managing Editor in New York and is
too late to meet the deadline for the March JOURNAL (December 22).

No matter, the article could not be published in the March issue anyway. The
JournaL budget has been increased year by year, but has never quite kept pace with
the increasing number of manuscripts received and accepted. Our hypothetical ar-
ticle will be sent to the printer on February 25 and will appear in the May JOURNAL,
seven months after the author first mailed it to New York.

An obvious way to speed up publication is to eliminate the two month backlog
of accepted manuscripts. The page charge will provide more funds next year, and
means of reducing expenses and allocating other funds are being investigated. If man-
uscripts can be pushed to the printer at the first monthly deadline after acceptance
many of them can be published in five months, with some luck even in four. Addi-
tional correspondence with the author or delay at various points in the review pro-
cess could, however, increase the time to six, seven, eight months. We are proud of
our review process and do not want to abbreviate it to save time, at the expense of
letting quality suffer.

As for a secretary who neglects manuscripts or correspondence, or a member of
the editorial and review staff who doesn’t find the time, we can only apologize and
try to make changes. All staff members are asked to return manuscripts at once if
they cannot be given prompt attention. In this work it is no disgrace for anyone to
call for help; it is a part of the service to the JOURNAL.

—CVK
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Electrochemical Chlorination of n-Dodecane

F. N. Ruehlen, G. B. Wills, and H. M. Fox

Research Division, Phillips Petroleum Company, Bartlesville, Oklahoma

ABSTRACT

Dodecane was efficiently chlorinated at a porous carbon anode in an
electrolytic cell containing a 20% hydrochloric acid electrolyte. The dode-
cane flowed continuously through the porous anode, and chlorinated prod-
ucts were continuously withdrawn. Voltametric studies on small-scale elec-
trodes indicated that the reaction mechanism involves chlorine evolution fol-
lowed by a chlorination reaction which takes place in a thin film adhering
to the electrode. The distribution of products, i.e., the ratio of monochloro-
dodecanes to dichlorododecanes produced were correlated on the basis of a
calculated statistical distribution assuming a free radical mechanism. The
pronounced deviations from this statistical distribution at low current den-
sities are explained on the basis of a competing reaction which involves the
diffusion of free radical inhibitors into the reaction film.

Monochlorination of paraffin hydrocarbons is a
growing route to olefins, alcohols, amines, amides,
nitriles, alkyl benzenes, and many other alkyl prod-
ucts. Chlorine is substituted for hydrogen by direct
action of chlorine in either light-activated or ther-
mally activated reactions. This study considers still
another technique, electrochemical chlorination. A
specific objective of the study was to determine if n-
dodecane can be continuously and efficiently mono-
chlorinated at the anode of an electrolytic cell con-
taining an aqueous hydrochloric acid electrolyte.

The experimental work was directed primarily to-
ward two aspects of the problem: (i) determination
of the effect of cell operating characteristics on prod-
ucts, specifically in respect to reduction of polychlo-
rides, and (ii) understanding the mechanism of the
reactions. Most of the work was conducted in a
chlorination cell which was equipped to provide do-
decane continuously at the surface of a porous car-
bon anode and to skim products and unreacted dode-
cane continuously from the cell. Voltametric studies
were also made using small cells and specially con-
structed electrodes.

Experimental

Chlorination cell—The anode of the chlorination
cell (Fig. 1) was a porous carbon cylinder with one
end closed and the open end tapped to receive a Y-
in. Teflon pipe nipple. This nipple served as the hy-
drocarbon feed entry as well as a support for the
anode. The anode was 3.7 cm long with an outside
diameter of 2.5 cm and a wall thickness of 0.7 cm.
A coating of porcelain cement restricted the working
surface to the vertical perimeter below the end of
the Teflon nipple. Electrical connection to the anode
was made by means of a copper wire extending down-
ward through the hydrocarbon feed tube.

Hydrocarbon feed to the cell was monitored by a
small flow meter, but the actual quantities of dode-
cane fed were determined from volume changes in
a calibrated feed cylinder. The hydrocarbon feed was
purged with nitrogen to expel dissolved oxygen. The
electrolyte was 20% hydrochloric acid and fresh acid
was introduced continuously to the cell at a rate of
60 to 100 ml/hr depending on the current density.
Current densities in the range 15 to 180 ma/cm?2 were
used, and the cell temperature was maintained be-
tween 93° and 102°C. The cell terminal voltage ranged
from 1.5 to about 2.0v depending on current density
and dodecane feed rate. Samples were collected for
analysis after several hours of operation at constant
current and hydrocarbon feed rate. These samples

1107

were analyzed for mono- and dichlorododecanes by
gas- liquid chromatography.

National Carbon Grade 60 (NC-60) porous carbon
was used as anode material. This carbon is reported
to have a void volume of about 0.2 cm3/g in pores
ranging from 10 to 60x in diameter. Phillips pure-
grade dodecane was the feed.

Voltametric cells—Graphite-paste electrodes sim-
ilar to those described by Adams (1) were constructed
for the voltametric studies. The conductive pastes
were prepared by mixing either dodecanes or unre-
active binders with fine graphite powder. Holders
were prepared from glass tubing. The lead wire ex-
tended through the glass tubing and was immersed in
the paste which was packed in the end of the tubing.
The electrode surface was the exposed area at the end
of the tubing. Carbon or platinum counter electrodes
were used. Reference electrodes were either satu-
rated calomel or silver-silver chloride electrodes. The
electrode potential was increased linearly with time
relative to a reference electrode by a potentiostat based
on operational amplifiers. Similar potentiostats are de-
scribed in detail elsewhere (2). The cell current as
a function of anode-to-reference voltage was plotted

+(ANODE CONNECTION - COPPER

FRESH ACID
FEED

|<— N~ DODECANE FEED
REFERENCE ELECTRODE
CONNECTION
~&CATHODE CONNECTION

TOP SEAL - RUBBER
OR TEFLON

—

CELL EFFLUENT
LEAN ACID
CHLORIDES
HYDROGEN

THERMOWELL

REFERENCE-Ag-A(CL
TO LIQUID- GAS ELECTRODE
SEPARATOR

DECAI
FEED TUBE - TEFLON

| Porous ALuNDUM
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Fig. 1. Chlorination cell
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Fig. 2. Effect of current density and conversion on product distri-
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A, 120; A, 70-180 with peroxide additive.

by an x-y recorder with a 2-sec pen and a 4%-sec
chart. The voltage axis may also be considered a time
axis by virtue of the linear sweep voltage.

Except as indicated the electrolyte was a 20% so-
lution of hydrochloric acid. Some of the voltametric
traces on paste electrodes were obtained in electro-
lyte containing 4 g/liter of potassium iodide. Conse-
quently, oxidation peaks corresponding to the forma-
tion of iodine and iodine monochloride were noted in
addition to the final upswing associated with chlorine
evolution (Fig. 3). The purpose of this multiple ox-
idation was to show that different electrodes were
comparable. It was found that paste electrodes varied
in the chloride oxidation potential depending on the
ratio of binder to substrate, the type of substrate, or
even the mechanics of forming the electrodes. By
demonstrating identical response to other reactions
than the chloride oxidation confirmed that the analy-
sis was not affected by compositional and mechanical
variations in the electrodes.

Results and Discussion

Product distribution.—Products recovered in the
continuous chlorination of dodecane were monochlo-
rododecanes, dichlorododecanes, and higher chloro-
dodecanes. One of the objectives of the product stud-
ies was to maximize the yield of monochlorododecane,
which was considered to be the most important prod-
uct from a commercial standpoint. Conversions were
limited in this study to about 25% to minimize the
yield of dichloro- and ‘higher chlorododecanes. At
conversions of 25% and less, the yield of higher chlo-
rododecanes (primarily trichlorododecanes) was neg-
ligible. Therefore, the trichlorododecanes and higher
are omitted from further discussion.

The product distribution obtained on dodecane
chlorination is summarized by Fig. 2. This figure shows
the monochloride-to-dichloride ratio as a function of
dodecane conversion. It gives, in effect, selectivity to
the two major products vs. conversion as affected by
current density. At the highest current densities eval-
uated, the yields of monochlorododecane approached
a calculated statistical distribution. This calculation
assumed a simple model in which chlorine is evolved
at the electrode and then substituted for hydrogen
on the dodecane on a strictly statistical basis. For
such a model the product composition is dependent
only on conversion and the ratios of the rate con-
stants for the various species present. Here, these
ratios were taken to be equal to the ratio of hydro-
gen atoms in the respective species. Thus the ratio of
reactivity of dodecane to monochlorododecane was
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Fig. 3. Anodic voltage scans of several paste electrodes in 20%
HCI « ining 4 g/l p iodide; sweep rate, 0.32 v/min;
temperature, 25°C; substrate, No. 38 Atcheson graphite; binders:
36.5 w/o dodecane, 58.8 w/o carbon tetrachloride, 62.5 w/o tri-
chlorobromo-methane.

taken to be 26/25. To a very good approximation the
expected ratio of monochlorododecane to dichloro-
dodecane can be related to extent of conversion as
follows

Ri/Ry = —(52 4+ Ln X) /25 LnX [1]

where R; is moles of monochlorododecane/mole of
dodecane feed, Ry moles of dichlorododecane/mole of
dodecane feed, and X moles of unreacted dodecane/
mole of dodecane feed.

The curve labeled “statistical distribution” on Fig.
2 is a graphical representation of Eq. [1]. Under fa~
vorable conditions this ratio was closely approached
but in no case was the curve exceeded. The lines
drawn through the experimental points on Fig. 2
were calculated from the statistical distribution on
the assumption that a certain fraction, F, of the re-
acting dodecane molecules converted directly to di-
chlorododecanes by an alternate nonradical reaction
mechanism.

The pronounced dependence of the product dis-
tribution on current density is thought to be a re-
sult of inhibition of the postulated radical mechanism
by transport of trace amounts of free radical in-
hibitors from the bulk electrolyte into the reaction
zone. At high current densities this inhibition effect
could be overwhelmed by the increased chlorine con-
centration in the reaction zone. This reasoning also
explains the beneficial effect of the benzoyl peroxide,
which decomposes to produce radicals that could
scavenge the inhibitors and, thus give much the same
effect as an increase in current density. Another ob-
servation that substantiates the foregoing was the
observed change in current efficiency and selectivity
to monochlorododecanes that takes place during the
first two or three hours of operation with a new an-
ode. During this initial period there was a steady and
significant improvement in current efficiency and se-
lectivity to monochlorododecanes. It is postulated that
a fresh carbon anode contains adsorbed oxygen or
other impurities which consume chlorine or otherwise
inhibit the formation of free radicals. Once these im-
purities were consumed, the electrodes were op-
erated for several days with no change in perform-
ance. Current efficiencies were in the range of 80 to
100% and were substantially independent of current
density, dodecane feed rate, and conversion level. The
appearance of the surface of an anode was usually
changed after it was used for chlorination, and the
extent of the change appeared to depend on the cur-
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rent-density history of the electrode. Extensive change
in appearance was not observed except at current
densities much beyond those reported.

Electrode reaction mechanism.—The results in Fig.
3 show that the reaction of chlorine and dodecane
does not lead to significant electrode depolarization.
Dodecane and fully halogenated binders gave equiva-
lent traces. Similar results were obtained with a small
NC-60 porous carbon electrode at several temper-
atures in the range of 25°-95°C. For example at a
current density of 5 ma/cm? an electrode saturated
with dodecane gave the same voltage as a similar
electrode completely free of dodecane. In light of
these findings, it seems reasonable to conclude that
the chlorination of dodecane does not take place on
the electrode surface to any significant extent at
least at current densities in excess of 5 ma/cm2.

Properties of the dodecane film on the anode and
the dependence of these properties on feed rate, den-
sity differences, electrode geometry, and viscosity
were not investigated by direct experiment. It is be-
lieved that under the conditions evaluated the dode-
cane film was continuous. Likewise, reaction rates
were not directly studied. However, the rates were
sufficiently fast to give essentially complete utiliza-
tion of the evolved chlorine.

CHLORINATION OF n-DODECANE
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Conclusions

1. Utilizing a cell such as described, normal dode-
cane is continuously and efficiently chlorinated to
dodecane monochlorides. Under favorable conditions,
the product distribution approaches but never exceeds
a calculated statistical distribution.

2. Approach to the statistical distribution is fa-
vored by high current density or free radical pro-
moters in the feed.

3. There is no significant depolarization due to
presence of dodecane on the anode.

4. The mechanism of the reaction is believed to be
chlorine evolution followed by liquid-phase chlorina-
tion reaction, which is essentially complete before
the dodecane breaks away from the anode.

Manuscript received Oct. 17, 1963.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL,
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New Methods of Obtaining Fuel Cell Electrodes

I. Aluminum-Nickel Mixed Powder Hydrogen Electrode

A. R. Despi¢, D. M. Drazi¢, C. B. Petrovi¢, and V. Lj. Vujcic
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ABSTRACT

A new method of obtaining Raney nickel hydrogen electrodes was eval-
uated, in which the electrodes were made by pressing aluminum-nickel pow-
der mixture, followed by simultaneous sintering of Ni skeleton and alloy-
ing of the surface layer of the formed Ni skeleton with aluminum present
in its pores. The best results were obtained with a mixture of 10% (by
weight) Al and 90% Ni, followed by sintering and alloying at 660°C for % hr.
Such electrodes, with slopes of the anodic polarization curves of 0.8-1 cm?
v/amp, and limiting current densities of ca. 250 ma/cm? were similar to
those made of Ni and Raney-Ni powder of the same quality, according to
the method of Justi. Microscopic investigation revealed that during the heat-
ing reaction between Ni and Al took place yielding NipAls, which is elec-
trochemically the most active type of Raney nickel alloy. In the case of
double layer electrodes, made by this method, the extent of the active layer
did not substantially influence the electrochemical characteristics of the
electrodes down to 0.5 mm thickness. The major advantages of this type of
electrode lie in the simplicity of their preparation as well as in their

mechanical strength.

Catalytic activity, or sufficiently high working cur-
rent density of a hydrogen fuel cell electrode at low
polarization, can be achieved in two ways. One is
that of impregnation of the inactive porous bodies
[e.g., made of porous carbon (1) or sintered Ni or
Fe powders (2)] by an active component exhibiting
a catalytic influence on the electrochemical reaction
at the electrode (e.g., platinum). The other way is
that of mixing an electrochemically active compo-
nent in the form of powder (e.g., Raney nickel) with
an inactive powder (e.g., nickel), and then pressing
and sintering this powder mixture into an active hy-
drogen electrode (3). In the latter case the role of
the inactive component is to form a sufficiently strong
metal skeleton, in the pores of which the particles

of active Raney nickel alloy are situated. The particles
of the Raney alloy themselves are not able to give
sufficiently strong mechanical structure to the elec-
trode.

The impregnation method has two major disad-
vantages. The first one is the high price of the cata-
lytically active materials used in it (Pt, Pd, etc.)
while the second one is the sensitivity of these cata-
lysts to poisoning by very small amounts of im-
purities which can be present in the hydrogen used.
Therefore, the danger of poisoning the electrodes im-
plies the use of adequately purified hydrogen, in-
creasing the cost of the fuel.

The Raney-type electrodes are known not to have
both of the disadvantages mentioned above. How-
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ever, the process of their preparation is considerably
more involved, comprising the preparation of the
Raney alloy, its disintegration into a powder of uni-
form particle size, mixing of Raney alloy powder
with the corresponding Ni powder, pressing and sin-
tering of this mixture into a compact body to be
activated, and finally rendering the electrode active.

The purpose of this communication is to estimate
the value of the ideas developed by Petrovié, Despié,
Jancié, and Drazi¢ (4) that an active hydrogen elec-
trode may be obtained by the formation of the Raney
alloy at the pore-walls inside the inactive Ni porous
body by the reaction of the surface layer of Ni with
Al brought into the pores by a suitable method. This
work is concerned with the investigation of the
Raney nickel electrodes obtained by pressing and
heating a mixture of aluminum and nickel powders.
This process yielded simultaneous sintering of Ni
particles and formation of Raney nickel by the reac-
tion between Ni and Al

Experimental

Two kinds of electrodes were used. For the first
set of experiments the electrodes were made of a
mixture of carbonyl nickel powder (Mond Nickel Co.
nonfractionated Grade A) and an aluminum powder
(Carlo Erba, with grain size ranging between 1 and
90u). The percentage of Al in the mixture was varied
between 0 and 15% (by weight). Such a mixture
was homogenized manually in a porcelain mortar
(homogenization in a mechanical homogenizer was
inefficient because of the large difference in specific
gravities of Ni and Al). An amount of this mixture
was put into a die and pressed with a force of 50
tons to form a disk shaped electrode 40 mm in diam-
eter and 1 mm thick.

In the second set of experiments double layer elec-
trodes were made of the same shape as were the
previous ones, but with a varying thickness of the
active (coarse) layer (0.2-0.5 mm). Coarse layers
were made of the same Ni-Al powder mixture with
10% Al, as used above. The fine layers were made of
pure Ni powder (4-5u grain size) and were 0.25 mm
thick.

The sintering of such pressings was done at tem-
peratures between 600° and 700°C, in an atmosphere
of purified and dried hydrogen for % hr. The removal
of oxygen from technical hydrogen was done with
Deoxo equipment after which the gas was dried in
a column with NaOH pellets. In the process of sin-
tering, the double layer electrodes showed a tend-
ency to bend because of different shrinking proper-
ties of the fine and coarse layers. This difficulty was
overcome by applying an appropriate holder in which
the electrodes were sintered while under slight
pressure.

After cooling, the electrodes were placed into 6N
KOH solution warmed to 80°C, in order to dissolve
Al from the formed Raney alloy, so as to obtain the
active form of the electrode. When hydrogen bubbles
stopped evolving, the electrodes were taken out of
the solution and were mounted in a special holder,
enabling contact between one side of the electrode
and hydrogen gas under a pressure of several atmos-
pheres, as well as contact of the other side with
6N KOH solution (warmed to 60°C). The whole as-
sembly was gas tight.

Prior to electrochemical investigations, an addi-
tional electrochemical activation was done in the
usual manner by means of anodic polarization (3).

The investigation of electrochemical behavior of
the electrodes was done in a thermostated cell in
6N KOH at 60°C by observing anodic polarization at
varying current density. The electrode potentials were
measured against a Hg/HgO reference electrode
dipped into the same solution. All the values of the
electrode potentials quoted below refer to the nor-
mal hydrogen scale, taking the potential of the men-
tioned reference electrode as + 0.057v (5). The ohmic
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Photomicrograph of Al-Ni mixture sintered at 680°C.

Fig. 1.
Bright surfaces, Ni; gray surfaces, NioAls; background, Al powder.
Magnification 750X.

voltage drops between the tip of the Luggin capil-
lary and the electrode were evaluated by means of
the galvanostatic oscillographic method and it was
found that even for the highest current densities they
were less than 10 mv. Hence, in the subsequent course
of measurements they were neglected.

The mechanical properties of the electrodes were
examined by determining the bending strength of
10 mm wide strips cut out of the electrodes accord-
ing to the standard method.

Results and Discussion

At the outset of this work there was little doubt
that both alloying between Al and Ni powders and
sintering of nickel particles could be achieved as
separate processes (7). However, in order to get an
electrochemically active and mechanically strong po-
rous nickel electrode it was essential that under a
given set of conditions sintering be effected before
alloying took place to any noticeable extent.

In the course of preliminary studies a microscopic
investigation was undertaken and a typical picture
obtained is shown in Fig. 1 for a sample pressed and
sintered at 680°C. This revealed that on one hand
nickel particles could be joined together prior to
their reaction with aluminum, and on the other hand
that considerable alloying had taken place resulting
in bluish-gray zones of newly formed phase at the
surface of nickel particles. The new phase was found
to be NipAls (6), which according to Justi et al. (4)
is catalytically the most active type of Raney nickel
alloy.

The effect of alloying of Al and Ni on the catalytic
activity of electrodes can be seen from the results
of the following experiments.

20

KGM /mm?2
3 o

BENDING STRENGTH ,

o

, |
75 5 7510 s s
Al (WEIGHT)

Fig. 2. Dependence of bending strength of sintered electrodes
on percentage of Al.
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Fig. 3. Plots of electrode potential vs. current density for elec-
trodes with varying Al content. m-the slopes of straight parts of the
curves in cm? (volt/amp).

In the set of experiments with a varying ratio of
Al and Ni in the mixture the intention was to find
the optimal content of Al, giving both good electro-
chemical characteristics and sufficient mechanical
strength to sustain the pressure of the gas. There-
fore the electrodes with various quantities of Al from
0 to 15%, sintered at 640°C, were first examined,
both mechanically and electrochemically. The re-
sults of the mechanical tests are given in Fig. 2, in
which the bending strength is plotted as a function
of aluminum content. The bending strength of such
electrodes was always lower than that of those made
of pure Ni powder. However, up to 10% of Al, it was
sufficiently high to give mechanically strong elec-
trodes. Further increase in Al content resulted in a
sharp decrease of the bending strength, and the elec-
trodes made of such powder compositions were of
no practical use in electrochemical examinations.

The results marking 10% as a critical content of
Al can be considered as a support to the view that
the aluminum particles, being relatively soft, de-
form under the applied force during pressing and
fill the free space between the Ni particles. One can
calculate that in order to fill with Al an ideal free
space remaining between close packed Ni spheres
of uniform diameter, irrespective of the sphere size,
15% of Al would be required. Taking into account
that the Ni powder used in these experiments was a
polydisperse system with grain sizes ranging from
1 to 40y, it is obvious that smaller spheres of Ni could
fill the pores in the same way as Al. This results in
a smaller quantity of Al being necessary to fill the
real free space between the adjoining Ni particles.

The results of the electrochemical investigations of
the electrodes with various contents of Al are pre-
sented in Fig. 3. The slope (m, [cm? v/amp]) of the
straight part of the polarization curve and the lim-
iting current density were taken as criteria of the
electrode quality. It can be seen that the increase in
the Al content of the powder mixture resulted in in-
creasingly better electrochemical properties of the
obtained electrodes, i.e., decreased the value of the
slope and increased the limiting current density.

Since the sintering process is competitive to the
process of formation of the Raney alloy, sintering
temperature was expected to have an influence on
the properties of the electrodes. The effect of tem-
perature on mechanical properties of electrodes is
presented in Table I, for electrodes with 10% Al con-
tent. The increase of the sintering temperature re-
sulted in an increase of the bending strength, prob-

Table |. Effect of sintering temperature on the
bending strength

Temperature 640° 660° 680° 700°

Bending strength,
kg/mm? 9.9 10.3 11.0 13.2
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Fig. 4. Mean values of the slopes and limiting current densities
as functions of the sintering temperature.
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Fig. 5. Typical anodic polarization curve for an electrode sintered
at 660°C. Pressure of Hz-2 atm.

ably because of a more pronounced sintering between
the Ni particles giving a more compact Ni skeleton.

The effect of temperature on electrochemical prop-
erties is presented in Fig. 4. The graphs represent the
dependence of the slopes and the limiting current
densities of the tested electrodes on temperature. Each
point represents a mean value of 1-3 electrodes. Un-
der the given experimental conditions it appears that
ca. 660°C was the most appropriate temperature for
obtaining optimal electrochemical behavior of the
electrodes. A graph representing a typical current-
potential relation for one of the electrodes sintered at
660° is given in Fig. 5.

It was also observed that the optimal sintering
temperature depends on the quality of the hydrogen
purification. With hydrogen deoxygenated in a col-
umn filled with Pd asbestos heated at 300°C, dried in
silica-gel columns and with the final traces of hu-
midity removed by a trap dipped into liquid air, the
electrodes sintered at 660° showed the effects of over-
sintering. They were mechanically stronger but their
electrochemical behavior was worse.

The effect of thickness of the active layer of the
double layer electrodes on their electrochemical be-
havior has been studied on the electrodes sintered at
640°. The thickness of the coarse (active) layer has
been varied between 0.2 and 0.5 mm. The current-
potential dependences for these electrodes are pre-
sented in Fig. 6, together with the corresponding graph
for a 1 mm thick single layer electrode. These data
indicate that the thickness of the active layer has a
profound influence on the electrochemical properties
below 0.5 mm, while above that it does not have any
marked influence, the results being similar to those
for 1 mm thick electrodes. One should point out here
that similar results were obtained in this Institute
earlier with 3 mm thick electrodes (5) made of the
same Ni powder and a separately prepared Raney al-
loy according to the method used by Justi et al. (3).

Since both Ni and Al powders used in these experi-
ments had wide spectra of grain sizes, homogeneous
porosity has not been achieved in our experiments,
although this is known to be an important factor in
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Fig. 6. Effect of thickness of the active layer of double layer
electrodes on the polarization curves.

obtaining highly active hydrogen electrodes. It can
be expected that by carefully selecting proper par-
ticle sizes of Ni and Al powders one should be able
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to obtain much better electrochemical properties of
the electrodes made according to the given method.

Manuscript received Jan. 22, 1964.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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The Role of Antimony in Positive Plate
Behavior in the Lead-Acid Cell

Jeanne Burbank
United States Naval Research Laboratory, Washington, D. C.

ABSTRACT

Antimonial and antimony-free lead-acid cells of similar construction
were examined together in a shallow cycle routine. The presence of anti-
mony in the positive grid alloy caused depolarization of the plate in the
float condition. It did not affect the discharge potential of the plate. The
positive plate active material became progressively softer in the antimony-
free cells which failed after short test duration. The antimonial cell main-
tained its capacity and the active material remained firm. The active mate-
rial of both successful and failing positive plates was examined by electron
microscopy and x-ray diffraction. The active material in the antimonial cell
contained many complex prismatic crystals, whereas the antimony-free cell
was characterized by nondescript nodular masses. The active material in the
antimonial cell contained a large amount of « PbOy while the antimony-free
positive contained very little of this polymorph. Because both kinds of cell
were pasted and formed by the same manufacturer with the same paste for-
mulation, it is concluded that the difference in paste morphology and com-
position is caused by the presence of antimony in the positive grid. It is
also concluded that success or failure in float cycle tests is determined by

the morphology of the positive paste.

The lead acid cell normally is fabricated with
grids of lead alloyed with 5-12% antimony. This an-
timony has long been known to affect cell behavior
in several ways, but the benefits resulting from its
use have outweighed its deleterious effects, and to-
day only special purpose cells are manufactured with-
out antimony. The antimonial alloys are easier to
cast than the antimony-free metals, lower casting
temperatures are required, better castings are the
rule because molds are readily filled by the melt, and
the strength of the alloy makes it possible to handle
and fabricate the castings immediately. In addition,
antimony minimizes grid growth by distributing the
corrosion attack across the body of the grains, re-
lieving attack at the grain boundaries. All these fac-
tors combine to promote continuation of the use of
antimony in the lead acid cell.

The hydrogen overvoltage on antimony is lower
than on lead, and this causes spontaneous self-dis-
charge of the negative plate. As antimony accumu-
lates on the negative plate during operation of the
cell, the efficiency of charge decreases because of the
low hydrogen overvoltage on the antimony, and in-
creasing portions of the charging current are wasted
in generation of hydrogen gas. It is possible to scour
the negative plate of antimony by overcharging, when
it is driven off as stibine, but stibine is a poisonous
gas, and charging in confined spaces may present a
health hazard.

It has been shown that antimony is leached from
the positive grid during charge of the battery and
radioactive isotopes have been used to trace the mi-
gration of antimony in the cell. Antimony does ac-
cumulate to some extent in the positive active ma-
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terial, and self-discharge of this plate has been in-
vestigated; however, the effect of antimony on the
positive plate of the lead acid cell is not usually con-
sidered detrimental. Nevertheless, antimony initially
in the positive will eventually find its way to the
negative and cause the major deleterious side reac-
tion, interference with charging of the plate.

In some recent studies with antimony-free lead-
calcium cells, it has been shown that in certain cells
the positives were failing through rapid softening of
the positive active material which resulted in 80-90%
loss in ampere-hour capacity. These studies showed
that the positive active material of the failing cells
was made up of nondescript nodular particles of
PbO,, whereas successful antimony-free lead-calcium
cells contained prismatic crystalline particles. The
difference in performance of these positive plates was
attributed to this difference in morphology of the
PbO; (1-18).

The paste used in fabricating the failing lead-cal-
cium cells was the same as normally used in the
manufacturer’s production of antimonial cells, and
these, in turn, were performing satisfactorily in nor-
mal service. Therefore, the studies with the antimony-
free lead-calcium cells that failed by softening of
the positive paste presented a unique opportunity to
study the effects of antimony on cell behavior because
it was possible to obtain the same paste in an anti-
monial grid and thus directly compare antimonial and
antimony-free cells, identical in all respects except
for the positive grid alloy.

Experimental

The plates used in this investigation were all ob-
tained from a single manufacturer, and the only dif-
ference between them was that one positive grid was
a standard antimonial lead alloy, whereas the other
grids were lead calcium alloy. The pasting and form-
ing were carried out by the manufacturer under re-
putedly identical conditions, and the positives were

Table I. Summary of tests and results

Capacity Charge, Number of Discharge capacity,

cycle No. amp-hr float cycles amp-hr

Calcium cells 1 & 2 Cell 1 Cell 2
1 —_ e >8.417 8.47
2 10.57 10 >8.37 8.37
3 8.05 7 >17.65 7.65
4 7.53 9 >1.15 7.15
5 7.25 5 >17.13 7.13
6 7.25 7 4.73 6.23

7 — = 8.00

8 40 8 6.30

9 7.36 9 6.27
10 7.92 14 5.03
11 8.37 12 3.56
12 3.69 9 1.53
13 4.53 9 0.80

Antimonial cell

14 — —_ 8.00
15 8.4 8 7.60
16 9.17 9 7.60
17 7.92 14 7.50
18 8.37 12 7.40
19 7.36 9 7.40
20 7.7 9 7.30

Notes: Each capacity cycle in this-series of tests comprised a
constant voltage charge followed by a series of shallow daily float
cycles for 5 to 14 days with continuous float at 2.24v per cell dur-
ing the intervals. Capacity discharges were given every two weeks
with constant voltage recharge at 2.24v.

In capacity cycles 2, 11, and 13 the cells were given constant cur-
rent overcharges. Capacity cycles 1, 7, and 14 show the initial
cell capacities prior to the start of the tests.

Each float cycle in the tests of calcium cells 1 and 2 comprised a
discharge of 1"amp-hr at 2 amp, and recharge by float with interim
float. One float cyrcle was given each work day until the next suc-
ceeding capacity discharge. Calcium cell 3 and the antimonial cell
were in series for these tests, and cell 3 was used as control for
float and the constant voltage charges. The effect of antimony on
the cell and plate voltages could be followed by direct comparison
with the antimony-free calcium cell. When required, these two
cells were separated and handled individually; for example, for
capacity discharges 8 to 13 and 15 to 20, it was necessary to run
the capacity discharges and recharges individually.

At capacity cycles 6 and 13 the positive plates of the calcium
cells were soft and mushy, whereas at capacity cycle 20 the anti-
monial cell positive was firm and in good condition.
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“formed but not charged” when the cells were as-
sembled for this study. Lead calcium alloy negative
plates were used in all cells.

Four small cells were assembled, each having one
positive and two negative plates, with standard glass
mat retainers and microporous rubber separators.
Two sets of two cells each were run in series. The
power supply, controller, and auxiliary electrode cir-
cuit of the battery analyzer of Work and Wales (19)
were used to test the cells. A mercury, mercurous sul-
fate reference electrode in each cell was used to
measure plate potentials, with the plate and cell volt-
age and the current monitored continuously.

The cells were assembled in plastic cell cases and
filled with 1.200 sp gr H;SO4 Charging was carried
out according to the manufacturer’s standard instruc- -
tions. Following the initial charge, the specific gravity
was adjusted to 1.250-1.260.

The cells, which were all positive-plate limited,
were given several cycles to develop capacity and
then placed on the float cycle routine known to pro-
duce rapid failure in the lead-calcium cells (17, 18).
These tests are summarized in Table I.

During the tests, the positive plates were inspected
visually at intervals, and before and after the tests
the positive active material was examined by elec-
tron microscopy. For the electron microscopic exam-
ination, samples of the paste were extracted with
saturated ammonium acetate solution to remove any
divalent lead compounds present. Drops of the slurry
of extracted material were gently touched to the sur-
face of distilled water in a 10-in. crystallizing dish.
The particles floated out across the surface and were
picked up on parlodion covered specimen screens of
the electron microscope. After drying, the particles
were replicated with evaporated carbon (20).

Following replication, the parlodion supporting
films were removed by solution in acetone. The PbO,
was dissolved in dilute HNOjz containing H3Og, and
the carbon replica was rinsed by floating on water.
After air drying, the replicas were photographed in
the electron microscope, model RCA EMU-2B.

The active materials from both kinds of positive
plate were examined by x-ray diffraction using a
General Electric XRD-5 X-Ray unit and copper ra-
diation. The pastes were examined before and after
the float cycle tests.

Results and Discussion

Table I shows the capacities obtained from the
cells, and also indicates that the antimony-free cells
with lead-calcium alloy grids failed after relatively
short test duration. The 90% fall in cell capacities,
curve B, Fig. 1, illustrates a typical failure of these
antimony-free cells. Failure was due to the positive
plate in every case.

In contrast to this, the capacity of the antimonial
cell, curve A, Fig. 1, changed hardly at all despite

CAPACITY, AMPERE HOURS

oL | ! | | | |
| 2 3 4 ) 6 4
DISCHARGE NUMBER

Fig. 1. Change in cell capacity in shallow cycle test. Curve A,
antimonial cell; curve B, lead calcium cell.
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Fig. 2. Typical ples of descript nodular PbO2 particles.
These particles were taken from lead calcium cells that consistently
failed in float installations and in float cycle tests. See also ref.
(17, (18), @31).

the fact that it did not receive the overcharge nor-
mally used to maintain antimonial cells. This satis-
factory behavior of the antimonial cell was not un-
expected in light of earlier work (22).

It had not been known with certainty whether the
identical paste would stand up in an antimonial cell
in a similar test, but the results of the tests reported
here show that the same paste in an antimonial cell
did not fail as rapidly as in the lead-calcium -cells,
and it gave no indication of incipient failure at the
time the tests were terminated.

When the cells were opened for inspection, the
calcium positives were very messy to handle: PbOs
smeared readily over glass mats, paper towels, and
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Fig. 3. (left and above) Typical examples of prismatic PbO2 par-
ticles from lead antimony positive plates. The positive plate con-
taining particles such as shown here was successful in the shallow
cycle test, in normal service life, and cycle life test, and main-
tained its firm texture and capacity. See also Fig. 6, ref. (31).

glass rods used as probes, and enough washed off to
discolor the electrolyte heavily. In contrast, the an-
timonial positives were much cleaner, the glass mats
were white and clear, some PbOs wiped off on paper
towels used to handle the wet plates and the glass
probes, but not enough floated away to cause even a
noticeable discoloration of the electrolyte. To be sure,
the wet working positive plate of any lead cell is
softer than the same plate dried, and PbOs can usu-
ally be smeared from the surface; however, the totally
mushy condition of the failing calcium positive is
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much more pronounced, and the softening proceeds
through the thickness of the plate until the entire
active mass may be washed out with a stream of
water (17,18).

The sole difference between the positives in these
cells was the presence of antimony in the grid metal.
It is concluded that the presence of antimony in the
grid inhibited or prevented the softening of the paste
and the resulting loss in capacity.

In this work with the antimonial and calcium cells,
the calcium cell was used for voltage control in or-
der to determine the electrochemical effects of the
antimony. The well-known depolarization of the nega-
tive plate, in itself, prevents an antimonial negative
from controlling float as the negative does in anti-
mony-free cells (7, 16, 18, 21, 23, 24). The presence
of antimony in the positive grid caused 20-70 mv de-
polarization in overcharge at constant current. How-
ever, the positive plate voltages relative to the mer-
cury, mercurous sulfate reference electrode of both
the antimonial and calcium cells were identical dur-
ing charge and discharge, and no electrochemical ef-
fect of the antimony was observed when the cell was
in either of these conditions.

Electron micrographs of the positive active mate-
rial showed that, in the failing lead-calcium cells,
the individual particles were nondescript globules
both before and after failure (17,18) and some typ-
ical examples are shown in Fig. 2. In contrast to this,
the same positive paste from the antimonial cell was
found to contain large amounts of prismatic material
and some typical electron micrographs are shown
in Fig. 3. It is concluded that the presence of anti-
mony has affected the morphology of the PbO: par-
ticles formed in the paste. The electron micrographs
indicate that the prismatic material takes the form
of extensive complex clusters that appear to be mul-
tiple twins or parallel growths. It is believed that
these crystalline formations impart mechanical sta-
bility to the positive active material. This prismatic
morphology observed by electron microscopy is be-
lieved to be required in order to maintain the firm
texture of the positive plates in the lead cell.

On the basis of these results, it is concluded that
the antimony exerts the direct and beneficial influ-
ence of causing prismatic PbO; formation in the posi-
tive active material. The mechanism of this action
remains to be studied; however, it appears likely that
preferential adsorption of a soluble antimony species
on the growing surface of the PbO; crystal may con-
trol the morphology. Antimony forms the ions SbOs*
and SbO3— at positive plate potentials (25). X-ray
diffraction showed that metallic antimony itself be-
comes passivated by a heavy layer of SbyOs at this
potential when anodized in HzSO4 solution, but this
oxide is rather soluble, and the determinative in-
fluence of soluble species on electrodeposits is well
known (26). The work described here indicates that
the presence of antimony in the grid metal influences
the morphological development of electrochemically
formed PbO, in the positive plate of the lead acid
cell, but the precise mechanism of this action remains
to be clarified.

In nonantimonial cells where a prismatic PbO:
morphology was previously observed by electron
microscopy (16, 18), it was accompanied by a sponge-
like network of harder material, visible in the mag-
nification range of the optical microscope (27); how-
ever, in the antimonial and nonantimonial positive
plates used in this work, no such network was visible
in the formed plate when examined optically prior to
testing, and none was present in the nonantimonial
plate at the conclusion of the tests (28). The intricate
shapes of the submicroscopic crystals in the anti-
monial positive, Fig. 3, suggest that it may be pos-
sible for them to form an interlocking network, but,
of course, this would not be observable by optical
means.

X-ray diffraction examination of the positive active
materials showed that the paste from the antimonial
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cell contained appreciable amounts of both « and
B8 PbO,, whereas the paste from the lead-calcium cell
contained a very large preponderance of g PbOs and
only a very small amount of « PbOs. At the conclu-
sion of the tests, the amount of « PbO; in both types
of plate had decreased, but a considerable amount
was still present in the antimonial positive. Simul-
taneously, the amount of 8§ PbO; had increased in
both plates.

It is concluded from this study that antimony in
the grid metal acts to promote the deposition of
« PbOs in the active material during plate forma-
tion, possibly by the same mechanism as cobalt ion
(26).

Variations in the « PbOy content of positive pastes
have been studied, and, in SAE overcharge tests, it
extends the life of the plates (29, 30). It has also been
suggested that there may be a relation between « PbO2
and positive paste retention in the lead acid cell (27).
The presence of a large amount of a PbOp in the
antimonial active material and the performance of
the antimonial cell in the tests reported here lend
some credence to this speculation.

Conclusions

On the basis of the results of this study, it is con-
cluded that the beneficial effects of having antimony
in the positive grid are: (a) development of signifi-
cant amounts of « PbOy during plate formation, (b)
retention of a firm paste texture and cell capacity in
shallow cycle tests, and (c) prismatic crystallization
of the PbO, particles making up the paste. Without
antimony, only a small amount of « PbO; was present
initially, the paste softened and lost capacity in the
shallow cycle tests, and the paste contained few, if
any, prismatic crystals. These conclusions are in
agreement with those of earlier studies that showed
that success or failure in float cycle tests was related
to the morphology and texture of the positive paste
(16-18).

Manuscript received March 26, 1964.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.

REFERENCES

1. G. W. Vinal, “Storage Batteries,” 4th ed., John
Wiley & Sons, Inc., New York (1955).
2. L. Jumau, Eclairage electrique, 16, 133 (1898).
3. Strasser and Gahl, Z. Elektrochem., 7, 11 (1900).
4. J. T. Crennel and A. G. Milligan, Trans. Faraday
Soc., 27,103 (1931).
5. G. W. Vinal, D. N. Craig, and C. L. Snyder, Bur.
Standards J. Research, 10, 795 (1933).
6. H. E. Haring and K. G. Compton, Trans. Electro-
chem. Soc., 68, 283 (1935).
7. H. E. I;Iaring and U. B. Thomas, ibid., 68, 293
(1935).
8. J. W. R. Byfield, ibid., 19, 259 (1941).
9. A. C. Zachlin, ibid., 82, 365 (1942).
10. A. C. Zachlin, ibid., 92, 259 (1947).

11. J. J. Lander, This Journal, 99, 339 (1952).

12. J. J. Lander, ibid., 99, 467 (1952).

13. J. B. Burbank and A. C. Simon, ibid., 100, 11
(1953).

14. W. Herrmann and G. H. Proepstl, Z. Elektrochem.,
61, 1154 (1957).

15. W. Herrmann, W. Ilge, and G. H. Proepstl, “The
Migration of Antimony in the Grid of a Lead
Storage Cell Studied Using a Radioactive Tracer
Method” in “United Nations Peaceful Uses of
Atomic Energy,” Proceedings of the Second
International Conference, Geneva, September
1958, p. 272, Pergamon Press, New York (1959).

16. J. Burbank and C. P. Wales, “The Lead Calcium
Battery, Part 2. Small Portable Cells,” Naval
Research Lab. Report 5770, May 2, 1962.

17. J. Burbank and C. P. Wales, “The Lead Calcium
Battery, Part 3. Submarine Cells,” Naval Re-
search Lab. Report 5773, May 29, 1962.

. J. Burbank, “Positive Plate Characteristics in the
Floating Lead-Calcium Cell” in ‘“Batteries,”
Proceedings of the 3rd International Symposium,

—
==

v - d
UNUNH Nﬂl!ﬂ ATUIMUIMIANI



1116 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

Bournemouth, October 1962, p. 43, D. H. Collins,
Editor, Pergamon Press, New York (1963).

19. G. W. Work and C. P. Wales, This Journal, 104,
67 (1956).

20. D. E. Bradley, J. Appl. Phys. 27, 1399 (1956).

21. J. Burbank and C. P. Wales, “The Lead Calcium
Battery, Part 1, Introduction and Background,”
Naval Research Lab. Report 5693, Nov. 22, 1961.

22. J. J. Lander, “Life Tests of Thin Plate Lead Acid
Cells under Cycle, Stand, and Float Routine,”
Naval Research Lab. Memorandum Report 556,
January 1956.

23. U. B. Thomas, F. T. Forster, and H. E. Haring,
Trans. Electrochem. Soc., 92, 313 (1947).

October 1964

24. R. C. Shair, AIEE Trans., Pt. II (Applications and
Industry) 79,1 (1960).

25. M. Pourbaix, et al., “Atlas D’Equilibres Electro-
chemiques,” p. 524 ff. Gautier-Villars & Co.,
Paris (1963).

26. I. I. Astakhov, I. G. Kiseleva, and B. N. Kabanov,
Doklady Akad. Nauk USSR, 126, 1041 (1959).

27. A. C. Simon and E. L. Jones, This Journal, 109,
760 (1962).

28. A. C. Simon, Private communication.

29. V. H. Dodson, This Journal, 108, 401 (1961).

30. V. H. Dodson, ibid., 108, 406 (1961).

31. J. Burbank, ibid., 111, 765 (1964).

Corrosion of Steels and Nickel Alloys in Superheated Steam

W. E. Ruther and S. Greenberg

Metallurgy Division, Argonne National Laboratory, Argonne, Illinois

ABSTRACT

The corrosion behavior of the 18-8 stainless steels and some nickel alloys
in superheated steam was found to be dependent on the surface preparation.
Those treatments which left a severely cold worked surface resulted in re-
duced corrosion attack in subsequent exposure to steam as compared with
annealed metal surfaces. The corrosion rate of electropolished annealed type
304 stainless steel in oxygenated (30 ppm) steam rose rapidly as the temper-
ature increased from 540° to 650°C. At 600° and 650° the measured rate
decreased with increasing time during 80 day static tests. The corrosion
appeared more linear with time in dynamic tests at 650°C (~7 mg/dm2-day).
In these tests there appeared to be no effect of velocity (30-91 m/sec) or
oxygen and hydrogen content on the corrosion rate. Flaking and loss of the
outer corrosion coating was severe in the dynamic tests. The corrosion rate
of type 406 was too small to be precisely measured in all of the tests, static
and dynamic, in which it was simultaneously exposed with type 304. A
coating equivalent to about 2 x 10~¢ cm metal penetration was formed on
the initial exposure of 406. No flaking of the outer coating was evident in
80 day tests. The corrosion attack of the 400 series steels in static oxygenated
steam went down with increasing chromium content, particularly above about
13 w/o Cr. Both type 430 (16 w/o Cr) and 446 (25 w/o Cr) exhibited greater
short term corrosion resistance than type 304 to 650°C, 42 kg/cm? steam.
The nickel based alloys, particularly Inconel 625, were also more corrosion
resistant than type 304 in short static and dynamic tests in 650°C, 42 kg/cm?,

superheated steam.

The cycle efficiency of a boiling water nuclear elec-
tric power plant can usually be improved substan-
tially by incorporating a nuclear steam superheater
before the turbogenerator. Special environmental
conditions are encountered in such a superheater as
compared with typical fossil fuel installations. For
example, oxygen concentrations of 20-30 ppm and
stoichiometric amounts of hydrogen might be ex-
pected in steam passing through the intense radiation
field. The requirement for thin protective fuel ele-
ment cladding (to reduce neutron losses) introduces
serious corrosion penetration problems.

Spalaris and co-workers (1) have reviewed the
available nonnuclear steam corrosion literature. They
concluded that much of the data, typically obtained
from weight gains and/or scale thickness, did not
permit calculation of precise corrosion rates. Further-
more, these data were obtained in steam of very low
oxygen content since that is the normal operating
condition for nonnuclear boilers.

Recently, several of the laboratories associated with
nuclear power plant design have been re-evaluating
commercial alloys in simulated reactor steam envi-
ronments in static autoclaves and dynamic test facil-
ities (2, 3). Much of the effort has been concentrated

on corrosion cracking since the serious nature of
that problem became apparent in early in-reactor
experiments (4). While it was not the intent to min-
imize the potential cracking hazards, this laboratory
chose initially to study other variables. The effects
of steam temperature, pressure, oxygen and hydrogen
content, and velocity on the general corrosion rate
were investigated. Since the work was performed in
support of a specific reactor superheater, the major
fraction of the data involved the design temperature
and pressure for that reactor (650°C, 42 kg/cm2)1.
For the same reason first 304 and later 406 stainless
steel received particular attention.

Experimental

The static testing of corrosion coupons was per-
formed in constantly refreshed type 347 stainless steel
autoclave systems of about 1.5 liter capacity. Deion-
ized, distilled water was vacuum degassed in storage
carboys and then charged with the desired gas. A
flow of about 5 ml/min of this water was pumped
into the high-pressure system. A boiler and super-
heater preheated the stream prior to its entering the

1 One kg/cm? equals 14.2 psi.
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Fig. 1. Schematic diagram of dynamic test facility. Maximum
test conditions: 650°C; 1000 psi; 300 ft/sec.

test autoclave. The outgoing steam was condensed in
an air cooler, and the condensed water left the sys-
tem via a back pressure regulator. Care was taken
to provide open space around each specimen in the
autoclave sufficient to prevent local depletion of ox-
ygen in the slowly moving steam.

The high velocity testing was accomplished in a
recirculating system shown schematically in Fig. 1.
Type 318 stainless steel tubing and type 316 Swagelok
fittings were used in the high-temperature section.
Condensate water flow rates were converted to steam
flows through the use of steam tables. Although 270
kg/hr of deionized distilled water were converted to
steam and condensed, the steam channels were neces-
sarily small to permit corrosion studies at velocities
up to 91 m/sec past the specimens. Dimensions of
the flat samples were 5 x 12 x 0.16 cm. Oxygen
and hydrogen were introduced directly in the
steam through high-pressure gas rotameters. The
oxygen content of the condensate was determined
using an Industrial Instruments oxygen analyzer.
This analyzer depends on the specific reaction be-
tween thallium metal and dissolved oxygen in de-
ionized water. The amount of reaction, hence the dis-
solved oxygen content, is measured by the conduc-
tivity of the effluent solution of thallium hydroxide.

Except as specifically noted, the specimens were
corrosion tested in the annealed condition. The Gen-
eral Electric Company supplied the Rene’ 41 alloy and
the International Nickel Company supplied the other
nickel alloys used in this investigation. Chemical
compositions are given in Table I.

Electropolishing of all of the alloys was accom-
plished in a 12.5% phosphoric acid, 65% sulfuric acid,
22.5% water (per cent by volume of the concentrated
acids) bath at 85°C. Current densities (0.3-0.6 amp/
cm2) were varied from one alloy to another to ob-
tain good polishing. The bath was not too satisfac-
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tory for 403 and 410 steels due to acid attack, and
Rene’ 41 did not polish as brilliantly as did most of
the other alloys. In one instance a 10% perchloric
acid, 90% acetic acid mixture was used on the 300
series stainless steels.

Surface preparations, other than electropolishing,
consisted of acid etching (dilute nitric-hydrofluoric
acid mixture), grinding (metallographic wheels—
Durite paper), grit blasting (50 SiOp particles), and
machining.

Since an unknown portion of the corrosion coating
was lost to the test environment, weight gains could
not be used to determine the average corrosion rate.
A rather lengthy, but effective, defilming process was
evolved. First the sample was made the cathode at
about 0.3 amp/cm? in 1 w/o (weight per cent) dibasic
ammonium citrate solution at about 85°C. The cur-
rent was alternately applied and interrupted for 30
sec intervals by an automatic timer. After about 15
min in this bath, the outer layer of the corrosion
coating could be brushed off. The inner layer was
removed by a defilming process developed at the
Knolls Atomic Power Laboratory (5). This consisted
of 2 hr in gently boiling alkaline permanganate so-
lution (20 w/o NaOH, 3 w/o KMnOy4), a hot rinse,
and 2 hr in 20 w/o dibasic ammonium citrate solu-
tion. The samples were brushed at the conclusion of
this treatment with a nylon hand brush to remove
the loosely adherent smut. A second run through the
last two solutions was necessary in the case of some
stubborn films. Blank losses for this defilming tech-
nique were very low compared with the typical
amounts of total corrosion for the 300 series stainless
steels (i.e., 0.02 mg/cm? for 304) and the nickel al-
loys. While the blank losses were higher for the fer-
ritic steels, the process was still satisfactory for 406
and 446.

Data and Results

Surface preparation effects—In the initial steam
corrosion experiments a wide range of total attack
was noted for type 304 and 347 samples obtained from
different sources. Some specimens acquired only a
thin colored temper film during an exposure which
resulted in heavy corrosion product coatings on other
coupons of the same nominal composition. In one case
the machined edges of a sample corroded much less
than the as-received faces of the same specimen. It
was obvious that these large surface effects had to be
investigated before meaningful corrosion rates could
be measured.

In the first series of experiments only two types of
sample preparation were tested for a number of dif-
ferent alloys. The oxygen content of the superheated
steam was varied with the results shown in Table II

The surface effect was much more pronounced in
the case of low oxygen content steam and was noted
for all the alloys except Inconel 625 and Rene’4l.

Table 1. Chemical compositions of alloys

Percentage by weight

Alloy Al Cr . C Fe Mo Mn Ni P Si S Other
304 18.2 0.07 R .68 8.76 0.026 0.85 0.01
316 17.5 0.05 R 2.50 .62 13.45 0.025 0.49 0.021 0.20 Cu
321 18.0 0.04 R 0.30 .38 9.62 0.019 0.88 0.013 0.53 Ti
347 18.6 0.078 R .82 10.8 0.028 0.82 0.010 (Cb + Ta) 0.90
403 12.3 0.12 R .46 0.015 0.27 0.013
4051 0.2 12.5 0.08 R
406 4.48 13.1 0.11 R .44 0.36 0.019 0.46 0.007
410 12,5 0.13 R 0.44 0.013 0.25 0.009
410 (E2) 11.6 0.03 R 0.5 0.50 Ti
430 16.3 0.08 R 0.40 0.021 0.50 0.011
446 24.7 0.09 R 0.62 0.023 0.35 0.010
Incoloy 800 20.0 0.04 45.2 0.85 33.0 0.40 0.007 0.41 Cu
Inconel 600 16.3 0.04 7.24 0.17 75.9 0.29 0.007
625 0.17 22.0 0.03 1.86 8.75 0.12 62.3 0.25 0.007 [(Cb + Ta) 4.24, Ti] 0.23
X750 0.74 15.13 0.04 6.87 0.45 2.5 0.25 0.007 (Cb + Ta) 0.98, Ti 2.62
Rene’ 41 1.52 19.05 0.07 0.3 9.83 R 0.05 0.005 3.21 Ti 10.95 Co

R—Remainder. 1 Nominal analysis.
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Table Il. Corrosion in static refreshed superheated steam
at 650°C, 42 kg/cm? (600 psig)
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Table V. Effect of annealing on the corrosion of
type 304 stainless steel in steam!

Defilmed metal loss, mg/cm?

Defilmed metal loss,

Surface preparation mg/cm?
0.03 ppm Oxygen 30 ppm Oxygen
Electro- Electro-
Alloy Wet ground polished Wet ground  polished gﬁ: 1?11::: 152‘,‘,523’3 32
Wet ground (80 grit) 0.45
Wet ground + anneal 10.0
304 0.15 6.96 6.63 745
wooogoouwnom e
321 8 . g - 17.0 days, 650°C; 42 kg/cm?; 0.2 ppm O:
347 0.16 10.2 3.87 11.2 | o, o g
. Inconel 600 045 391 022 0.44 2 Annealed 5 min, 1100°C, vacuum.
. DI
B 9 .. B 5
mf,’,’:oloy 880 0.12 467 0.21 8.30 Table V. Effect of told work on the corrosion of type 304
GE Rene’ 41 0.13 0.20 0.14 0.15 stainless steel in steam at 650°C, 42 kg/cm?
7.0 Days exposure, 3-hr start-up. Defilmed metal loss,
mg/cm? !
Table 111. Corrosion of type 304 stainless steel in Surface preparation 30 ppm Oz 0.2 ppm O:
650°C, 42 kg/cm? steam =
23-1 cetven gef%rlg)cold rolling 10.1 10.1
s cold rolle 1.4 0.16
Defilmed met:il loss, CR + wet ground 0.79 0.05
mg/em CR + acid pickled 2.9 4.0
Surface preparation 30 ppm Oz 0.2 ppm O3 CR 1 ‘electropolished 31 1.3
Grit blast (50% SiO) 23 10 Tested 7.0 days, 3-hr start-up.
Machined 3.6 0.06
Wet grind 80 gr?t 8.4 045
%2: g:}:g ﬁég gﬁt ﬁ-g 8‘32 noted. Presumably, increased cold working would
%ﬁ“b""’cﬁuﬂ gulished (Linde B) 1};:(5) }g(l; tenci1 to further reduce the differences.
ectropolishe: . 8 i i i
Tiectropolish g P Those specimens in Table II with low metal losses

Tested 7.0 days, 3-hr start-up.

. Other stainless steel samples were electropolished
in a perchloric-acetic bath and corrosion tested with
those prepared in the usual phosphoric-sulfuric so-
lution. The same corrosion behavior was observed
for both sets of samples, indicating that the poor
corrosion resistance was characteristic of the polished
surface and was not due to a residual phosphate or
sulfate film.

Investigating other surface preparations for type
304, it was observed (Table III) that essentially
strain-free surfaces resulted in a maximum metal loss
during the one week corrosion test. Again, this was
particularly noticeable in the results from the ex-
periments with lower oxygen concentration.

"Two further series of experiments were performed
to test this tentative conclusion. In the first, samples
were vacuum annealed after preparing them in sev-
eral ways which had previously resulted in low metal
loss values on exposure to steam. The result of an-
nealing in each case was to increase the corrosion loss
significantly (Table IV).

Since a cold worked disturbed layer apparently
provided improved corrosion resistance, a second
series of experiments was performed with 304 sheet
that had been cold rolled 50%. The sheet became
ferromagnetic as a result of the rolling. For this ma-
terial the metal loss (Table V) values on corrosion
were lower than for the original sheet for all surface
preparations, although some differences were still

Fig. 2. Two layered structure of corrosion film on type 304;
7 days; 650°C; 42 kg/cm2; 0.03 ppm Oz. Top layer, mounting
foil; center layer, oxide; bottom layer, stainless steel. Magnifica-
tion 320X.

had thin temper films after their corrosion exposure.
Those samples with large metal losses were covered
with a heavy dark coating. Microscopic examination
of the corrosion interface of the latter on 304 indicated
two layers of corrosion product of about equal thick-
ness (Fig. 2). The attack on the metal was not uni-
form, and numerous pockets of oxide were noted
deeper than the average penetration. It was interest-
ing to note that the grain boundaries and the adjacent
metal were more resistant than the central portion of
the grains (Fig. 3).

In oxygenated steam much of the outer oxide layer
had spalled off the electropolished specimens, leav-
ing a brilliant black surface similar in smoothness
to the original electropolished surface. Wet ground
specimens in the same test did not spall appreciably,
but a microsection of the metal-oxide interface on
304 was similar to that of the electropolished speci-
men. Spalling of the outer oxide coating was not
thoroughly investigated, but it was related to thick-
ness, mechanical keying with the inner coating and
was triggered by temperature changes in these low
velocity tests.

Tests for periods of several days indicated that even
in oxygenated steam, the wet ground specimens
passed through a temper film stage. This film subse-
quently broke down and the corrosion increased. This
two-step process caused a considerable variation in
the amount of metal corroded in one week. If the thin
temper film broke down early in the test, the metal
corroded value was high. If the particular sample re-
tained the temper film during most of the exposure,
the amount of metal loss was much lower. Samples
exposed in the electropolished condition suffered this
variability in metal loss values to a less extent.

Mol ]
Fig. 3. Grain center attack of type 304 stainless steel; 7 days;
650°C; 42 kg/cm2; 30 ppm Oo. Top layer, mounting foil; center
layer, oxide; bottom layer, stainless steel. Magnification 320X.
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Fig. 4. Corrosion of stainless steels in static oxygenated steam,
600°C; 42 kg/cm2.

The microstructures of the corrosion interface of
wet ground specimens after temper film breakdown
was similar to that of initially electropolished speci-
mens. This suggested that the corrosion observed on
the electropolished surfaces represented the intrinsic
corrosion resistance of the alloys. If the correct in-
terpretation has been made, the improved corrosion
resistance noted for worked surfaces would represent
a temporary effect. For this reason the electropolished
surface preparation was chosen for measuring the
corrosion rates of the various alloys. However, as will
be shown later, the improvement in corrosion be-
havior for grit blasted surfaces has been observed
to persist for relatively long periods of time.

Static corrosion testing.—Temperature—Only two
temperatures, 600° and 650°C, have been investi-
gated in any detail. However, in a preliminary ex-
periment, etched specimens of 304 and 347 were ex-
posed to superheated steam (~0.2 ppm Oz) at 540°C
for 374 days. The samples acquired a dulling tarnish
film with isolated areas of gray film and rust colored
spots. Metallographic examination after 117 days in-
dicated carbide precipitation but no intergranular
attack. Weight gains of only 0.2 mg/cm? for the type
304 and 0.1 mg/cm? for the type 347 were recorded at
374 days in this experiment. The combination of these
data with the temper film observations indicated that
the corrosion rate was quite low at this temperature.

At 600°C the corrosion data for 304 and 406 are
presented in Fig. 4 for oxygenated steam (30 ppm)
at 42 kg/ecm?2. In this figure, as in subsequent ones,
each point represents one defilmed specimen. Of the
two specimen preparations tried, the grinding seemed
to result in a somewhat more reproducible surface,
judging from the relative smoothness of the corrosion
curves. No significant difference in corrosion rate
could be distinguished for the two preparation tech-
niques under these test conditions.
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Fig. 5. Corrosion of electropolished stainless steels in oxygenated
(30 ppm 0) steam at 650°C. Type 304; e, 42 kg/cm2; O, 7
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Fig. 6. Appearance of defilmed corroded samples, exposed at
650°C; 42 kg/cm?2; 30 ppm Oy. Left, type 304 stainless steel, 87.9
days; right, type 406 stainless steel, 82.5 days. Magnification ap-
proximated 60X.

Type 406 steel samples were electropolished for
testing in this environment. After the first exposure
only very slight changes in metal loss values were
obtained, almost within the normal defilming uncer-
tainty. The average metal loss corresponded to a metal
penetration of about 4 x 10—4 cm.

An unscheduled equipment shutdown at 58 days
subjected the samples in one experiment to cool ox-
yvgenated water for about 20 hr. The previously
smooth gray coating of type 304 was severely pitted
by this low-temperature exposure while the 406 coat-
ing was not attacked. The pits noted on the 304 were
rust colored and penetrated through the outer layer
of corrosion coating and into the inner layer. When
the samples were defilmed some slight evidence of
the cold water pitting attack was noted on the un-
derlying metal.

A corrosion rate measurement was also made at
650° (42 kg/cm2?) using electropolished samples
(Fig. 5). Both the total corrosion and the instanta-
neous corrosion rate (slope) for 304 were greater at
this temperature than at 600°C for similar exposure
times. Arbitrarily drawing a straight line through the
longer exposure data for 304 resulted in a slope of ~5
mg/cm2-day (mdd).

Type 406 again corroded rapidly at the start with
no measurable corrosion thereafter. Slightly less total
corrosion was noted at this higher temperature. A
sample exposed for 89 days was bent 180° around a
1 cm bar to check for embrittlement. None was ev-
ident in this simple test.

Defilmed samples of 304 acquired a deeply etched
surface with increasing time (Fig. 6). Some of the
pit bottoms were 0.006 cm below the average surface
for the 88 day specimen. Type 406 alloy had a much
smoother surface texture after defilming than did 304.
No attempt was made to estimate the shallow pit
depths on the specimen of 406 exposed 83 days.

Pressure.—Several steam pressures have been in-
vestigated at a temperature of 650°C. Early in the
program two tests were performed in a tube fur-
nace at atmospheric pressure. In the first, samples
of the 300 series stainless steels were exposed to
gently flowing dried oxygen (100 ml/min) at 650°C.
The second test in this furnace used the same oxygen
flow to which about 0.5 cc/min of water was added
as steam. Data from these experiments are compared
with a test at 42 kg/cm? total pressure (30 ppm Og)
in Table VI.

A comparison of the metal loss values for 1 atm wet
oxygen and for 42 kg/cm? steam suggested only a
small effect of pressure once adequate moisture was
present. A surface preparation effect was noted even
at 1 atm.

A longer experiment was performed in oxygen-
ated (30 ppm) steam at 7 kg/cm2, using electropol-
ished samples of 304 and 406 (Fig. 5). The attack on
304 at 7 kg/cm2 was quite similar to that obtained at
42 kg/cm?2. However, type 406 samples at the lower
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Table VI. Effect of steam pressure on the corrosion of
stainless steel

Defilmed metal loss, mg/cm?2

1atm 1 ati m?

m 42 kg/ci
Sample, Preparation Dry Oz Wet Oz Steam (30 ppm O3)

304 Wet ground 0.19 3.6 6.6
Electropolished 0.16 5.9 7.5
321 Wet ground 0.27 1.2 1.8
Electropolished 0.16 6.5 9.2
316 Wet ground 0.15 1.8 0.34
Electropolished — 6.6 9.0
347 Wet ground 0.24 2.3 3.9
Electropolished 0.36 6.4 112

* 7 Days exposure.

Table VII. Corrosion of electropolished alloy specimens in
650°C, 42 kg/cm?2 (30 ppm Oy) steam

Defilmed metal loss, mg/cm?

Alloy 7 Days 14 Days
Incoloy 800 9.7 11.0
Type 403 13.5 a
405 18.9 239
410 114 a
410 (Eo) 14.8 16.0
430 5.0 5.1
446 0.34 0.42

a. Very heavy coating; could not be completely removed in de-
filming,

pressure were still partially covered with temper film
at the end of the test. The partial covering accounts
for the variation in metal loss from one specimen
to another, since the area per cent coverage by the
heavier gray coating was not the same for each
sample. At 42 kg/cm2 the 406 samples were com-
pletely coated with the heavier gray film after one
week exposure.

Miscellaneous alloys.—During the course of the in-
vestigation a number of different alloys were tested in
static autoclaves for relatively short periods of time.
Some of these tests were presented in Table II to
illustrate the effect of surface preparation. Results
of other tests are shown in Table VII

Type 446 was clearly the most resistant alloy tested
during these relatively short exposures. Among these
400 series alloys the corrosion resistance increased
greatly as the chromium content was increased from
12 to 25%.

Dynamic testing.—Steels.—Five week experiments
were performed to determine the effect of velocity
(30-91 meters/sec) and the oxygen content on the
corrosion of types 304 and 406 steels at 650°C, 42
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Fig. 7. Corrosion of stainless steel in flowing steam at 650°C;
42 kg/cm2. Oxygen content, 0.05 ppm: Open circle, 30 meters/sec;
solid circle, 61 meters/sec; circle with vertical line, 91 meters/sec.
Oxygen content, 30 ppm: open box, 30 meters/sec; solid box, 61
meters/sec; box with vertical line, 91 meters/sec.
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kg/cm?2. The two oxygen levels were 0.04-0.08 ppm
and 30 ppm. As shown in Fig. 7 the data for the two
experiments may be nearly superimposed, suggest-
ing that oxygen content and velocity were not im-
portant variables in the range investigated. Compari-
son of Fig. 5 and 7 did show that the high velocity
steam was more corrosive to type 304 than static
steam. Type 406 did not show this dependence.

One additional longer test at the same temper-
ature and pressure has been run with simultaneous
gas addition of 30 ppm oxygen and 3.8 ppm hydrogen
into the flowing steam. A test velocity of 61 m/sec
was chosen. Again, (Fig. 8) varying the gas content
of the steam had very little effect on the corrosion
behavior of the electropolished specimens.

In this test, as in all of the other high velocity
experiments, severe flaking of the outer corrosion
coating occurred after only one week for the type
304 specimens (Fig. 9). As the test continued further
loss was noted. For example, at 123 days a 304 speci-
men had lost an estimated 14 mg/cm? of corrosion coat-
ing, assuming a composition of Fe3O4. This was nearly
half of the total coating produced. The same estimate
performed for type 406 indicated that 95-98% of the
coating was retained on the specimen at 123 days.

A smaller number of grit blasted samples were
also tested. As might be expected from the results
described earlier, the total metal losses were smaller
(about half) for this surface preparation. The cor-
rosion rate also appeared to be lower for these speci-
mens.

Other alloys—Five of the alloys frequently used
for high-temperature applications were exposed to
oxygenated (30 ppm) flowing steam at 650°C, 42
kg/cm2, A test velocity of 61 m/sec was maintained
past the electropolished specimens. Results are pre-
sented in Fig. 10. The earlier corrosion results of type
304 and 406 steel are included to establish reference
levels. Of the five alloys tested, Inconel 600 and In-
conel X750 were the poorest in corrosion resistance.
The other three alloys (Inconel 625, Incoloy 800, and
Rene’ 41) all had metal losses less than type 406 at
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Fig 8. Corrosion of stainless steels in flowing steam. Tempera-
ture, 650°C; pressure, 42 kg/cm?2; steam velocity, 61 meters/sec;
oxygen, 30 ppm; hydrogen, 3.8 ppm.

Fig. 9. Appearance of corrosion specimens after exposure to
flowing steam at 650°C, 42 kg/cm2; oxygen and hydrogen added.
Upper left, one-week exposure; upper right, one-week exposure;
bottom left, two-week exposure; lower right, two-week exposure.
Left, type 304 stainless steel; right, type 406 stainless steel.
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Fig. 10. Corrosion of nickel alloys in flowing steam; 650°C, 42
kg/cm2, 61 meters/sec velocity, 30 ppm oxygen.

56 days, but with the possible exception of Incoloy
800, the metal losses were increasing with time.

Incoloy 800 had a low metal loss in this test, but
in repeated static tests it exhibited a strong surface
preparation effect and large metal losses. The static
tests come to pressure and temperature much more
slowly than the dynamic test (3 hr vs. about 5 min),
suggesting that the method of starting the test may
have played an important role in the corrosion be-
havior of this alloy.

Discussion

Surface—The marked improvement in the corro-
sion resistance to deoxygenated steam of samples
with machined surfaces had been previously noted
(5) but was attributed to the removal of mill scale
by the machining. In the current investigation the
improvement could be reproduced on carefully
cleaned surfaces and appeared to be a result of cold
working the surface. It would appear likely that the
oxide film formed on the cold worked metal differed in
physical and electrical properties as well as in protec-
tive qualities from that formed on an annealed surface,
but no extensive study was made.

It should be emphasized that the dependence of
corrosion behavior on surface preparation varies from
one environment to another and from one alloy to
another. At temperatures of the order of 300°C in
water, annealed or electropolished surfaces have been
observed to corrode less rapidly than worked sur-
faces (7, 8) while at 400°C in steam the converse has
been noted (8).

In oxygenated steam, the environment of particu-
lar interest in this study, the different surface prep-
arations caused different corrosion behavior, but to
a smaller extent than in steam of low oxygen con-
tent. Electropolishing was chosen as the primary sur-
face preparation for the corrosion rate measurements.
It appeared to represent most nearly the intrinsic
corrosion resistance of the material as deduced from
metallographic examinations of corroded samples.
However, for many practical applications it would
be advisable to reduce corrosion losses by using a
final preparation which resulted in cold worked sur-
faces for the initial exposure.

Type 304—The corrosion rate of type 304 in oxy-
genated steam rose rapidly as the temperature in-
creased from 540° to 650°C. At 600° and 650°C the
measured rate decreased with increasing time during
the 80 day static tests. The rate was higher by a
factor of about 1.5 in a dynamic test at 650°C. In
rapid flow tests there appeared to be no effect of
varying velocity or oxygen and hydrogen content on
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the corrosion rate. Flaking and loss of the outer cor-
rosion coating was particularly severe in these dy-
namic tests. In a nuclear superheater these particles
of oxide would be radioactive. Their deposition in the
turbine and condenser would present a serious con-
tamination problem.

Even if it were not susceptible to stress corrosion
cracking, it would appear that type 304 is unsuitable
at 650°C and higher for the thin wall nuclear fuel
element cladding discussed earlier.

Type 406.—The corrosion rate of type 406 was too
small to be precisely measured in all of the tests,
static and dynamic, in which it was exposed simulta-
neously with type 304. It did, however, rapidly form
a protective coating at the onset of the tests which
amounted to an average metal penetration of about
2 to 4 x 104 cm. No flaking of the outer corrosion
coating was noted in tests of over 100 days duration.
No embrittlement due to the high temperature was
detected in one simple bending test.

Since alloys of approximately the same chromium
content as 406, but without aluminum, suffered con-
siderably more corrosion attack, it was assumed that
the aluminum content was responsible for the low
corrosion rate of this alloy.

Miscellaneous alloys.—The corrosion of the 400
series steels in static oxygenated steam went down
with increasing chromium content, particularly above
about 13 w/o Cr. Both type 430 (16% Cr) and type
446 (25% Cr) exhibited short term corrosion attack
lower than the 18-8 austenitic stainless steels at 650°C.

The high nickel alloys, particularly Inconel 625,
were also more corrosion resistant than the 18-8 steels
in short static and dynamic tests at 650°C. Inconel 600
and Inconel 750X were the poorest of the high nickel
alloys in extended testing in high velocity steam.
Rene’ 41, a cobalt bearing alloy, had very satisfactory
corrosion resistance. This alloy had been included
in the study for general interest although its use
in a nuclear reactor was not contemplated.

Type 406 steel appears to offer advantages in gen-
eral corrosion resistance, lower cost and neutron
capture cross section over most of the high nickel
alloys tested, but is inferior in high temperature
strength and in some fabrication aspects. It appears
to be an interesting material for high temperature
steam applications.
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Surface Oxidation of Gold Electrodes

S. B. Brummer and A. C. Makrides

Tyco Laboratories, Inc., Waltham, Massachusetts

ABSTRACT

The surface oxides formed on electropolished gold by potentiostatic
anodization in the range 1.2-1.85v vs. H*/H, have been studied by galvano-
static reduction at current densities between 10 and 1000 ua/cm2. Molar
perchlorate solutions of pH 0.06 to 2.8 were employed. The extent of oxide
formation is determined by the potential of anodization; the charge in-
creasing linearly with the potential of formation in the range of 1.45-1.8v.
Cathodic chronopotentiograms show that reduction of the oxide occurs at
a definite potential which depends on the cathodic current density. Current-
potential curves, constructed from the chronopotentiograms, follow a Tafel
relation with a slope of 41 mv. The electrochemical order of the reduction
reaction is —1.4 with respect to pH. Ease of reduction of the oxide, as
measured by its rate of reduction at a fixed potential at any given pH,
decreases with increase of potential of formation of the oxide. A mechanism
for reduction is suggested in which it is assumed that the reduction of an
intermediate (Au!!) is the slow step in the over-all process.

The formation and reduction of surface oxides on
metal electrodes are of major importance in deter-
mining the kinetics of basic electrochemical reactions,
for example, of the reactions involving the O/H2O
couple. Of particular interest are noble metals, often
used as oxygen electrodes, where the absence of dis-
solution reactions facilitates the interpretation of cur-
rent-potential relations for surface oxidation. The
present study deals mainly with the kinetics of re-
duction of surface oxides formed on gold, a metal
which is unusual in its stability toward oxidation at
low temperatures.

The oxidation of gold has not received as much at-
tention as that of platinum and is not, at present,
well characterized. A number of studies have been
made using chronopotentiometry (1-7). Of particu-
lar interest is the work of Laitinen and Chao (1) who
combined potentiostatic techniques with galvano-
static measurements and established the steady-state
concentration of oxide as a function of potential. The
final surface species is believed to be Au2O3 (perhaps
hydrated) [e.g., (7)], but there is disagreement con-
cerning the presence (5) or absence (1, 4) of lower
valent oxides. Although the surface coverage with
oxidized species during galvanostatic oxidatior has
frequently been examined (2-8), apparently no at-
tempt has been made to examine the kinetics of the
reduction of the oxides of gold. In the present work,
the Kkinetics of reduction of films formed potentio-
statically have been studied over a range of pH.

Experimental

The principal experimental technique involved the
potentiostatic oxidation of the electrode surface fol-
lowed by reduction with constant current. Potential-
time measurements were also made during anodic
charging and during free decay from various surface
oxidation conditions.

A three-compartment electrolytic cell constructed
of Pyrex glass contained the working electrode in
the central compartment and had sufficient volume
to minimize concentration changes during an experi-
ment. A Haber-Luggin capillary led to the reference
electrode which was a platinized platinum cylinder
immersed in a solution saturated with purified hydro-
gen. The counterelectrode was a roughened gold cylin-
der and was connected to the main compartment via a
coarse fritted disk. All electrodes were mounted in

such a way that only glass and Teflon came in contact
with solution (9).

Gold electrodes, of “spectroscopically standardized”
material (Johnson, Matthey and Co.), were in the
form of cylinders of area ~0.8 cm2. Immediately be-
fore use, the electrodes were electropolished in a
cyanide bath (10) using a current density of ~6
amp/cm2. The specimens were polished until they
showed no evidence of surface marking when viewed
under a low power microscope. They were then
washed in chromic-sulfuric acid, triply distilled water,
and finally with the test solution. The electrodes
usually retained their luster at the completion of a
series of oxidation experiments, and only rarely did
polishing affect the measured roughness factor of
the electrodes after the first couple of treatments.
Geometric areas were estimated immediately after
the experiments, using a micrometer. All results are
given in terms of the geometric area of the electrodes.

Solutions were made up with triply distilled water
(one from alkaline permanganate) and were molar
with respect to ClO4—. Different acidities were ob-
tained using appropriate quantities of HC1O; (Baker
Analyzed Reagent) and NaOH (Baker Analyzed Re-
agent). The pH was varied from 0.06 (N HClO4) to
2.8. The working and counter electrode chambers
were flushed with a continuous slow stream of No,
which had first passed through traps packed with
glass beads cooled in liquid N,. Connections were
made with Teflon tubing and all stockcocks, required
to control the rate of gas flow, had Teflon barrels.
The experimental results were not affected by stirring
during the anodization or during the subsequent re-
duction of the film.

Potential control was maintained with a Wenking
fast-rise potentiostat. Switching to a galvanostatic
circuit was performed with a mercury-wetted relay
(Western Electric 275C). Constant current was sup-
plied by batteries in series with large resistances and
was measured with a Greibach microammeter (type
510) to a precision of %%. The potential during
forced decay was measured on a Tektronix type 561A
oscilloscope with a type 2A63 vertical amplifier and a
type 2B67 time base.

Potentials could be read to 1 mv using a sensitive
scale on the oscilloscope and a L&N potentiometer to
back off most of the potential developed between the
working and reference electrodes. Potential measure-
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Fig. 1. Typical anodic chronopotentiogram in 1N HCIO4

ments during free decay were made with a L&N di-
rect reading pH meter (input impedance ~1012Q),

Reproducibility of charge with a given electrode
during a run was usually +=2%, but between different
experiments scatter up to 5% was observed, prob-
ably because of differences in the surface roughness
of the electrode. The reproducibility of the potential
during reduction was usually within the precision of
measurement (*+1 mv) during a given experiment,
and often was as good between different experiments.
More usually, a variation of =2 mv was observed be-
tween different experiments. All potentials are re-
ferred to the reversible H*/Hy potential in the same
solution unless otherwise noted.

All observations were made at room temperature,
23°+ 2°C.

Results and Discussion

Anodic charging curves—In Fig. 1, a typical charg-
ing curve is presented. It is seen that the potential
rises steeply at first and then at about 1.28v, the exact
value depending on the applied current density, a
sharp break occurs. This is followed by a short region
(20-30 mv) during which the potential rises quite
slowly with time and then a much longer range
(~1.3-1.75v) where the potential increases more
rapidly with time. The potential becomes steady at
about 1.8v and this, no doubt, corresponds to steady-
state oxygen evolution. The anodic charge during the
period from the first break to 1.8v is 630 xC/cm?2 which
is somewhat less than the charge which is measured
cathodically after potentiostatic pretreatment (for 5
min, see below) at 1.8v. However, the general shape of
the charge wvs. potential curves found from anodic
curves is the same as that obtained by cathodic re-
duction after potentiostatic oxidation. The anodic
charging curves are similar to those reported by
Hickling (4), but differ in some respects from those
reported by Laitinen and Chao (1). Hickling found
that the total charge preceding oxygen evolution is
equivalent to a monolayer of AusOs (perhaps hy-
drated). Our results and those of Laitinen and Chao
(1) show that the amount of oxide on the surface in-
creases smoothly with potential without any breaks
corresponding to various stoichiometries. In particu-
lar, there are no arrests corresponding to the forma-
tion of Au! or Aul! oxides.

Reductions curves.—Galvanostatic reduction curves
of films formed potentiostatically at potentials rang-
ing from 1.2 to 1.85v were determined at various
cathodic current densities. Measurements were not
extended above 1.85v to avoid permanent damage to
the electrode (1) resulting in part, perhaps from ex-
tensive oxidation at the grain boundaries (11). A
series of runs in which the time of anodization was
varied showed that the charge obtained after 5 min
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Fig. 2. Typical cathodic chronopotentiogram in 1IN HCIO4 after
5 min of anodization at controlled potential. Arrow in upper
figure indicates ~0.8 layer of 02~ r on surface.
Arrow in lower figure indicates the potential corresponding to the
reduction of the oxide.

and after 20 min of anodic oxidation differed by less
than 0.5%. Since the reproducibility of the charge
determinations was no better than this, all oxidations
were carried out for 5 min.

In Fig. 2 are presented two typical cathodic chrono-
potentiograms. These were determined after the elec-
trode had been oxidized potentiostatically at 1.55v
for 5 min. It is seen that, in contrast to anodic curves,
a clear and initially, well-defined arrest is observed
corresponding to the onset of the reduction of the film.
After a time, (indicated by the arrow in the top dia-
gram in Fig. 2), corresponding to reduction to less
than about 0.8 of a monolayer of adsorbed O2~, the
potential falls rapidly. Then, almost at the end of
the arrest, a slight “kink” is observed. Eventually, the
rate of change of potential corresponds to double layer
charging, and this is followed by an arrest, not shown,
where Hj is evolved.

The method of calculating the transition time, T,
is indicated on the first curve of Fig. 2 and the method
of estimating the potential of reduction is shown in
the second, magnified, trace. If the reduction were
commenced from less than about 1.45v, the arrest
corresponding to the reduction of adsorbed oxygen
was less distinct and the calculation of the charge,
q, less exact. Also, it was no longer possible to deter-
mine with any precision the initial potential of re-
duction. If reduction were started from 1.65v or above,
a slight (2-5 mv) overshoot (less positive values)
of the potential was observed. In this case, the po-
tential of reduction was estimated both at the over-
shoot and at the arrest. The latter, while perhaps
more valid, was more difficult to estimate accurately,
so that there was more scatter in the current-poten-
tial curves for reduction. The results reported related
to the overshoot.

At pH of 1 and above, the charge is independent
of the cathodic current density, which is expected if
impurity effects are negligible (no effect of stirring)
and if the dissolution rate of the film is also negligibly
small. However, in more acid solutions the charge
decreased linearly with increase in 7 (Fig. 3). The
equivalent rate of loss of charge is about 3 wa/cm2
at pH 0.06. This zero order decay is suggestive of a
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Fig. 4. Variation of cathodic charge with the potential of
anodization in 1N HCIO4. Open and closed circles are from different
experiments in the present study. Crosses are from the results of
Laitinen and Chao (1). The arrow indicates a monolayer.

dissolution reaction, whereby the oxide disappears
nonelectrochemically (no charge transfer) into solu-
tion. That this could not have been the case was shown
by direct measurement of the rate of dissolution of
the oxide. The electrode was left at open circuit for
various times after anodization, and the oxide re-
maining at the end of this time was reduced galvano-
statically. A dissolution rate of about 0.3 wa/cm2,
determined in this way, is in good agreement with the
results of Laitinen and Chao (1) and of Vetter and
Berndt (6). Thus, the q vs. v relation at pH < 1 is
not caused by simple chemical dissolution, but must
be due to the decomposition of some active inter-
mediate produced during electrochemical reduction.
In solutions where q varied with t the reported
steady-state charges were estimated by extrapolating
the g vs. © line (i ~30 to 600 wa/cm?) to v = 0.
Variation of charge with potential and pH.—The
cathodic charge in 1N HCIO4 is shown as a function
of potential of anodization in Fig. 4. It is seen that
above ~145v the charge increases almost linearly
with potential. The charge at 1.45v is close to that
for a monolayer, 450 uc/cm?2 according to Hickling
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Fig. 5. Charge vs. pH at various potentials of formation

(4). In fact, if we regard the charge at the transition
point in the q vs. E curve as corresponding to a mono-
layer, we would suggest that a monolayer of adsorbed
oxygen (i.e.,, one atom per metal atom) would be
equivalent to ~400 rather than 450 uc/cm2. The agree-
ment with the results of Laitinen and Chao (1) is only
moderate. Below about 1.35v, Laitinen and Chao found
a long slow fall in the amount of surface oxidation as
a function of the potential of anodization whereas we
find that below ~1.45v q falls rapidly to zero, becom-
ing too small to measure at ~1.3v.

Above ~1.45v, their results diverge systematically
from ours. At 1.75v, this disagreement is about 15%.
It may be that the discrepancy arises from a differ-
ence in the grain size of the gold specimens. Laitinen
and Chao (1) report permanent damage to their elec-
trodes after anodization above 1.75v, whereas we
found that anodization up to ~2.1v (in 1N HCIlO4)
does not cause appreciable permament damage. Per-
manent damage would almost certainly be worst in
a small-grained sample. Although the measurement
is very difficult to make and is inaccurate once the
charge is less than about 300 xc/cm?, the shape of the
cathodic curves is substantiated at other pH’s and is
also similar to that of the anodic charging curves.
Therefore, we conclude that no significant amount
of oxide or of adsorbed oxygen is present on Au
below 1.3v.

From the charge-pH relationships shown in Fig. 5
it is evident that the main factor which determines g
is the formation potential vs. reversible hydrogen in
the same solution (or possibly against the HsO/O»
potential). There appears to be a slight decrease in
the charge at any given potential vs. the H*/Hs
couple in the same solution as the pH is raised from
0 to 2.8, but the effect is small and its magnitude is
within the reproducibility of the experiments.

Kinetics of oxide reduction.—A typical series of re-
duction curves for gold oxide formed at different
anodic potentials is shown in Fig. 6. Usually, the cur-
rent potential curves were determined in the cur-
rent density range 20-1000 xa/cm? and, in general,
the deviations from the Tafel plots were +1 mv.
Above ~1 ma/cm?, the Tafel lines deviate slightly in
the direction of greater polarization. Reasonable as-
sumptions about iR losses lengthen the validity of
the Tafel region to at least 20 ma/cm?2.

Tafel lines at the highest pH’s tend to curve over
rapidly at current densities substantially below those
corresponding to the diffusion-limited current for hy-
drogen ion. At pH 2.1, the current-potential lines were
so curved as to vitiate any simple analysis of their
slopes. The following discussion is mainly concerned
with the linear Tafel plots obtained from pH 0.06
to pH 1.6.

The slope of the Tafel lines, 39-42 mv, was inde-
pendent of the potential of formation, as indicated in
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Fig. 6. Current-potential curves for reduction of films formed at
various potentials.

the figure. The slope was also independent of pH in
the range 0.06-1.60. In order to estimate an exchange
current, i, for reduction, we must know the revers-
ible potential for the reaction, and this presupposes
that we have some knowledge of the composition of
the oxide. The charge vs. potential curves are smooth,
once a monolayer of oxide has been put down, and
give no indication of the composition of the oxide.
However, the reversible potential for the reaction

Au(OH)3 4 3H* + 3e— = Au 4 3H,O

is given by Latimer (12) as 1.45v (reduction poten-
tial), and experimentally (5, 13, 14) it has been found
to be about 1.36v. Laitinen and Chao (1) observed
rest potentials, after oxide formation, of about 1.30v
and state that this results from a potential-determin-
ing reaction whose reversible potential is sufficiently
close to 1.36v to assume that the oxide is very similar
to Au(OH)s. In fact, they find it reasonable to con-
sider the surface oxide as AuOOH [Auy0;-H;0, see
Jirsa and Buryanek (15)].

The most stable normal oxide of gold is AuyO3
(in its various hydrated forms) and even this is
thermodynamically unstable and decomposes rela-
tively readily (7). Lower oxides are known, wviz.,
AuO (16, 17), but it has been shown (7) that ex-
periments (3, 5, 18) suggesting the anodic formation
of lower oxides are incorrect and are probably the
result of base metal impurities, probably Fe. Thus,
there is no a priori reason for assuming any well-
defined stoichiometry. Certainly, it is not found for
platinum [Feldberg, Enke, and Bricker (19)] and in-
deed it has been suggested (19) that the similarity
in the anodic behavior of various noble metals may
best be understood by considering the process as es-
sentially the oxidation of water with the products
being stabilized by adsorption on the metal. However,
platinum and gold adsorb oxygen (or form surface
oxides) at potentials which differ by nearly 0.5v, so
that it is doubtful whether such a “simplification” is
particularly useful.

Although there is no clear justification for assum-
ing any stoichiometry for the oxide, it is apparent
that the potential of the oxide-gold couple is close
to the potential of the Au(OH)s/Au couple. For the
purpose of estimating i,’s, it will be assumed that the
reversible potential is that of the Au/Au(OH); couple,
i.e., 1.36v, although the surface oxide may not be as
completely hydrated as this. Exchange currents, ob-
tained in this way, vary from about 5 x 108 to 2 x
10—® amp/cm2, and depend on the potential at which
the oxide is formed (vide infra).

The ease of reduction of the oxide depends on the
potential at which it is formed, although it is not
clear at first whether this is a direct effect of the po-
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Fig. 7. Oxide reduction rate at 1200 mv as a function of
potential of formation and pH. pH: o, 0.07; X, 0.37; O, 0.97;
+,145; A, 1.57.

tential, or a result of differences in thickness. The
following experiment was performed to answer this
question. The metal was oxidized at a certain po-
tential and then left on open circuit. Observations were
made of the charge left on the oxide from about 1.4
monolayers to about 0.7 monolayers, and, also of the
potential of reduction of the oxide at a given current
density as a function of time on open circuit. If the
determining factor is the thickness, we expect the po-
tential of reduction to become more positive (in the
reported experiment, by about 40 mv) as the charge
on the electrode decays away. Otherwise, we do not
expect much change. The reduction potential became
slightly (5 mv) more negative, which clearly shows
that the potential of formation and not the thickness
of the oxide controls the reduction kinetics.

The ease of reduction of the oxide, as a function of
the potential of formation, is demonstrated in terms
of the reduction current at fixed potential (1200 mv
vs. RHE.), in Fig. 7. It is found that the reduction
current decreases semilogarithmically with the in-
crease in the potential of formation.

The pH dependence of the current at a fixed po-
tential vs. the standard hydrogen electrode is shown
in Fig. 8. Log i varies linearly with pH according to
(dlog i/dpH)E = 1.39 = 0.02. No significant varia-
tion in (9 1logi/d pH)y is found with changes of either
q or of the potential of formation.

3

General Discussion

To describe the mechanism of the reduction of gold
oxide, we should in all, have to account for the fol-
lowing facts: (A) Most of the oxide is reduced at a
fixed potential. (B) A Tafel slope of 41 mv is ob-
served independent of thickness or potential of for-
mation. (C) (dlogi/d pH)g is —1.39 independent of
thickness or potential of formation. (D) The oxide be-
comes harder to reduce the higher the potential of
formation. (E) In more acid solutions, the charge de-
creases linearly with increase in the transition time,
at a rate in excess of that observed for simple disso-
lution of the oxide.

For the present we will assume, after Laitinen and
Chao (1), that the oxide is essentially AuOOH
(Auy03-Hy0). A simple way of accounting for a
Tafel slope of about 40 mv is to assume a three-elec-
tron reduction. However, aside from the inherent im-
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probability of such a step, the pH dependence of the
reduction rate rules out this mechanism.

A mechanism which partially satisfies (B) and (C)
above is given by the following sequence of reactions

fast

AuOOH + H+ + e = AuO + Hy0 @
slow

AuO + H* 4+ e » AuOH (I1)

fast
AuOH + H* + e —» Au 4 H;0 (1)

where AuO is written as the Aull oxidation state and
AuOH as the Au! oxidation state, but either of these
may be hydrated. The rate equation is

apF

i =3k (AuO) (Ht+) exp — T [11

where «, the transfer coefficient, is ~0.5, and ¢ is
the potential. We can solve for (AuO) by assuming
that reaction (I) is fast and is in equilibrium at all
potentials. Then

et (AuOOH) (H+) exp— P2F _
RT
— 1—B8)¢F
*r (AuO) (H;0) exp% 2]

and
(AuO) = K(AuOOH) (Ht*) exp — % [31

where K is a constant equal to k"{/?, (H20). Then the
final rate equation is
(14 a)¢F

i = 3K (AUOOH) (H*)2exp —————  [4]

If the surface oxide (AuOOH) is thought of as a
well-defined and essentially homogeneous solid, its
activity will remain constant although its concentra-
tion declines during reduction. This would account
for the initial flatness of the galvanostatic reduction
curve. If «, in Eq. [4], is 0.5, the Tafel slope is 39 mv,
in good agreement with experiment.

The pH dependence, (9 log i/9 pH)g, as given by
Eq. [4] is —2. This result is only in moderate agree-
ment with the experimental observation of (9logi/
dpH) g = —1.39.
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A disadvantage of the above mechanism is the as-
sumption that the reduction of Aul! is the slow step.
Sidgwick (20) expresses the opinion that Au! com-
pounds are really complex molecules containing equal
proportions of Au! and Au!'l, Although the evidence
for this view is not strong, one has some doubts about
postulating this form of gold as being so relatively
stable. However, the large and unusual force field in
a thin adsorbed layer could alter the relative stabil-
ities of the various oxidation states.

An alternative to this scheme which yields the
same Tafel slope and pH dependence can be con-
structed if it is assumed that the concentration of
AuOOH is fixed by the equilibrium

AuOOH=Au 4+ O + Ht + ¢ av)
and that the rate-limiting step is
slow

AuOOH + Ht 4 e » AuO + HyO V)

Reaction (V) is followed by reactions (II) and (III),
which are now assumed to be fast. This mechanism
assumes that reaction (IV) is fast and reversible at
potentials of ~1.2v in 1N HCIOy, i.e. it requires that
the reduction of oxygen on gold proceed at a rate
greater than 1000 xa/cm? (the observed reduction rate
of the oxide) at these potentials. This is contrary to
what is known about the reduction of oxygen on gold
(21). In addition, this mechanism predicts a substan-
tial effect for oxygen while, in fact, no difference was
observed either in the reduction potentials or in the
amount of oxide present on the surface when oxygen
was bubbled over the electrode. These findings rule
out this alternative mechanism.

The variation of the reduction current at fixed
potential (of reduction) is expressed by Eq. [5]

) 020 F E,
iaexp— — [5]

where E, is the potential of formation of the oxide
against the reversible hydrogen electrode in the same
solution.

Comparison of Eq. [4] and [5] shows that the ac-
tivity of (AuOOH) depends on the potential of forma-
tion according to (AuOOH) a exp —0.20 F E./RT.
This relation essentially expresses the qualitative
observation made above, that the ease of reduction of
the oxide decreases with the potential of formation,
and suggests that the structure of the oxide (e.g., con-
centration of defects) depends on the potential of its
formation. There is, unfortunately, no direct evidence
bearing on the comparison or structure of very thin
gold oxides formed anodically, so that it is not pos-
sible to deduce from the Kkinetics the structural
changes which might take place (22).

An alternative explanation of the pH dependence is
possible in terms of cation adsorption in the inner
part of the double-layer on metals covered with
oxide (23). Thus, for example, the potential of zero
charge of oxide-covered platinum is in excess of 2.2v
(23). The unusual pH dependence of the reduction
rate may result from competition between (slightly)
adsorbed Na* and H+ ions whose ratio changes with
pH. Because of the low Tafel slope of 41 mv, small
changes in the potential distribution in the vicinity of
the electrode could be very important. This notion
received some substantiation from experiments in
concentrated Mg(ClO4)2 solutions. The object, here,
was to preserve the structure of the double layer
(with a high concentration of divalent cations) while
changing the pH. In the main, the results were similar
to those reported above. However, at pH 0.2 or less
the current potential curves were much more closely
spaced than we have reported above and the pH de-
pendence, especially at high potentials of formation
(>1.7v) was —2.0. Futher experiments, with varia-
tion of the cation are in progress and will be reported
later.
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The rest potential.—Decay curves (Fig. 9-11) show
(a) that the “rest” potential is a function of the po-
tential of formation, (b) that this potential varies with
pH (Fig. 10), and (c) that frequently there is an
overshoot in the decay curve (Fig. 11). Since there is
little doubt that the ultimate anodic product is Aulll
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oxide (7), one expects that the higher the potential of
formation, the closer to 1.36v would be the rest poten-
tial. In fact, the opposite is true. We may recall that
the higher the potential of formation of the oxide, the
harder it is to reduce. These observations, taken to-
gether, suggest that the rest potential is a mixed po-
tential.

If the rest potential is a mixed potential involving
an impurity couple, and if the reduction rate of the
impurity is essentially controlled by its rate of diffu-
sion to the electrode, then we expect the rest poten-
tial to vary by about 95 mv per pH unit, which is in
fair agreement with the observed pH dependence (85
mv vs. SH.E.). The overshoot phenomenon (Fig. 11)
is similar to the overshoot observed in forced decay
and probably arises from the same cause, i.e., from
an additional potential drop within the oxide.

The observed variation of q¢ with the reduction cur-
rent in the more acid solutions is not easily accounted
for. As shown above, the dependence of q on t cannot
be explained in terms of dissolution of the oxide, but
must be attributed to the decomposition of an inter-
mediate formed during forced reduction. According to
the proposed mechanism, Au!l and Aull are in equi-
librium at all potentials and, therefore, also at the
potential established during free decay. Consequently,
any decomposition reaction involving these species
must be present during both forced and free decay,
and cannot, therefore, give rise to the much higher
rate of dissipation of charge during forced decay. This
argument implies that Au! is the unstable species.
The reaction in question is obviously not the dispro-
portionation to Au and Aul, which is a well-known
reaction (24), since such a process does not dissipate
charge but merely alters the kinetics of reduction. A
likely path for charge dissipation is, then, reaction of
Au! with HyO to yield Oz, which diffuses away.

Summary and Conclusions

1. The kinetics of reduction of anodic oxide films
formed on gold electrodes at potentials between 1.45
and 1.85v follow a Tafel relation with a slope of 41
mv. The exchange current (determined by extrapola-
tion to a potential of 1.36v vs. H*/Hy in the same
solution) is in the range of 10~7 to 10—9 amp/cm?; it
decreases with increasing anodic potentials of forma-
tion of the film and is almost independent of pH.

2. The electrochemical reaction order for reduction
is —1.39 with respect to pH.

3. A mechanism for reduction is suggested in which
it is assumed that Aul! and Aull are in equilibrium at
all potentials and that the electrochemical reduction
of Aull is the slow step. This reaction scheme accounts
approximately for the main experimental results.
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Anodic Oxidation of Tantalum in Formic Acid Electrolytes

D. M. Cheseldine
Sprague-TCC (Canada) Ltd., Toronto, Ontario, Canada

ABSTRACT

Duplex films formed anodically on tantalum in formic acid and other
organic electrolytes have both low capacity and low optical thickness per
unit formation voltage. 1/c vs. V curves show a “break point,” CV values
being lower at higher voltages. The film adjacent to the metal has the char-
acteristics of normal TaOs and grows simultaneously with the outer more
rapidly soluble film suggesting oxygen ion mobility in this outer film. Evi-
dence from sequential formations in organic and aqueous electrolytes in-
dicates also tantalum ion mobility and the growth of some new oxide in the
pre-existing outer layer. Conditions at the electrolyte interface may exert
some control on the number of oxygen ions entering the film. Other anions
influence the film structure which is thought to contain voids.

It has been observed that the film produced on
tantalum in organic or concentrated electrolytes differs
in certain characteristics from that formed in dilute
aqueous solution. Vermilyea (1) noticed that with
films formed to the same voltage, those formed in
organic electrolytes were optically thinner (absolute
values varying with electrolyte composition) yet
showed normal capacity. The film consisted of two
portions; an outer part which dissolved rapidly in HF
and an inner part which dissolved at a rate similar to
that of films produced in aqueous solution. Also the
efficiency of the formation process in organic electro-
lytes was greater than 100% assuming all the charge
to be used in the production of oxide.

Young (2) made measurements of overpotential and
capacity of films formed in various concentrations of
H,SO4 and found the product CV to be approximately
constant. Masing, Orme, and Young (3) showed the
outer part of the film formed in concentrated HsSO4 to
be optically absorbing. The refractive index of the
film was found to be a few per cent less than that of
the normal oxide.

In the present investigation formic acid with vari-
ous additions has been used as the basis of a number of
organic electrolyte systems in which the anodic oxida-
tion of tantalum has been studied.

Experimental

Capacitor grade tantalum foils 0.0003 in. thick, hav-
ing a surface area of 950 cm2 were prepared by clean-
ing for 2 min ultrasonically in 1% alconox solution at
room temperature, rinsed, then dried at 120°C in a
forced draught oven. A surface area of 50 cm?2 was
used for capacity measurements.

Foils were anodized in about 250g of electrolyte
which was surrounded by a water bath maintained at
20°C. Most of the anodizing was carried out at a con-

stant current density of 0.095 ma/cm2. Voltage was
measured between the anode and cathode, and the
electrolytes were adjusted to have similar resistivities.
Most of the work was carried out in an electrolyte
consisting of 2.8g dibasic ammonium phosphate dis-
solved in 100g formic acid. This electrolyte had a
specific resistance of 46 ohm-cm at 25°C. The aqueous
electrolyte consisted of HySO4 diluted to the same
resistivity. The reagents were ‘ANALAR’ grade and
were not further purified.

The tantalum oxide film was dissolved in HF. For
most of the work approximately 35% HF was used,
but for some experiments concentrated HF (48% or
55%) was used, the latter giving a more defined end
point at which all oxide was removed. Formed foils
were cut into eight equal lengths for easier manipu-
lation in HF solution. A large volume of HF was made
up and a fresh portion (approximately 200 cc) was
used for each immersion interval, used acid being
collected for recirculation. Acid strength was checked
at intervals by measuring the solution rate of normal
tantalum oxide formed in dilute HaSOj.

Capacity and dissipation factor measurements were
made at 120 cycles in the formation electrolyte. Opti-
cal thickness measurements were made by comparing
the colors with a tantalum optical step gauge formed
in dilute HySO4 at 2v increments. The step gauge was
used as an arbitrary scale of optical thickness, thus
all thicknesses are given in terms of tantalum for-
mation voltage.

Results

A comparison of films formed to the same voltage
in formic acid electrolytes and in dilute HoSO4 shows
that the former are optically thinner, require less
coulombs for their formation, and have a slightly
lower capacity. The film consists of an outer and an
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inner region with differing rates of solution in HF.
Also the formation in formic acid electrolytes pro-
ceeds with greater than 100% efficiency.

Capacity and equivalent series resistance.—A typical
reciprocal capacity ws. voltage plot is shown in Fig.
1 for formation in a formic acid electrolyte (com-
position 1).

The low voltage curve has a reciprocal slope (CV)
of 13.5 uf-v/cm? compared with 12.2 uf-v/cm? for the
high voltage curve. Increasing the current density
from 0.3 to 1.0 ma/cm? reduced the low voltage reci-
procal slope to 11.6 uf-v/cm?2 and the high voltage to
9.4 uf-v/cm?2. The break point occurred approximately
5v lower at the higher current density. The E.S.R.
curve also shown in Fig. 1 exhibits a maximum.

Similar reciprocal capacity curves are found in
other nonaqueous electrolytes. For instance in an elec-
trolyte consisting of 8% concentrated HySO4 and 1%
water in ethylene glycol, the reciprocal slopes at low
and high voltages were found to be 14.7 uf-v/cm?2 and
9.4 uf-v/cm?2, respectively. At 0.3 ma/cm? the break
point in this electrolyte was found to occur at 35v.

Solution of films.—Both inner and outer films dis-
solve uniformly in HF but with differing solubility
rates. Depending on the acid concentration the solu-
bility rate of the metal also differs from that of the
oxide. Therefore the weight of either film or of the
total film can be determined.

Solution of the oxide was first applied to the whole
film in an attempt to determine why the oxide forms
with apparently greater than 100% current efficiency.
Excess weight could be gained in either an electro-
chemical, chemical, or physical process which might
occur in addition to the normal oxide formation.

The total film weight resulting from normal elec-
trochemical formation of oxide and an electrochemical
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process involving some ion other than oxygen is given
by [1]
Wg=Wg+ C-EWras+ [1]

where Wy is the total weight of film in grams, W is
the weight gain after anodizing in grams, C is the
“charge to form” in faradays, and EW is the equivalent
weight.

The total film weight resulting from a chemical re-
action, in addition to the normal electrochemical
formation of oxide, is given by [2]

) [2]

where the symbols are as above. Wg is the excess
weight gain in grams, and A is an anion in a tantalum
compound formed by a chemical process. Values can
be calculated by making assumptions regarding the
nature of A.

A possible type of physical process which might
occur is one in which some neutral species is occluded
in the oxide film. The total weight of film is then
given by [3] which gives the same value for the film
weight as is given by the electrochemical process

EWras+

Wg = C-EWrag05 + Wg (1 + W,

Wg = C-EWrag05 + Wg [31

Some typical results and figures showing the film
weights to be expected for different processes are
given in Table I. Of the three processes considered the
electrochemical or physical give closest agreement
with observed values.

The accurate determination of the point where all
the film has been dissolved is difficult because the re-
sults appear to vary somewhat depending on the
strength of HF used to dissolve the film and the pa-
rameter measured. To avoid this difficulty the total
weight of film has been calculated in a number of
instances from Eq. [1] or [3], i.e., assuming either an
electrochemical or physical process in addition to elec-
trochemical formation of oxide. This calculation gives
a result very close to the film weight determined by
solubility rate in concentrated HF (Table I).

The weight and solubility rate of the outer, more
rapidly dissolving film have been determined at
different formation voltages. It was found that the
weight of the outer part of the film is directly pro-
portional to the formation voltage and represents a
fixed fraction (about 60%) of the total weight of
film present (Table II), i.e. both films grow simultane-
ously. The inner film can only grow simultaneously
with the outer film if it either grows out of the latter,
i.e., if a conversion takes place, or if oxygen ions are
supplied to the growth site. The latter appears more

Table I. Solution of tantalum anodic films

Electrolytic composition 1 2 3 Dilute HaSO4

Charge to form to 100v (coulombs/meter2) 1570 1530 1520 3000

‘Weight increase
Calculated from charge 130 127 126 248
Measured 185 183 178 255
Excess 55 56 52 —

HF concentration i 48% 48% 35% 48%

Parameter measured weight weight capacity weight

Weight of film dissolved 770 740 710 1350

Charge (faradays) x EWmra0, X 103 720 705 700 1370

Calculated weight of film:

(a) Electrochemical process 175 760 750
(b) Chemical process
1. Formate 820 806 794
2. Phesphite 851 838 824
3. Hydroxide 892 880 862
4. Oxide 1024 1015 987

(A1l weights in mg/meter2)

Electrolyte Compositions: 1 2 3
Phosphorus acid 5 1.7 —
Diammonium hydrogen phosphate —_ == 2.8
Formic acid 90.0 100.0 100.0
i‘flatsﬁ i 0.75 e =

riethylamine To give specific resi —
Specific resistance ohm-cm at 25°C 50 5 e Teststance 48.0
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Table 11. Solubility rate in 35% HF of films formed in electrolyte 3.
Current density 0.095 ma/cm?2

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

1. Formation voltage 20 40 60 80 100
2. Weight of outer film,
mg/meter2 9 170 255 345 427
Ratio 2/1 0.47 0.42 0.42 0.43 0.43
Solubility rate,
mg/meter?/sec 9.4 9.4 8.9 8.2 7.1
Weight of outer film
Weight of total film(® 0.74 0.61 0.60 0.59 0.59
Coulomb efficiency, % 148 144 135 136 142
Optical thickness, Ta voltage —_ 21 31 43 60

(@) Calculated.
(All weights in mg. Solubility rate of TazOs formed dilute HoSO4
= 3.6 mg/meter?/sec).

likely and implies mobility of oxygen ions in the
outer film since these must originate in the electrolyte
before passing through the outer film.

The formation efficiency values in Table II are
typical of those obtained under controlled temperature
conditions. The variations with voltage are within the
reproducibility at any voltage and therefore not sig-
nificant. The mean value obtained for the efficiency at
20°C from all (eight) determinations made at this
temperature was 144%, all values falling within +6%
of the mean. In earlier experiments without tempera-
ture control 19 out of 30 determinations fell within
this range.

For films formed above a certain voltage the solu-
bility rate decreases with increasing voltage. An in-
crease in the formation current density causes a
marked increase in the solubility rate of the outer
film. At 0.76 ma/cm? (i.e., an eightfold increase of cur-
rent density) a 60v film showed a solubility rate
double that for a film formed at the lower current
density. The relative proportion of fast dissolving
oxide remained at approximately 60% of the total
film. The optical thickness of the film, however, was
about 7% thinner than the film formed at the lower
current density. The formation efficiency at the higher
current density was 152% which is slightly higher
than the highest value of 148% observed at the lower
current density.

Changes in capacity, weight, and optical thickness
during solution of films are shown in Fig. 2 and 3.
Reciprocal capacity variations with both weight and
optical thickness differ widely for the inner and outer
regions of the film. For solution of equal weights of
film the change in reciprocal capacity is greater by a
factor of 2.7 in the outer film. Variation of reciprocal
capacity with optical voltage gives a value of 14.0 uf-
optical volts/cm?2 for the inner film, which is of the
order to be expected for normal TazOs. By comparison
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Fig. 2. Variations of reciprocal capacity with: weight of
oxide -+ substrate, © - - - - 0 - - - -0; optical thickness,
® ---.- 0 - - - -o; during solution in electrolyte 3.
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Fig. 3. Variations of optical voltage with weight of film 4
substrate during solution of a film formed in electrolyte 3.

the outer film gives a value of 6.2 uf-optical volts/cm2.
The relationship between weight and optical thickness
for both films appears to be similar since no change of
slope is discernible in this curve (Fig. 3).

While considering the relationship between weight
and optical thickness it is interesting also to com-
pare the formation charge required for unit increase
in optical thickness. Formation in electrolyte 3 gives
a value of 27 coulombs/optical volt/meter? compared
with a value of 29 coulombs/optical volt/meter2 for a
film formed in dilute HySO4. Actually the nonaqueous
formation gives a composite film of which about 40%
is normal Tap0Os. After making allowance for this it
appears that the outer film grows with a coulomb ex-
penditure/optical volt of about 12% less than normal
Ta0s. This difference, while significant, is quite
small.

Some very interesting results are obtained when
formation in a nonaqueous electrolyte is interrupted
and the formation continued in an aqueous electrolyte.
This type of sequential oxidation has been used by
other investigators in an attempt to determine which
ions carry the current through the oxide film (1, 4),
the final position of the films being determined by
their differing solubility rates.

If the formation is carried out first in dilute HySO,4
and then in a nonaqueous electrolyte the results are as
might be anticipated. The outer part of the final film
dissolves more rapidly in HF, this outer part amount-
ing to about 60% of the weight of film formed in
formic acid electrolyte. The remainder of the film
dissolves at a uniform slower rate. This is consistent
with the theory that only tantalum ions move in
normal TapOs but does not constitute proof of this
theory unless it is established that all of the film
formed in nonaqueous electrolyte lies above that
formed in dilute HySO4. This cannot be established
from solubility experiments since the solubility rate
of the lower film formed in nonaqueous electrolyte is
the same as that of the film formed in dilute acid.

When oxidation is carried out in the reverse order
it is found that the rapidly dissolving part of the film is
in the middle sandwiched between two layers of less
soluble oxide. This is qualitatively what might be ex-
pected still assuming only tantalum ion mobility. How-
ever, the fast dissolving part of the film is too near
the air interface for this assumption to be correct, i.e.,
when the formation is continued in dilute acid con-
siderable growth of normal TapOs takes place below
the rapidly dissolving film formed in nonaqueous
electrolyte. Also some dispersion of the fast dissolving
part of the film appears to take place because the
weight of this film increases. Its solubility rate also
is lower than expected. Some further anomalies are
noticed in the anodizing. For instance the coulombs/
voltage increment in the dilute HySO4 are initially
exceptionally high; also the optical thickness is greater
than would be expected. Figures for formations car-
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Table I1l. Formation in electrolyte 3 followed by formation in

dilute HoSO4
m 111 [ses8}
Formation voltage
Electrolyte 3 30 30 30
Dilute H2SO4 60 100 —_
Optical voltage
Electrolyte 3 16.5 16.5 16.5
Dilute H2SO4 54 98 —_
Excess coulomb expenditure in
dilute H2SO4, coulombs/meter? 180 175 —_
Weight of film, mg/meter?
Outer 188 366 132
Middle 211 388 —_—
Inner(® 288 465 81
Solubility rate of film in 35% HF,
mg/meter?/sec
Outer 4.9 4.3 9.4
Middle 6.6 5.5 —
Inner 3.4 3.4 34
Weight of film formed in dilute
H2SO4 [following electrolyte 31,
mg/meter?
Beneath existing outer film® 207 384
Within existing outer film 79 256
Above existing outer film 188 k3§§
Total 474 1006

(@ By difference from the calculated weight of the total film.

® The inner film formed in electrolyte 3 dissolves at the same
rate as the film formed in dilute acid and must be deducted to de-
termine the weight of film added in dilute acid.

ried out first in electrolyte 3 and then in dilute HzSO4
are shown in Table III, [I and II] and for comparison
some figures for a 30v formation in electrolyte 3 only
are included [III].

These figures show that following the formation of
a film in electrolyte 3, most of the oxide growth in
dilute HoSO4 occurs above and below the outer region
of the first film. Also some growth takes place within
the film.

Film growth at any location indicates both anion
and cation transport to that location. Therefore the
sequential formation experiment is further evidence
for the mobility of both ion species in the more
rapidly soluble film.

Knowing the relative proportions of ions trapped in
the oxide film and of ions penetrating to either inter-
face, the proportion of charge carried by either anion
or cation species can be deduced. It is assumed that
the inner film is formed by anion migration and the
outer film by cation migration. (When growth occurs
within the film the charge must be divided equally
between anion and cation transport.) For the two ex-
amples in Table III it is found that the proportion of
charge carried by oxygen ions is 52% and 51% of the
total for cases [I] and [II]. This agreement supports
the suggested mechanism and indicates that under
given formation conditions the rate at which either ion
species enters the film remains constant. In this case
approximately half the charge is carried by oxygen
ions.

Addition of water to electrolytes.—Addition of water
to a formic acid electrolyte increases the relative
proportion of the inner film and also decreases the
solubility rate of the outer film (Table IV).

Whereas in electrolyte 3 without any addition of
water 60% of the film has a high solubility rate, with
the addition of 40% water to the electrolyte this is
reduced to 45%. The solubility rate is also reduced to
a value very close to that of the normal oxide.

Table 1V. Effect of water additions to electrolyte 3, 100v formation

Per cent water added 2 5 10 20 40

. Weight of total film(),
mg/meter?
. Weight of outer film,

[

910 990 1040 1160

[S)

mg/meter? 470 503 516 483 525
Ratio 2/1 0.57 0.55 0.52 0.46 0.45
3. Solubility rate of outer
1lm, mg/meter2/sec 5.9 5.1 4.3 4.3 3.7
Efficiency, % 136 129 119 119 112
Optical voltage 70 M 82 84 89
@ Calculated.

ANODIC OXIDATION OF TANTALUM
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In considering the transport of ions through the
film a complicating factor is that anions other than
oxygen ions appear to enter the film. In particular the
phosphate or phosphite ions present in the electrolytes
so far considered play an important role. Without such
additions the formation is characterized by increasing
voltage increments per coulomb and break down at
low voltages preceded by a decreasing product of ca-
pacity and voltage. The formation efficiency is still
greater than 100%, and the outer part of the film has a
very high solubility rate. For instance, with the addi-
tion of 5% water to an electrolyte consisting of tri-
ethylamine and formic acid (specific resistance 46
ohm-cm at 25°C) the voltage increment/coulomb in-
creased from a value of 465 v/coulomb/cm? at 10v to
a value of 975 v/coulomb/cm?2 at 100v. The outer film
dissolved in 35% HF at a rate of 41 mg/meter?/sec
compared with a rate of 5.1 mg/meter2/sec for a film
formed in a similar electrolyte containing phosphate
ions.

Further evidence of the effect phosphate ions in
nonaqueous electrolytes have in decreasing the solu-
bility rate of the formed films is obtained by forming
in concentrated phosphoric acid (85% H3PO4). Under
these conditions a film formed to 60v has an optical
thickness of 40v and requires only 62% of the cou-
lombs required to form a film to the same voltage in
dilute HpSOy, i.e., the film has the characteristics of a
film formed in a nonaqueous electrolyte including a
high formation efficiency. The film, however, dissolves
at a uniform rate of 2.5 mg/meter2/sec which is even
lower than the rate of 3.6 mg/meter2/sec normally ob-
served for films formed in dilute HySO4.

It therefore seems likely that some phosphate or
phosphite ions are taken up by the film during forma-
tion in formic acid electrolytes containing these ions.
Formate ions may also be taken up since the solubility
rates of the outer films are still much greater than
those of films formed in concentrated HsPOy4.

Discussion

The experimental evidence indicates that these films
consist of two regions; that both cations and anions
are mobile in the outer region; and that growth can
occur within this outer region. The high coulomb
efficiencies indicate that some ions other than oxygen
are taken up by the film, and there is evidence that
such a film has a higher field strength than normal.
Both coulometry and optical measurements indicate
that the field strength is almost double that of a
normal film. While both these methods are limited by
lack of knowledge of the nature of the film there are
indications that this may not differ grossly from that
of oxide formed in dilute solution. Also a direct weight
comparison indicates that the film formed in organic
electrolyte is only about 75% of the weight of one
formed to the same voltage in aqueous solution. There-
fore the former must be thinner unless the density
changes by an equal or greater amount. Further, in
spite of the low CV values of the outer film (Fig. 2)
the CV values of the duplex film are only slightly
lower than those of the normal oxide indicating that
the duplex film must be thinner to compensate for
its lower dielectric constant.

It is thought that these phenomena can best be ex-
plained by assuming that the outer film formed in
organic electrolytes has some type of voids in its
structure. Film growth with pores is possible when the
anion is mobile. In this case, since the cation is also
mobile, growth at the neck of the pore would even-
tually cut it off, leaving a void embedded in the film.

Vermilyea (5) found the average field strength of
films formed on contaminated surfaces to be higher
than normal due to the interruptions in the ion con-
duction paths. In this case the voids were between the
metal and the oxide film. Such voids affected growth
above them due to the reduced availability of tanta-
lum ions. Thus a tendency exists for voids to repro-
duce. Since they are probably being continually
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created in a film growing in an organic electrolyte,
they may multiply giving rise to low capacities and
other effects.

Films formed in formic acid electrolytes not con-
taining ions such as phosphate or phosphite exhibit a
very rapid CV drop with increasing voltage after a
certain voltage has been reached. Such behavior may
be due to the rapid multiplication of voids. The ac-
companying increase in voltage increment per coulomb
provides corroborating evidence. This latter behavior
is not observed when phosphate or phosphite ions are
added to the electrolyte. It is thought that this may
be because these ions enter the film and collapse its
structure (6), thus maintaining sufficiently uniform
ion conductivity to prevent the excessive generation
of voids. (The decreased solubility of films formed in
electrolytes with phosphorous containing ions is in
accord with the idea that these films are more dense.)
The break in the CV curve would then be interpreted
as a measure of their failure to completely achieve this.
The maximum in the ESR curves suggests that the
growth form induced by these ions is strained and
that at the break point the film reverts to a slightly
modified growth form.

Voids would provide a site for the further growth
which occurs within the film. Such growth could re-
store some of the conduction paths in the film thus
lowering its field strength. The excess coulombs re-
quired to form a film in aqueous solution on top of a
film formed in an organic electrolyte could then be
explained by the decreasing field strength of the
latter.

The filling of voids also offers an explanation of the
decreasing solubility rate of the outer film as it grows
(Table II) or as formation is continued in an aqueous
electrolyte (Table III).

The absence of voids in films grown in aqueous
solution is not surprising. The conditions for their
origin, e.g., foreign ion inclusions, may be absent. An-
other possibility is that the large excess of oxygen
ions present in dilute solution may fill in the voids
almost as soon as they are produced. There are in-
dications that the amount of growth within the oxide
is controlled by the availability of oxygen ions at the
interface. For example, in organic electrolytes an in-
crease in current density produces less growth within
the film, presumably due to slow replenishment of
oxygen ions at the interface. Also, the addition of
water to organic electrolytes (Table IV) is seen to
give increasing growth within the outer films indicated
by their decreasing solubility rates. Therefore the
transition of mechanism from organic to aqueous elec-
trolytes may be continuous. If so, one might expect to
find on films grown in aqueous electrolytes, only a
thin outer film containing voids which had not yet
filled in. A thin surface film, showing light absorption,
has in fact been observed by Young (7) during optical
measurements on films formed in dilute HoSO4.

Summary
The following phenomena have been observed in
the anodic oxidation of tantalum in formic acid elec-
trolytes:
1. The films have many of the general features
found by Vermilyea (1) for films formed in other

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

October 1964

nonaqueous media, i.e., at the same voltages they are
optically thinner and require less coulombs for forma-
tion than films formed in dilute aqueous electrolytes.
The formation in nonaqueous media is characterized
by an efficiency greater than 100%. Also the film con-
sists of two regions, the outer part being more soluble
in HF than the inner region.

2. Films formed in formic acid electrelytes have a
slightly lower capacity than those formed in dilute
solution, and the reciprocal capacity vs. voltage curve
shows a break point with a lower reciprocal slope
(CV) at voltages above the break point. A maximum
in the ESR curve occurs at approximately the same
voltage as the break point.

3. The inner and outer films grow at a constant rate
provided the formation conditions are not varied.

4. Above a certain voltage the solubility rate of the
outer film decreases with increasing formation voltage.

5. If formation in aqueous electrolyte follows for-
mation in a formic acid electrolyte, it is found on dis-
solving the film that new oxide has been formed above
and below the rapidly dissolving part of the film. Also
this rapidly dissolving part has increased in weight
with an accompanying decrease in solubility rate.

6. Increasing the formation current density increases
the solubility rate of the outer film.

7. Increasing the water content of the electrolyte
increases the proportion of the inner region of the film
and decreases the solubility rate of the outer part of
the film.

8. For equivalent weight or optical thickness the
outer film has lower capacity than the inner film.

9. The addition of phosphate or phosphite ions to the
electrolytes decreases the solubility rate of the outer
region of films formed in such electrolytes. The addi-
tions also establish conditions under which films grow
with uniform voltage increments for unit charge.
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Dielectric Loss Spectra of Corrosion Films on Zirconium

P.J. Harrop and J. N. Wanklyn
Metallurgy Division, A.E.R.E., Harwell, Berkshire, England

ABSTRACT

A technique has been developed for examining the bulk electrical
properties of dry zirconium dioxide films. It has been used to determine the
dielectric loss spectra of films formed by steam corrosion, and by anodization
of Van Arkel zirconium. The most marked feature is a loss peak found for
thermal films grown on pickled surfaces. This does not occur with anodized
specimens or electropolished specimens and is postulated to be due to a
fluorine-containing dipole. The dipole relaxes with an activation energy of
0.72 + 0.04 ev. An interpretation of the data suggests a lower limit of concen-
tration of 1 x 1020 fluorine ions per cubic centimeter in films of about 1500A
thickness. Anodic films show low loss curves consistent with near-stoichio-

metric structure.

Several workers (1-3) have attempted to make elec-
trical measurements on dry oxide films, but they have
seldom obtained reproducible results. Consequently,
this work began with a study of the effective resist-
ance of various electrode materials on flame polished
platinum. A layer of unbaked colloidal graphite was
found to give a variable resistance of up to 1000 ohms
and was therefore rejected. Evaporated gold-palladium
alloy and silver suspension in methyl isobutyl ketone
were both found to be satisfactory in this respect, hav-
ing less than 0.1 ohm resistance, and were tested side
by side on oxidized zirconium specimens. Figure 1
shows that they gave the same loss values at all fre-
quencies after 3 days evacuation, the time taken for
the silver paint to dry out. Some specimens were
measured several weeks later and these also gave the
same values.

The main series of measurements reported here
were made with either of the latter two electrode ma-
terials applied to the oxide face. Measurements on
anodic films gave a frequency-independent dielectric
constant of 22, in good agreement with wet measure-
ments (4), indicating that significant electrode po-
larization did not occur.

The dielectric loss of a specimen, tan 9§, is given by
tan 8§ = 1/0R,Cp, with the usual notation. The varia-
tion of loss with temperature or frequency can re-
veal relaxation peaks and these have been studied ex-

tan &

Io 1 L
102 103 104
FREQUENCY c/s

Fig. 1. Loss tangent vs. frequency for two adjacent electrodes on
the same sample. O, Silver paint, e, evaporated AuPd.
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tensively for the case of the alkali halides (5). When
they exhibit the shape and behavior of Debye relaxa-
tions, they can usually be ascribed to point defect di-
poles situated in the bulk material. One such peak
has been found here for steam corrosion films on
pickled zirconium.

Experimental

Apparatus—The apparatus used was similar to
that used by McMullen and Pryor, who measured the
dielectric loss of anodized aluminum (6). Added pre-
cautions were the provision of a thermocouple buried
in one electrode and a guard ring to prevent surface
conduction across glassware. The specimen was ex-
amined under 10—8 Torr kinetic vacuum.

Electrical measurements were made with a Wayne
Kerr Universal Bridge supplied by a Muirhead D890A
Decade Oscillator and balanced by a Wayne Kerr
Waveform Analyser. The equipment was checked with
precision standard resistors and the complete rig was
checked by loss measurements over the whole range of
frequencies (100 to 20,000 cps = 0.2%) on Cd-doped
NaCl single crystals. These revealed a peak at 7800
cps, 104°C which shifted to 4600 cps at 94°C in pre-
cise agreement with the work of Haven (7).

The temperature was monitored with a chromel-
alumel thermocouple, a thermostat cold junction and
a Pye Universal Precision Potentiometer. This ar-
rangement was checked at the carbon dioxide subli-
mation and ice points.

Materials.—Samples were prepared by the oxidation
of 1 x 2 cm annealed Van Arkel zirconium specimens
which then had one side scratched clean and silver
painted. Electrodes were either evaporated or painted
onto the oxide film on the other side, each electrode
having an area of a few square millimeters, and the
specimen as a whole was gripped between glass sur-
faces covered with platinum foil. Platinum wires
welded to this foil were led out of the rig to the meas-
uring apparatus.

Initial electropolishing was done on previously
pickled specimens at 15° =+ 5°C in a continuously
stirred solution containing 9 parts by volume of acetic
acid to one part of perchloric acid with a current
density of 12 amp/dm2 for a minimum of 5 min.
Pickling was done in 45 parts of concentrated nitric to
5 parts of hydrofluoric acid (48% solution) plus 50
parts of redistilled water. Samples were then briefly
rinsed in redistilled water and washed in warm run-
ning tap water for half an hour. They were then
rinsed in redistilled water and methanol and dried.
Variations from this treatment are described in the
text. In both cases only visually immaculate surfaces
were accepted. Anodizing was done at a few ma em—2
in saturated ammonium borate.
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Fig. 2. Loss vs. perature paring a typical steam

corrosion film on a pickled surface (A), with a typical anodic
film (B). o, 159.2 cps; O, 1592 cps; A, 15920 cps. The main
peak positions are indicated.

Results

It was found that the pressure with which the speci-
men was gripped did not affect the reproducibility of
results, provided it was below a certain maximum,
at which the film tended to short out.

All measurements were made with 0.19v r.m.s. ap-
plied to the specimen. For a typical sample, doubling
this voltage only caused 3% deviation from Ohm’s law.
Measurements made with both increasing and decreas-
ing temperature showed that the rate of temperature
change employed did not cause a significant thermo-
couple temperature lag.

The “background” loss curves (i.e., those outside
any dispersion region) measured between +150° and
—150°C could be expected to be due to structure-
sensitive extrinsic conductivity and therefore to be not
reproducible between specimens but reproducible be-
tween different areas of the same specimen. This was
found to be so.

A large loss peak, that moved to higher tempera-
tures with increase in frequency, was found with four
pickled specimens corroded separately for about 60
min in 500°C, 1 atm steam. It did not alter in height or
position over several weeks at room temperature. An
electropolished specimen from the same batch cor-
roded for the same time [and, as has recently been
shown (8), to a much smaller thickness] did not show
the peak, nor did two other electropolished specimens
corroded for 5 and 7 hr, respectively, to produce films
of comparable thickness. Two anodic films grown to
about 2000A (comparable thickness), one on an electro-
polished and one on a pickled surface, did not give
the above loss peak but merely a low loss curve.
Typical examples of the three distinct types of be-
havior are shown in Fig. 2 and 3. The capacitance
variation with temperature for a sample showing a
peak is presented in Fig. 4.

The thermal films on pickled surfaces show what is
strictly a set of peaks for each frequency, character-
ized in each case by a main peak at the low tempera-
ture end. It is this main peak that will now be ana-
lyzed. It can be seen that its shift with frequency,
which gives the activation energy of dipole orientation,
can be accurately determined. Mean positions for five
samples are —6.6°, 13.5°, and 39.6°C for o = 103, 104,
and 105 rad sec—!, respectively. In contrast, the main
peak heights are difficult to estimate due to uncer-
tainty in interpolation of the background losses. It
appears that the peaks in tan & found for the four
specimens corroded for about 60 min are all about
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Fig. 3. Loss tangent vs. temperature for a typical steam corro-

sion film on an electropolished surface. ®, 159.2 cps; O, 1592 cps;

A, 15,920 cps. The mean peak positions for similar films on pickled
surfaces are indicated.
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Fig. 4. Capacitance vs. temp for a typical steam corro-
sion film on a pickled surface. ®, 159.2 cps; O, 1592 cps; A,
15,920 cps.

0.03 in height, when subtracted from interpolated
background losses. The peak heights were the same,
within this accuracy, for a pickled specimen corroded
for 3 hr, and consequently to twice the mean thick-
ness of a 1 hr specimen (10).

At this stage, the dipole was ascribed to either (a)
an element from the pickling treatment which entered
the oxide either substitutionally or interstitially, or
(b) some property of the highly nonstoichiometric
regions in the oxide related to the enhanced thermal
oxidation rate of pickled surfaces. Experiments were
undertaken to resolve this.

Two electropolished samples were copper-contami-
nated by dipping in copper sulfate solution. It has
been found (8) that such treatment can give acceler-
ated initial corrosion, followed by a measure of long-
term inhibition, in a similar way to alloying with
copper (9). Consequently, when the samples were
placed in 500°C 1-atm steam for 1 hr, their corrosion
rate was much greater than for the uncontaminated
case, although pickling contamination was absent.
Such films did not exhibit the main dielectric loss
peak, but this observation was inconclusive because
the loss values were found to drift markedly with
time. As a further trial of a fast growing film, a clean
electropolished specimen corroded at a higher tem-
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perature, 600°C, in 1-atm steam for 15 min gave
steady loss values and no peak.

To identify the element from the pickling treat-
ment responsible for the loss peak, two electropolished
specimens were dipped in dilute hydrofluoric acid and
corroded in 500°C 1l-atm steam for 1 hr. Although
they corroded at a high rate, their loss values were
too high for a peak of the anticipated order of mag-
nitude to be observed. One electropolished specimen
was therefore dipped for 30 sec in a pickle solution
that did not contain the hydrofluoric acid component
and corroded in 500°C 1-atm steam for 2 hr. It cor-
roded at a rate similar to that for a clean electro-
polished surface and did not exhibit a loss peak, de-
spite having a low background loss. It therefore
seemed that either the hydrofluoric acid, or possibly
the washing treatment, was responsible for the peak.

An electropolished sample was pickled in another
solution consisting of equal volumes of 15 weight
per cent (w/0) ammonium fluoride aqueous solution
(redistilled water) and concentrated nitric acid (sp
gr 1.420), washed for one half hour in cold tap
water, and corroded in 500°C, 1-atm steam for 1 hr. It
exhibited a peak of the same height as that in Fig. 2.

Discussion

The above examination of surfaces prepared in a
variety of ways suggests that the loss peak is only
present when fluoride is present, although some con-
tribution from the washing treatment may also occur.
It therefore seems that the peak is due to substitutional
or interstitial fluorine ions in the oxide film, and it is,
at first sight, puzzling that the peak height, giving
dipole concentration, should not alter when the mean
film thickness is doubled.

The explanation could be that the fluorine lies in an
outer layer of oxide. However, it is instructive to note
that these measurements are, in any case, relatively
insensitive to mean oxide thickness, because the thin
oxide grains, which grow slowly, shunt the thicker
grains. With simple assumptions, the grain growth
data of Wanklyn et al. (10) can be used to show that
these thin grains increase in thickness by a factor of
1.4 when corroded to 3 hr, when the mean thickness
is doubled. The corresponding decrease in peak height
might not have been detected. Only about one in three
grains are “seen,” and these represent a thickness of
about 2.2 mg/dm?2 (15004).

For a freely orienting dipole, the oscillation fre-
quency v obeys the relation v = v, exp —Q/kT where
v, is a constant and @ is the activation energy of
orientation. In this case, @ = 0.72 + 0.04 ev, if all
possible combinations of the mean positions of the
peaks at the 3 frequencies are used. This compares
with the energy of motion of an anion vacancy in
monoclinic zirconia of 1.45 ev (11), a value supported
by direct diffusion measurements on the cubic phase
(12). Therefore, as expected, the dipolar orientation
energy is less than that of free vacancy conduction.

The dipole could be composed of an interstitial
fluorine ion coupled to a substitutional fluorine ion.
Such a dipole would tend to occur in the nonstoichio-
metric oxide only, as an interstitial fluorine ion is
difficult to fit into the stoichiometric zirconia lattice.
This would explain why anodic films, which can be
taken as near-stoichiometric, do not exhibit the peak
even when grown on pickled surfaces.

The dielectric loss of a substance is defined by tan
8 = ¢”’/¢ where the complex permittivity * is ex-
pressed by e* = ¢ —je’. The contribution to tan &
of a dipolarsrelaxation is now considered.

The dipoles are probably present in low concen-
tration randomly distributed throughout the solid.
Their mutual interaction will undoubtedly give rise
to ‘internal field’ effects in the dielectric properties.
However, the usual form of Lorentz internal field cor-
rection used by some workers (6, 14) is only ap-
plicable for point dipoles each of which is localized
at a lattice point (13). Extended dipoles, of the kind
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postulated here, give rise to smaller internal field
effects (15), which depend on the detailed structure
of the dipole. In the absence of the necessary detailed
knowledge we shall omit internal field effects entirely.

The Debye equations can be applied for the case of
a freely orienting dipole (16) to give, in MKS units

(es—e,) 0T Nu2 ( ot )

tand = ——— = -
e+ e,0212 3eokT es+€,0212

where ¢ and e, are the relative dielectric constants
away from the relaxation to lower and higher fre-
quencies respectively, v is the dipolar relaxation time,
N is the concentration of dipoles per cubic meter, u
is the dipole moment, and ¢, the dielectric constant of
free space.

In this case, ¢ ~ ¢! and tan § is a maximum when
ot = 1. Thus

tan 8 N2
an =
T 6,0k T
The dipole moment can be expressed as px = zea

where z and a are the effective dipole charge and
length, respectively.

Taking the values tan dmax = 0.03, T = 287°K, ¢, =
22, z = 1, and @ = 2.7 A results in a value of N of
about 7 x 1019 dipoles per cubic centimeter. Since a
few of the fluorine ions may not be paired, twice this
figure must represent a lower limit of fluorine con-
centration. If this relates to the slower growing
grains, then the relevant oxide thickness is about
1500A.

An interesting comparison can now be made with
the work of Beg and Brown (17). They used a radio-
tracer technique to show that pickling left a consid-
erable amount of fluoride on Zircaloy surfaces. When
the metal was corroded for 15 min in 500°C, 1 atm
steam, no remaining fluoride was detected. If their
lower limit of detection was about 0.1 ug/cm?2 then
less than 3.2 x 105 fluoride ions per square centimeter
remained. This figure, related to a 1500A film, gives an
upper limit of fluoride concentration of about 2 x 1020
ions per cubic centimeter which is just above the di-
electric loss figure.

The loss values for anodic films are much lower
than for thermal films of comparable thickness. The
former therefore constitute more perfect dielectrics
and must be more nearly stoichiometric. This sup-
ports other spectroscopic evidence, as it has been
found that similar anodic films scarcely absorb at all
between the ultraviolet eigenabsorption (18), through
the optical, to 12x in the infrared region (19). In
contrast, corrosion films absorb at several frequen-
cies (19).

Conclusions

1. Oxide films grown by corrosion of Van Arkel
zirconium in 500°C, l-atm steam apparently contain
fluorine ions if the metal has been previously pickled
but not if it has been electropolished in acetic/per-
chloric acid solution. A concentration of about 1 x
1020 fluorine ions per cubic centimeter can be calcu-
lated for films of about 1500A thickness grown on
immaculate pickled surfaces. Since only fluorine in
dipoles would be detected by this method, and a
few fluorine ions may be unpaired, this can be taken
as a lower limit of fluorine concentration in such films.

2. For anodic oxide films, grown to about 20004 on
Van Arkel zirconium in saturated ammonium borate
at medium current densities, the much lower loss
values found indicate that they are near-stoichio-
metric.
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Kinetics of Anodic Dissolution of Germanium

P. J. Boddy
Bell Telephone Laboratories, Murray Hill, New Jersey

ABSTRACT

A study has been made of the potential distribution at germanium (100),
(110), and (111) surfaces undergoing anodic dissolution. The data for (100)
and (110) were shown to be consistent with the dissolution mechanism pro-
posed by Beck and Gerischer. For (111) complications arise because the
potential distribution over the surface may be nonuniform. The morphology
of extensively etched surfaces has been examined and shown to be generally

consistent with the kinetics.

The behavior of a semiconductor (sc) differs mark-
edly from that of a metal in that a considerable por-
tion of any potential difference (p.d.) applied across
the sc-aqueous electrolyte interface generally occurs
within the space charge region of the electrode. This
is in distinct contrast with a metal electrode in con-
tact with a concentrated aqueous electrolyte where
practically all of the applied p.d. occurs within the
Helmholtz double layer in the absence of a diffusion
controlled process in the solution and is frequently
of primary kinetic significance for any process in-
volving transfer of charged species across that region.
In the case of dilute aqueous solutions, it is necessary
to take into account the p.d. across the diffuse part
of the double layer in the solution and its influence
on the concentration of charged species close to the
electrode surface (1).

The sc problem is similar in principle to that of a
dilute aqueous solution. For the simplest case of no
change in adsorbed species (e.g., ions or oriented
dipoles) or in the charge trapped in surface states it
has been calculated (2, 3) for moderate space charge
p.d. (¢s) that the p.d. across the Helmholtz double
layer due to free charge on a germanium electrode is
a negligibly small fraction of the p.d. across the sc
space charge region. In view of this the kinetic sig-
nificance of the overvoltage at a sc electrode (in the
concentrated electrolyte case) must be quite different
from that at metal electrodes since most of the po-
tential change occurs across the sc space charge re-
gion, not the Helmholtz double layer. Germanium, the
most investigated sc electrode, does not behave ex-
actly according to this simple model. It has been con-
cluded on the basis of measurements of interfacial
capacity (4, 5) and surface photovoltage (6) that the
steady overvoltage at a germanium anode in neutral
sulfate solutions is distributed between the sc space
charge and the Helmholtz double layer. No evidence
of changes in the occupancy of fast surface states

sufficient to explain the observed potential change
(AVy) across the Helmholtz double layer is found in
the experiments. Slow surface states in the surface
physics sense are considered unlikely due to the ab-
sence of thick oxide films (7), hence AVy has been
tentatively ascribed to changes in the density of ori-
ented dipoles adsorbed at the interface (5).

Since the detailed separation of the overvoltage
can now be made it was considered of interest to re-
examine the anodic dissolution of germanium to de-
termine the relative significance of the sc space charge
and Helmholtz double layer p.d.’s to the kinetics. The
data suggest that the mechanism for anodic dissolution
of germanium (100) proposed by Beck and Gerischer
(8) (B and Q) is correct and that (110) dissolution pro-
ceeds by a similar mechanism at low c.d. The (111)
exhibits behavior that cannot be simply interpreted,
but is believed to be due to the complexity of the
nucleation process or to complications arising because
of the detailed morphology of the dissolving surface.

Experimental

Electrodes were single crystal n- or p-type ger-
manium polyhedra with all faces of each particular
electrode oriented to the same plane, either (100),
(110), or (111). Electrical connection was made by
means of a soldered copper wire protected by a wax-
filled glass tube. The solution was M/10 K3SO4, phos-
phate buffered to pH 7.4, gettered with germanium
crushed in situ. The electrodes were polished in CP4
and then partially immersed in the solution and ano-
dized at ca. 400 pa cm~—2 for 15 min before measure-
ments were commenced. The solution contacted only
germanium.

The experiments were conducted in the dark at
25°C in an atmosphere of purified helium, which was
also used to deoxygenate the solution prior to use. A
separate cathode compartment with a diffusion barrier
was used since the electrode potential of germanium
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at low anodic current densities is sensitive to dissolved
hydrogen (9). The electrode potential was determined
at high impedance about 10 min after the imposition
of a constant current. The interfacial capacity was
calculated from the voltage response to a short dura-
tion (1-5 usec) current pulse (10). The true surface
area was deduced from the minimum value of the in-
terfacial capacity (4).

Results

Typical plots of overvoltage vs. current density for
the three low index planes of p-type electrodes are
shown in Fig. 1. The curves for n-type were very
similar. The tendency to saturation at the highest
current densities on n-type was slight (~400 xa cm—2)
since the electrodes were close to intrinsic. A capacity
vs. electrode potential curve taken simultaneously
with some of the data in Fig. 1 is shown in Fig. 2. By
analysis of the capacity, ys may be deduced (11). The
relationship previously used by us (5) and similar to
that given by Green (12)

AVE = AV — Ay, [1]

where AVg is the change in electrode potential, is as-
sumed to apply since changes in potential across the
diffuse layer in the solution should be negligible (the
capacity of the sc space charge is two to three orders
of magnitude smaller than that of the solution space
charge). We have previously discussed this equation
in more detail (19). In this way each curve in Fig.
1 can be separated into two parts, overvoltage across
the sc space charge (ns) and overvoltage across the
Helmholtz double layer (ny) vs. current density. This
is shown in Fig. 3, 4, and 5 for the three faces of n-
and p-type electrodes.
The overvoltages are defined as follows.

Ns = Vs — o¥s [2]

where .y, is the value at the reversible potential
(which is not observed in practice) and

(ny + constant) — (ns 4 constant) = Vg [3]

where Vg is the electrode potential vs. SCE. Since oys
is not known, (ns + constant) is taken arbitrarily as
the measured value of ys— (RT/F)InA, where A = p/n;,
p being the hole concentration in the sample and m;
the intrinsic electron concentration. The term (ng +
constant) is chosen to numerically balance Eq. [3],
i.e., (ng + constant) = Vg + ¢s— (RT/F)In) in Fig.
3-5. It should be noted that only changes in p.d. are
involved in the final analysis.

Discussion
(100) Surface.—A proposed mechanism (8) for the
anodic dissolution of (100) is shown in Fig. 6. The
rate-determining process is assumed to be the break-
ing of a surface bond (step 3) after a hole has been

0
w
9} -
5’) -o4
7 *
T -02 A—
> e
J0 E
5 -03 ..,'
59 "ae
uJ> .‘.
-

oé_ 0.4 . a®
8 -os red
g w
= . A
% -0.8 e
w A L

-0.7

0.01 0.1 1.0 10 100 1000
LINzA cM2

Fig. 1. Tafel curves for (100) (®) 35.6 ohm-cm, (110) (A) 41.3
ohm-cm, and (111) (M) 38.65 ohm-cm, all p-type.
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trapped in it (step 2) by coulombic interaction with
the negative end of the dipole created by ionization of
a surface hydroxyl group (step 1). Thus is may be
seen from steps 2 and 3 that the rate-determining
process is first order in the surface concentration of
holes.

Considering the general case of a positively charged
surface species which is subsequently transferred
across the Helmholtz double layer into solution [as-
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Fig. 2. Capacity taken simultaneously with Tafel curve in Fig. 1
for (100) electrode.
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Fig. 6. Beck and Gerischer’'s mechanism for the anodic dissolu-
tion of germanium in alkaline solutions, Alternatives for acid
solution in parentheses.

suming, as indicated by a large body of experimental
evidence (13, 14), that holes are the carriers involved
in the formation of the surface species], we may write

Gert 4+ mps—> Ge<m+ta>+ [4]

where Ge**t is a surface atom in the (+4x) oxidation
state, ps is a hole close to the surface, and Ge<m+a>+
is the species on the RHS of step 2 in Fig. 6, followed
b,

¥ Ge<mtz>+ 5 Gelm+a)+ [5]
and

Ge(m+a)+ 5 Gett (complexed in solution)  [6]
where Ge(m+2)+ is the species on the RHS of step 3
in Fig. 6. From Eq. [4]

[Ge<m*2>+] o [pg]m [7]

It is assumed that in step 5 of Fig. 6 the steady state

lies very far to the right and also that oce<"'+’>+ and

Bge(m+xzy+ are small, hence 0gex+ ~ constant.
From Eq. [4]
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—k—4 0 [8]

Ge<m o

Vg4 — V—g = K4 Ogez+ [Ds]™

and since
[ps] = [po] exp {—Fys/RT} [9]

where [po] is the hole concentration in the bulk, then
combining k4 and 0g.x+ into ks we have

04— Vg = K4 [iDs]™ exp {—mn,F/RT}—

k_4 ece<m+z>+ [10]

From Eq. [5]

V5 —v-5 = ks ece<"‘+">+— k—s ece("'”’“f [11]

From Eq. [6] neglecting the reverse reaction when
ng > 2RT/F

Vg = kg Ogetm+2)+ €xp {a(4—m—x)nyF/RT} [12]
In the steady state
Vyg— V—g = V5— V—5 = vg = i/4F [13]

Eliminating 0 and 6

RS we obtain
Ge

Ge(m+:4:)+
i = (4FK'4[,ps]™ exp {—mn;F/RT})
(kske exp {«(4—m—2x)nyF/RT}) ....
. (kskg exp {a(4—m—ax)nyF/RT}
+ k-4 [k—_5+ksexp{a(d—m—x)n,F/RT}]) -1 [14]
Since [5] is assumed to be slow we may put

ke exp {a (4—m—x)nyF/RT} >> k5 [15]
and also

k—y4>> ks [16]
whence Eq. [14] simplifies to

1= 4Fk'4k—4—1k5[ops]"" exp {—mnsF'/RT) [17]
and
dns/d log i = —2.303 RT/mF [18]

Equation [17] indicates that the rate is dependent
on the space charge overpotential and independent
of the Helmholtz overpotential. This arises because
we have assumed that the rate-determining step (Eq.
[5]) takes place outside the region where the Helm-
holtz overpotential occurs.

On a germanium (100) surface the atoms are al-
ready in the (42) oxidation state, i.e., * = +2. The
possible choices of values for m then become zero,
one, or two. The observation that (dns/d log i) (100 in
Fig. 3 is close to —59 mv implies that m =1 in Eq.
[18] and is consistent with B and G’s mechanism, but
does not prove it. It is clear that there is also a varia-
tion in my of approximately equal magnitude to the
variation in n,. More complex models could possibly be
constructed in which changes in my assumed kinetic
significance. No analysis of this kind will be made
here.

(110) Surface—From Fig. 3 and 4 it is clear that
the data for the (110) dissolution are very similar to
those for (100). The atoms on the (110) surface are
triply bonded to the lattice (i.e., x = 41) and hence
should not undergo dissolution as readily as the doubly
bonded atoms on the (100) surface. This difference is
illustrated two-dimensionally in Fig. 7. However, the
(110) surface may readily be nucleated to undergo
dissolution through the removal of doubly bonded
atoms simply by breaking one bond between surface
atoms. The atoms at each end of this broken bond
are only doubly bonded to the lattice (ie., x = +2)
and may be removed by B and G’s mechanism. The
process can propagate along a given row of atoms en-
tirely across the crystal. Provided the rate of supply
of such nuclei is sufficient that their concentration is
not noticeably decreased by the current flow, and that
dissolution takes place only through these doubly
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Fig. 7. Two-di ional repr ion of (100) and (110) surfaces

Fig. 8. Perspective view of part of a (111) surface. Atoms of
one color are in one plane.

bonded atoms, then the (110) should exhibit similar
kinetics to the (100). The nucleation process may oc-
cur by thermal generation of broken bonds in the sur-
face plane, or by intersection of vacancies or appro-
priate impurity atoms in the surface plane. Differ-
ences between Tafel slopes for (100) and (110) have
been observed at higher current densities (16, 17)
and in other aqueous solutions (18).

(111) Surface—The bonding on the (111) surface
is shown in Fig. 8, and as before we will base our ar-
gument on the assumption of atomically perfect sur-
faces.

The mechanism of dissolution for (111) is not es-
tablished. A possible scheme involves nucleation by
breaking one bond between a surface and subsurface
atom, or alternatively a dislocation may intersect the
surface. The surface atom is now doubly bonded to
the lattice and may be removed by B and G’s mech-
anism. This constitutes the initial step in the forma-
tion of an etch pit, and the atoms along the sides of
this pit are essentially in (110) orientation. Removal
of one side wall can be nucleated by the breaking of
any bond made by any of the three atoms in that wall
to another germanium atom.

It might be expected if the rate-determining step
were nucleation of the (110) oriented atoms that
kinetics similar to (100) and (110) faces would be
observed. The data in Fig. 5 show (dns/d log i) 111y
to be about 80 mv and hence seen to imply (from Eq.
[13]) that the reaction is of fractional order in the
surface hole concentration.

Dewald has suggested reasons for apparent frac-
tional order hole kinetics. The dissolution reaction may
take place through the participation of surface states
(i.e., localized holes) distributed exponentially in the
energy (3), or alternatively discrete bound states for
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Fig. 9. (a) (100) surface after CP4 etch; (b) (111) surface after
1 ma cm—2 for 24 hr; (c) p-(100) surface, same treatment; (d)
n-(100) surface, same treatment (with illumination).

carriers near the surface may occur if the field in the
germanium space charge region is sufficiently high
(20). The first suggestion requires that we postulate
surface states at a (111) surface but not at (100) and
(110) surfaces in approximately the same energy
range. Although this is not impossible, our measure-
ments of capacity give no indication of fast surface
states on any face in this energy region. The second
explanation is ruled out by the fact that our data are
obtained in the region of small bending of the bands
(i.e., +200 mv > ¢ > —100 mv).

A much more likely explanation, since the dissolu-
tion takes place with the formation of etch pits with
sides of orientation different from (111) (as we will
discuss later), is that the nonuniformity of the po-
tential distribution over the surface precludes any
exact analysis of these data.

Morphology of Anodized Germanium Surfaces

In a further series of experiments we have exam-
ined the nature of the surfaces produced after exten-
sive anodic dissolution at constant current in neutral
K2SO;4 solution. The behavior of the three surfaces is
quite distinctly different, but for any one face both
n- and p-type behave similarly indicating that the
observed effects are actually due to orientation. Figure
9(a) shows the typical appearance of a CP4 etched
surface before anodizing. Currents of about 1 ma cm—2
were passed for about 24 hr, after which the surfaces
were examined by optical microscopy. Results are
shown in Fig. 9(b), (c), and (d) for p-(111), p-(100),
and n-(100) surfaces. The (110) is not illustrated
since no features were developed. On p- and n-type
(111) surfaces distorted triangular etch pits were
observed. On p-type (100) hillocks formed, and on
n-type (100) we saw a finer structure that could not
be resolved.

The probable role of dislocations is illustrated in
Fig. 10. Figures 10(a) and 10(b) show areas of a
p-type (111) surface after CP4 etching and the same
area after anodizing. It is clear that dissolution has
occurred primarily from around pits, presumably
marking emerging dislocations, on the original CP4
etched surface.

The p-type (100) surface had fewer and smaller
pits when CP4 etched, but in one case we located an
area where the lines of pits shown in Fig. 10(c) were
observed. This pattern was sufficiently distinctive that
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Fig. 10. (a) Area of CP4 etched (111) surface; (b) same area
after anodic etching; (c) area of CP4 etched (100) surface; (d)
same area after same anodic etching as in (b).

it could be located after anodizing. This (100) crys-
tal was anodized at the same current density for the
same length of time as the (111) surface in Fig. 10(b).
The result is shown in Fig. 10(d). There appears to
have been no preferential dissolution from the etch
pits in this case. The absence of structure similar to
Fig. 9(c) is due to the lower magnification and the
different illumination, which was optimized to reveal
the pits.

(110) Surface.—Anodic etching of this surface pro-
duced no obvious features on either n- or p-type elec-
trodes. The surfaces retained the same polished but
somewhat undulating appearance produced by the
original CP4 etch. This fact is consistent with both
the mechanism of anodic dissolution previously dis-
cussed and with the surface geometry. Since the num-
ber of atoms dissolved per nucleation is large [rather
than a few localized at the site of the nucleation as on
(111)] etch pits would not be expected. Also any
blocking effect (discussed in the next section) due
to slow dissolving impurities would not propagate
through the lattice as on (100), since each surface
atom is bonded to only one atom in the plane below
(see Fig. 7) and neither of the atoms in the surface
plane bonded to a blocked atom is itself blocked.

(100) Surface—Prolonged anodizing of a (100)
surface (1 ma cm~—2 for 24 hr) resulted in a surface
with a matte appearance which under high magnifica-
tion has the structure shown in Fig. 9(c). The fea-
tures are square pyramidal etch hillocks, the largest
being ~5u on a side and oriented with respect to the
crystal as shown in Fig. 11. If only low index planes
are involved, the sides of the hillock may be of (110)
orientation. The sides cannot be (111) since then the
hillocks would be rotated 45° about an axis perpen-
dicular to the plane of the paper.

The formation of hillocks can be understood if it is
postulated that there are impurity atoms in the lattice
which undergo dissolution considerably less rapidly
than germanium. Consider that atom marked (a) in
the surface (100) plane of Fig. 7. If it remains behind
after the rest of that plane has dissolved, it will in-
hibit the dissolution of atoms (b) in the second plane
since they are now triply bonded to the lattice (i.e.,
+1 oxidation state). The process is repeated in the
next plane where the dissolution of four atoms is
blocked. [Since Fig. 7 is a two-dimensional repre-
sentation only three are shown. The center (c¢) atom
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Fig. 11. Orientation of hillocks on the (100) surface. The large
square represents one face of a cube having all (100) faces.

is actually two atoms superimposed. Similarly the two
center (d) atoms are actually two atoms superim-
posed, etc.] In this way a square pyramid with (111)
sides is generated as the blocking effect propagates
through the lattice. Eventually the sides of all such
pyramids intersect, and no (100) surface remains.
On the line between the apex and the corners of
these pyramids the atoms are in (110) orientation.
Further dissolution of the crystal (which must occur
due to the constant current imposed) is much more
likely to do so from these (110) regions than from
the (111) faces for the Kkinetic reasons described
previously. Consequently the (110) faces appear at the
expense of the (111) and the pyramid eventually at-
tains the observed orientation. Figure 9(c) represents
a case where the dissolution was sufficiently pro-
longed that the surface was entirely covered with
hillocks and no (100) surface was left exposed.

The formation of such hillocks on a p-type sample
was found to be reproducible. With an n-type sample
at the same current density the behavior was also
reproducible but different from p-type. In this case
the surface was hazy rather than matte and the micro-
scope revealed a fine granularity which was not re-
solved at the highest available magnification [Fig.
9(d)]. A possible explanation is that a greater density
of hillocks formed before their sides intersected and
converted the surface to a convoluted (110). Since
the hillocks would intersect sooner they would be
smaller.

We may make a rough estimate of the reasonable-
ness of our postulate that the hillocks are caused by
impurity atoms. Referring to Fig. 9(c), since the larg-
est hillocks are about 5u on a side at the base and as-
suming (110) orientation (i.e., angle between oppo-
site faces at the apex equals 90°) the maximum height
is ~2.5u. Assuming that the peaks of all the observed
pyramids occur within this depth and making an es-
timate of the average dimensions at the base as 1lu
we then calculate a density of impurity atoms (at the
peaks) of 4x 1011 em~—3. If this mechanism is correct
it implies that we have detected by electrochemical
means some impurity present at approximately one
part in 1011,

(111) Surface.—The (111) surfaces [Fig. 9(b)] ex-
hibited distorted triangular pits, all oriented in the
same direction as shown in Fig. 12.

The orientation of the walls of the pits has not been
determined, but they are definitely not (100) as had
been previously suggested (21) since in this case the
pits would be rotated by 60° from their observed
orientation. If the vertical nucleation were rate de-
termining, then the pits would tend to be flat bot-
tomed or very shallow. Some features of this type
do occur in Fig. 9(b) and may be due to this cause
or possibly to dislocations which intersected the orig-
inal surface but which have terminated at a relatively
small depth into the crystal. The rounded shape of
the pits could be due to inhibition of dissolution in
the corners by concentration polarization. This causes
the solution to become more acid in these regions, and
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Fig. 12. Orientation of pits on the (111) surface. The large tri-
angle represents one face of a regular tetrahedron having all (111)
faces.

as a consequence the p.d. across the Helmholtz region
will change in such a direction as to include an in-
creased fraction of the total anodic overvoltage (22,
5), thus reducing the space charge overvoltage and
hence the rate of dissolution.

Many of the pits appear to have sides of different
slope. This may be due to the dislocation line being
at some angle other than normal to the surface of the
crystal (e.g., 60° dislocations) assuming that the three
walls grow equally rapidly from the nucleation point.

Conclusions from Anodic Etching Experiments

The effect of the morphology of the surfaces on
these and other measurements we have made is as
follows. For the (111) surface in the early stages of
dissolution the pits are quite small so that we are
very largely dealing with a macroscopic (111). Con-
sequently measurements of interfacial capacity refer
principally to the (111) so that our previous conclu-
sions based on capacity of this surface still hold. The
measurement of overvoltage, as pointed out above,
is likely to be incorrect since the potential measure-
ments refer to (111) while dissolution takes place
from the sides of the pits [possibly (110) ], but may in
any case be subject to concentration polarization
within the pits.

Since the (110) surface does not develop any ob-
vious features it is assumed that our measurements
on (110) oriented crystals are correct.

On the (100) it is clear that after extensive anod-
izing we are dealing with a convoluted surface, pos-
sibly (110). In fact as we have observed both in ca-
pacity measurements and in dissolution kinetics the
(100) and (110) oriented crystals behave similarly.
This could be due to the fact that even on a sample
which has been CP4 etched and then only mildly
anodized the surface consists of microscopic (110)
facets. The results on (100) may be open to the ques-
tion as whether they are truly representative of a
(100) surface or are affected by (110) faceting. How-
ever, some of our earlier measurements on mildly
anodized surfaces (4, 6) indicate quite low values
(~1.3) for the roughness factor. This suggests that
under these circumstances faceting is not a problem.

Summary
The Kkinetics of anodic dissolution of germanium
(100) have been shown to be consistent with Beck
and Gerischer’s mechanism. The (110) surface be-
haved similarly to the (100) at low c.d. The (111) sur-
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face showed more complex behavior which was as-
cribed to the requirements of a nucleation process
or to nonuniform distribution of potential. The mor-
phology of anodized surfaces has been discussed with
respect to the dissolution kinetics.
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Preparation of InAs-InSb Alloys

J. C. Woolley! and J. Warner?
Department of Physics, University of Nottingham, Nottingham, England

ABSTRACT

The preparation of solid samples of InAs-InSb alloys suitable for optical
transmission and electrical measurements is considered. Cross sectional slices
of ingots produced by slow directional freezing and slow zone recrystalliza-
tion have been investigated by x-ray powder photograph techniques, and
results are given for the variation of composition with position along ingot
and for homogeneity of the slice. Annealed powder samples have been used
to check the previous data for the variation of lattice parameter with com-
position. Specimens have also been observed by photomicrograph methods
and by use of an electron probe microanalyzer. The x-ray, photomicrograph,
and microanalyzer data are compared for various samples with different de-

grees of homogeneity.

Very little information is so far available on InAs-
InSb alloys. It has been shown that single phase solid
solution can be obtained at all compositions (1), but
compressed powder specimens need to be annealed at
temperatures very close to the solidus curve for periods
of six months or more before such conditions are ap-
proached. Similar annealing of solid samples needs
very much longer times. The data obtained by anneal-
ing compressed powders gave the variation of lattice
parameter with composition and the solidus curve
shown in Fig. 1 and 2. The liquidus curve in Fig. 2
was obtained by Shih and Peretti (2) using normal
cooling curve methods. Here the preparation of sam-
ples of InAs-InSb alloys in solid form suitable for
optical and electrical work is discussed. The investiga-
tion of the semiconductor parameters of the alloys is
discussed elsewhere (3).

Methods of Preparation of Solid Specimens

Two methods of preparation have been considered,
viz., (a) slow directional freezing, and (b) slow zone
recrystallization of suitable ingots. All of the ingots
were produced by melting together appropriate
amounts of high purity InAs and InSb. Both of the
compounds were from zone refined ingots to give good
purity and both were n type with approximate carrier
concentrations of 2 x 1016/cm3 for InAs and 1.5 x 1016/
cm? for InSbh.

Preparation by powder annealing.—In the case of
both the directionally frozen and the zone recrystal-

1 Present address: Physics Department, University of Ottawa,
Ottawa 2, Canada.

2 Present address: R.R.E., Great Malvern, England.
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lized ingots, the composition of any cross sectional slice
was to be determined by finding the lattice parameter
and using the data in Fig. 1 to give the corresponding
composition. Therefore, as some powdered samples
were to be used in the optical work (to be published
elsewhere), these were used to check the data of Fig. 1.
Small samples were made by melting together under
vacuum appropriate amounts of the two compounds,
quenching in water, and coarsely powdering the re-
sultant ingots. (Coarse powdering was required, since
a further powdering had to be carried out in the equi-
librium condition to give new surfaces necessary for
the optical diffuse reflection measurements.) The pow-
ders were then compressed and sealed under vacuum
as described previously (1) and annealed for some six
months at closely controlled temperatures chosen to
be 10°-15°C below the relevant solidus temperature
as given in Fig. 2. Even after this time of annealing,
the powders were not in good equilibrium condition,
the higher order x-ray reflections being blurred.
Nevertheless values of lattice parameter accurate to
+0.007A could be obtained, and these are shown in
Fig. 1 together with the previous results for which
the lattice parameter determination was less accurate.
The agreement between the two sets of data is good,
confirming the results of Fig. 1 and also therefore the
solidus data in Fig. 2 obtained by the use of lattice
parameter values.

Preparation by slow directional freezing—In the
case of GaSb-InSb and GaAs-InAs alloys, it has been
found (4) that homogeneous polycrystalline samples
of the alloys can be obtained by a slow directional

1142



Vol. 111, No. 10

freezing of an ingot some 15-20 cm in length. In these
cases, ingots cooled in a temperature gradient of the
order 10°C/cm and at a rate of 5°-10°C/day were
found to be reasonably homogeneous over their whole
length. This method of preparation is very convenient
for the initial investigation of the semiconductor
properties of an alloy system in that the variation of
the composition of cross sectional slices with length
gives a wide range of sample composition and hence
the properties across the whole composition range can
be investigated using, at the most, two or three ingots
of different mean composition. It was decided there-
fore to try a similar method of preparation for the
InAs-InSb alloys.

The ingots used were of an equimolar mean com-
position, had a mass of approximately 40g, and were
15-20 cm long. Initially a furnace with a temperature
gradient of 10°C/cm over about 20 cm was used and
the temperature controlled by a switched control unit,
so that the time required to completely freeze the in-
got was approximately 2-3 months. In an attempt to
improve the homogeneity of the material, a second
ingot was cooled in the same furnace at 5°C/day,
while a third similar ingot was cooled in a furnace
having a temperature gradient of 7°C/cm and con-
trolled by a continuous control unit so that the short
term temperature fluctuations at 600°C were less than
+0.2°C. The rate of cooling in this last case was
4°C/day and the freezing process required approxi-
mately 6 months to complete. The variation of com-
position of a cross sectional slice with distance along
the ingot for the case of the third ingot is shown in
Fig. 3. It was found that each end of the ingot was
in good single phase condition, the Cu-Ka doublet be-
ing well resolved in the x-ray photographs, and that
the composition varied from 3 to 12 mole % InSb at
one end and 88 to 98 mole % InSb at the other. In
between these regions, however, there was some 3 cm
of the ingot where there was a very rapid change in
composition with position and where the material was
not in an equilibrium condition, being two phase with
each phase showing considerable broadening of the
high angle x-ray reflections. The corresponding spread
in composition is indicated by the vertical lines in
Fig. 3.

Comparison of the three ingots showed that the
third was the best of the three in that the single phase
regions of this ingot were more homogeneous than for
the previous ones, and at each end the composition
range of the single phase region was a few mole per
cent greater. In addition, electrical measurements
showed that single phase samples from the third ingot
had lower carrier concentrations and higher mobility
values. These improvements can be attributed to the
use of a slower movement of the freezing surface and
to the better control of the furnace temperature. From
a knowledge of the variation of temperature profile of
the furnace in the temperature range concerned, the
composition variation along the ingot in Fig. 3 and
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Fig. 3. Variation of composition of cross sectional slice as a
function of position in a directionally frozen ingot (DF3).
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Fig. 4. Position of freezing surface as a function of time in a
directionally frozen ingot (DF3).

the solidus curve of Fig. 2, the movement of the
freezing surface with time can be calculated. This
curve is shown in Fig. 4. This is only approximate in
the two phase region where an average composition
must be assumed. In the ranges where single phase
material was obtained, it is seen that the rates of
movement of the freezing surface are 0.2 cm/day at
the beginning of the ingot and 0.65 cm/day at the end.
The temperature control of +0.2°C will give fluctua-
tions in freezing surface position larger than this, and
so a slower rate of cooling is of no use unless more
accurate temperature control is used. P

The rate of movement of the freezing surface was
much slower in the central region (~0.02 cm/day).
Here, however, the inhomogeneity was similar for all
ingots, and the different cooling conditions produced
little difference in homogeneity. It is apparent that
other effects, e.g., constitutional supercooling (5), be-
come important. This is supported by the fact that the
composition of the solid at which inhomogeneity be-
gins to occur corresponds to a point on the liquidus
where the slope of the liquidus changes rapidly and
becomes much steeper, as is seen in Fig. 2. Thus with
the small temperature gradients used in these direc-
tional freeze techniques, constitutional supercooling is
always likely to occur. Hence this particular method
is not suitable for alloys in the center of the composi-
tion range.

Preparation by slow zome recrystallization.—An
alternative method for preparing ingots of these al-
loys is the zone recrystallization technique. Here
larger temperature gradients are used so that constitu-
tional supercooling should be less of a problem, and
the rate of movement of the freezing surface is di-
rectly controlled by the movement of the heater
relative to the ingot. The ingots used here were of
equimolar mean composition and the same dimensions
as in the previous case. Two background furnaces
were used to maintain an over-all temperature of the
ingot at about 550°C, and the hot zone was produced
by two “Crusilite’ heater rods placed between the
background furnaces, one above and one below the
ingot. To reduce the width of the hot zone, two water
cooled copper plates were placed between the heater
rods and the backing furnaces. The resulting molten
zone of the ingot was of the order 5 cm in length. This
is considerably wider than that used for normal zone
recrystallization work with compounds, etc., but it was
hoped with this method to obtain some advantage of
the directional freeze method, i.e.,, the variation in
composition along the ingot which would provide
samples over a range of alloy compositions. The
molten zone was moved along the ingot by holding the
ingot stationary and moving the whole furnace sys-
tem along the ingot length. The velocity of the zone
along the ingot was approximately 0.5 cm/day.

The ingots produced showed little difference one to
another and the variation of composition with length
for one case is shown in Fig. 5. Again the ingot is
homogeneous at the two ends but is inhomogeneous
in the center. The beginning section of the ingot ex-
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Fig. 5. Variation of composition of cross sectional slice as a
function of position in a zone recrystallized ingot (ZL2).

tended the available range of homogeneous alloys out
to 20 mole % InSb, but beyond this again the cross
sectional slices were two phase, each phase showing
some blurring of the high angle x-ray lines. However
the intensity of the x-ray lines showed that the
amount of second phase was small in some places
(shown by dotted vertical lines in Fig. 5) and occa-
sionally, as at a point 10 cm from the beginning of the
ingot, only one phase is observed. Thus by careful
selection, single phase alloy samples over a consider-
able range of composition could be obtained.

Again it is seen that this preparation is not satis-
factory for alloys in the center of the composition
range. One problem is the initial width of the molten
zone and, second, the fact that the zone width and
hence the temperature gradient at the freezing surface
varies considerably with the composition of the zone.
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Fig. 6. Photomicrographs and x-ray line profiles of representative
specimens of InAs-InSb alloys. (a) Composition 4 mole % InSb,
4 sec etch, x-ray reflection 553 and 731. (b) Peak composition 89
mole % InSb, 4 sec etch, x-ray reflection 553 and 731. (c) Peak
composition 68 mole % InSb, 6 sec etch, x-ray reflection 553 and
731. (d) Peak compositions 34 mole % and 64 mole % InSb, 5
sec etch, x-ray reflection 620. (e) Peak compositions 26 mole %
and 49 mole % InSb, 6 sec etch, x-ray reflection 620.
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It would appear that to improve this, a different
means (e.g., R.F. heating) is needed to produce the
zone, and careful programming of the heating as a
function of position along the ingot is required.

Comparisen of X-Ray any Metallurgical Data

Samples of varying degrees of homogeneity taken
from the ingots described above have been studied by
x-ray powder photography and by optical photomi-
crography, and in certain cases Metals Research Ltd.,
Cambridge, have studied the samples with an electron
probe microanalyzer. The aim here was to observe
how the inhomogeneity as seen by metallurgical tech-
niques could be correlated with the x-ray data and to
see whether the broadening of the x-ray reflections
was associated with any inhomogeneity easily ob-
served under the microscope.

To present the x-ray data, a suitable x-ray reflec-
tion was chosen (the choice had to be varied to some
extent because of accidental coincidence of lines from
different phases) and the intensity profile of the line
on the x-ray film determined using a Hilger and Watts
comparator microphotometer. The position on the
film can be correlated with Bragg angle, hence with
lattice parameter, and so with composition of the
alloy. Hence the line profiles given here have been
plotted as intensity vs. mole per cent InSb.

The specimens for the photomicrographs were pro-
duced by embedding suitable samples in an epoxy
resin and polishing with various powders down to
0.1z v alumina. The samples were then etched in an
etchant consisting of equal volumes of nitric acid,
hydrofluoric acid, and distilled water.

The results with typical samples are shown in Fig. 6,
where specimens a, b, and ¢ were single phase but
with increasingly broadened x-ray lines, and d and e
were two phase specimens. It is seen that for d and e
the presence of two phases is easily observed on the
photomicrograph, while for a the photomicrograph
shows a single phase condition with grain boundaries,
etc. In samples b and c¢ the trend toward inhomo-
geneity can be observed, but the interpretation of
the photomicrograph would be difficult without the
help of the x-ray line profile,

Specimens b, ¢, and d were investigated by Metals
Research Ltd. using a Cambridge Instruments Co.

Fig. 7. Electron probe microanalysis results for specimen d (see
legend of Fig. 6). (a) Electron image. (b) Antimony Ko image. (c)
Arsenic Ka image. (d) Antimony Ka line scan trace. (e) Arsenic
Ka line scan trace.
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Fig. 8. Electron probe microanalysis results for specimen c (sece
legend of Fig. 6). (a) Arsenic Ko line scan trace. (b) Antimony
Ke line scan trace.

electron probe microanalyzer, a Microscan. The results
for specimen d are shown in Fig. 7. Figure 7a is the
electron image of a region of the specimen, showing
polishing scratches at this higher magnification and a
dark area near the center of the photograph. Figures
7b and c¢ are x-ray images of the same region of the
specimen with the x-ray spectrometer tuned to the
characteristic radiations of antimony and arsenic, re-
spectively. A careful observation of these photographs
shows that the density of spots in the area correspond-
ing to the dark area of Fig. Ta is greater than average
in Fig. 7c and smaller than average in Fig. 7b, indicat-
ing that this region of the sample is arsenic rich. This
is confirmed by the curves in Fig. 7d and e which give
a scan of the intensity along the line XX’ with anti-
mony and arsenic radiation, respectively. The standard
deviation, taken as the square root of the number of
quanta observed, is shown at the right of the curve.
It is seen that the deviation at the area concerned is
considerably larger than the standard deviation, con-
firming that this area is arsenic rich and antimony
deficient.

Similar results were taken with specimen c. Here
the electron image and x-ray images appeared quite
uniform and no inhomogeneity could be observed.

PREPARATION OF InAs-InSb ALLOYS

1145

Figures 8a and b show the results for a line scan
taken with arsenic and antimony radiation, respec-
tively. Here the standard deviation for arsenic radi-
ation is larger because of the small mean percentage of
arsenic for the specimen. However the deviations in
the line scan are not significantly larger than the
standard deviation and give no indication of inhomo-
geneity on any appreciable scale. With specimen b
similar results were obtained.

It is seen that the use of x-ray powder diffraction
is the most sensitive method for observing inhomo-
geneities in composition in the case of alloys of this
system. Thus by either electron probe method or
standard photomicrograph techniques the presence of
inhomogeneities is clear only for samples where the
x-ray photograph shows two distinct phases. Alloys
such as specimen ¢ above appear reasonably homo-
geneous to the electron probe and photomicrograph
even though the x-ray data indicates an effective
spread in composition of the order of 10 mole %. This
confirms that the inhomogeneity is on a considerably
smaller scale than that observed by normal micro-
scope work and is probably due to clustering effects in
the atomic lattice.
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Germanium-Silicon Alloy Heterojunctions

J. Shewchun' and L. Y. Wei

University of Waterloo, Waterloo, Ontario, Canada

ABSTRACT

Germanium-silicon heterojunctions have been prepared by an alloy proc-
ess. By controlling the impurity concentrations, abrupt junctions having widths
from 6000A to as low as 80A have been realized. Forward and reverse bias
characteristics of several typical heterojunctions are presented. No Esaki effect
was observed for thin heterojunctions (<100A). This is attributed to masking
by an abnormally high excess current. This excess current is a tunneling cur-
rent via defect states caused by the large dislocation densities present in the

junction.

Interest in ‘heterojunction devices was stimulated in
the late 1950’s by the work of Kroemer. The concept
of quasi-electric and magnetic fields for variable en-
ergy-gap semiconductors was first posed by him (1,2),
and shortly thereafter he presented the theory for the
wide band-gap emitter transistor (3). In the following

1Present address: Interdisciplinary Fellow in Materials Sciences,
Brown University, Providence, Rhode Island.

years, a number of articles by other investigators were
published (4-6), which dealt with similar considera-
tions. An unsuccessful attempt to fabricate a wide
band-gap emitter transistor by the diffusion of phos-
phorus into gallium arsenide was reported by Jenny
(7). The interest in heterojunctions has also spread to
the field of solar energy converters (8,33). Theo-
retical considerations by Emtage (9) have shown that
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it might be possible to incorporate a heterojunction
type structure into a photovoltaic converter which
could give an efficiency as high as 40%.

With the advent of epitaxial vapor growth tech-
niques (10), considerable interest was stimulated in
heterojunctions where one crystal was vapor deposited
upon another. The first such heterojunctions were re-
ported by Marinace (electrical properties) (11) and
Anderson (analysis) (12). In a series of papers (12-
14), Anderson proposed an energy-band model for
these heterojunctions which included energy discon-
tinuities in the conduction and valence band edges at
the junction interface. More recently, a group con-
sisting of Messrs. Perlman, Oldham, Williams, Feucht,
and Milnes have carried out a more intensive investi-
gation into the Ge-GaAs system originally studied by
Anderson and extended the work to other systems as
Ge-Si and InP-GaAs. In a series of papers (15-19, 34),
the general conclusion reached seems to be that there
are a large number of unexplained discrepancies which
make uncertain the complete validity of the discon-
tinuous energy-gap model. Continuing work by How-
ard and Fang (20,21) on n-n Ge-GaAs diodes has
shown that these heterojunctions have subnanosecond
switching times but suffer the disadvantage of having
a low reverse breakdown voltage.

In this paper, we wish to report our experimental
investigations on the germanium-silicon system by
means of alloy heterojunctions. The evidence that such
a system should yield reasonably good junctions is
based on the work on germanium-silicon “alloy” crys-
tals. That germanium and silicon show good alloying
affinity was demonstrated as far back as 1939 by Stohr
and Klemm (22). It was noted that the lattice constant
varied monotonically from that of silicon (5.43A) to
that of germanium (5.66A) depending on the percent-
age of germanium in the silicon (0- 100%). Both
silicon and germanium are diamond-type crystals. A
germanium-silicon substitutional alloy can be formed
where the germanium and silicon atoms are arranged
at random at lattice sites of a diamond-type lattice.
More recent work on “single crystals” of such alloys
has been carried out by a number of people at Radio
Corporation of America (23,24). Herman has con-
sidered such alloy crystals on a theoretical basis (25).
Since an alloy is not a perfect crystal but disordered,
it does not have an energy-band structure in the strict
sense, but rather regions of high density allowed
states (allowed bands) and regions of low density
allowed states (forbidden bands). The transition from
an allowed to a forbidden band is not as sharp as in a
perfect crystal, at least theoretically. However, ex-
perimental evidence has shown that such tailing of the
band edges is negligible for the Ge-Si system. Pres-
ent work on the Ge-Si system seems to be concentrated
on an accurate determination of the energy-band
structure (26,27). Since the lattice constants of ger-
manium and silicon do differ by a few per cent, it is
expected that the alloy crystal would have irregu-
larities. It has been shown (28) that such lattice mis-
matches can be accommodated through a dislocation
formation mechanism. Experimental observations by
Goss, Benson, and Pfann (29) tend to confirm this.
There is, on the basis of the work just described,
every reason to believe that an alloy type p-n hetero-
junction between germanium and silicon is possible.

Fabrication

Germanium-silicon heterojunction diodes were
made, as mentioned, by the alloying technique. The
starting materials consist of single crystal silicon and
germanium wafers. The silicon is prepared by first
mechanically lapping it with suitable silicon-carbide
abrasives, and then etching it to a mirror finish in
CP4 (4 parts HNO;3, 3 parts CH3COOH, 3 parts HF).
After rinsing and drying, the wafer is broken or cut
into small pieces suitable for the alloy process. The
germanium is similarly treated and crushed into very
small chips from which are extracted small particles
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being more or less spheroids of diameter between 5
and 20 mils. The alloying apparatus consists of a high
current strip heater with an electrical timer for the
control of the temperature cycle.

The alloying is carried out by placing a silicon wafer
of thickness between 10 and 20 mils on the heater with a
selected spheroid of germanium on top. The area of
the junction is approximately determined by the size
of the germanium used. The alloy cycle consists of an
abrupt heating to a temperature between 950° and
1200°C for periods of 3-15 sec, followed by a similar
abrupt cooling. Short alloy times have been deliber-
ately employed in an effort to form thin abrupt junc-
tions and to minimize the diffusion of the doping ele-
ments in the germanium and the silicon. In order to
obtain good wetting between the germanium and
silicon, the alloying is carried out in an atmosphere
of dry hydrogen.

After the junction has been formed, a second alloy
is carried out in which a gold wire is attached to the
body of the silicon to form one of the ohmic contacts.
In some cases this is replaced by a gold plate on the
silicon undersurface which can then be soldered. The
unit is lightly etched, washed, dried, and then mounted
on a standard header and a second ohmic contact of
the pressure type is made to the germanium side.

In order to determine some of the physical prop-
erties of the junction, several units were cross-sec-
tioned by mounting them in a holding jig and lapping
with silicon carbide paper abrasives followed by an
etch to remove surface damage. Since the luster of
polished germanium is noticeably different from that
of silicon, and the rate of attack of the etch on the two
semiconductors also differs considerably, it was hoped
that this would contribute to a relatively easy visual
location of the junction. Figure 1 shows a cross-sec-
tion. The polyphase region of germanium and single
crystal wafer of silicon can be easily identified. The
junction region appears as a dark line. Some surface
irregularities present are due to the non-uniform at-
tack of the etch. The junction region is approximately
10« wide, but this does not represent the regrowth
layer. The diameters of the junctions range from 300
to 500u. Figure 2 also shows a cross-section. Care has
been taken to control the attack of the etch so that a

Fig. 1. Cross-section of a germanium-silicon heterojunction mag-
nified approximately 65X.

Fig. 2. Cross-section of a germanium-silicon heterojunction mag-
nified approximately 170X.



Vol. 111, No. 10

Fig. 3. Cross-section of a ger i ilicon h

nified approximately 465X.

more uniform surface is obtained on which the junc-
tion features are more clearly visible.

The junction itself is believed to consist of an abrupt
transition from silicon to germanium through a ger-
manium-silicon regrowth layer. Higher magnifications
of the junction region, as in Fig. 3, show a demarkation
line between the two regions. The actual regrowth
layer is less than 1u wide.

Junctions were formed using both p and n silicon
wafers of 0.001, 0.01, and 1 ohm-cm resistivity. The
silicon doping agent was phosphorus for the n-type and
boron for the p-type. The small single-crystal
spheroids of germanium were of 0.001, 0.01, 0.1, and 1
ohm-cm. For the germanium the p-type doping agent
was gallium and the n-type agent was either antimony
or phosphorus. The various germanium-silicon struc-
tures that were fabricated are listed in Table I. The
grouping according to types will be explained in the
next section.

The quantity in the brackets indicates the resis-
tivity of the starting material. There is no a priori rea-
son for assuming that the germanium side of the junc-
tion will have the same impurity concentration (re-
sistivity) as that of the starting material, especially
since the germanium must be melted in the process of
junction formation. Direct resistivity measurement is
not possible since the junction areas are so small. The
indirect technique of junction capacitance measure-
ment was used to determine the impurity concentra-
tion on the germanium side of the junction.

Over 250 diodes have been made with the repro-
duction (essentially similar electrical characteristics)
of any one type in the above list being quite good.

Electrical Characteristics

In order to examine the various germanium-silicon
structures that were produced, a grouping as shown in
Table I was used. The symbol + is used to indicate that

Table |. Fabricated germanium-silicon structures

Type 1 n(1)Si-p(1)Ge
nSi-pGe n(1)Si-p(0.01) Ge
pSi-nGe p(1)Si-n(1)Ge
p(1)Si-n(0.01)Ge
n(0.01)Si-p(1)Ge
n(0.01)Si-p(0.01) Ge
p(0.01)Si-n(1)Ge
P(0.01)Si-n(0.1) Ge
p(0.01)Si-n(0.01) Ge
Type 2 n(0.001)Si-p (0.001) Ge
n+Si-pGe n(0.001)Si-p(0.01)Ge
p*Si-nGe n(0.001)Si-p(1)Ge
P(0.001)Si-n(0.001) Ge
p(0.001)Si-n (0.01) Ge
p(0.001)Si-n(0.1)Ge
p(0.001)Si-n(1)Ge
Type 3
nSi-p+Ge P (0.01)Si-n(0.001)Ge
pSi-n+Ge n(0.01) Si-p (0.001) Ge
p(1)Si-n(0.001) Ge
n(1)Si-p(0.001)Ge
Type 4 n+(0.001)Si-p+(0.001) Ge
n+Si-p+Ge p+(0.001) Si-n+(0.001) Ge
p*Si-n+Ge
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Fig. 4. Forward bias characteristics for a typical n(0.01)Si-p(0.01)
Ge diode, unit AUG 8-10-63.

the Fermi level is either above (or extremely close to)
the conduction band edge, or below (or extremely
close to) the valence band edge.

Figure 4 shows the forward bias current-voltage
characteristics of a typical type 1 heterojunction,
n(0.01) Si-p(0.01) Ge, at room and liquid air tempera-
tures. At room temperature, the characteristic exhibits
an exponential region between approximately 10—4 and
10—2 amp., with a slope e/n kT, where e is the elec-
tronic change, k is Boltzmann’s constant, T is tem-
perature, and n = 1.22. Since the normal theory for
rectification in a homogeneous diode leads to an ex-

pression
eVa ) ]
—1
nkT

where Jg is the saturation current, n = 1, and V, is the
applied bias, an increase in the slope of a plot of log
J vs. Vo with decreasing temperature is expected.2
From Fig. 4, it is clear that the expected behavior is
not followed with n taking a value of 4.3 at liquid air
temperatures. This type of behavior has been ob-
served by Chynoweth and McKay (30) in narrow sili-
con p-n junctions where field emission is prevalent.
For the other Type 1 structures n was generally lower,
the lowest value being 1.09 for n(1)Si-p(0.01)Ge
heterojunctions.

The characteristics for type 2 and type 3 hetero-
junctions were much the same as those just described,
except for those heterojunctions where the junction
width was less than about 800A. (Junction widths
were determined using the formula for an abrupt im-
purity distribution (3). Impurity concentrations were
obtained from junction capacitance measurements and
were checked against the observed heterojunction
diffusion potentials.) In these cases, the log plot of
current vs. voltage showed several distinct inflections,
as in Fig. 5 for a typical p(0.001) Si-n (0.001) Ge diode.
This wobble about a straight line was very reproduc-
ible from diode to diode and can be qualitatively ac-

Jp = Js [exp (

2 While the above equation cannot be applied directly to a hetero-
junction, our analysis (publication to appear in the Physical Re-
view) indicates that the rectification equation for a heterojunction
can be reduced to a similar form, where Js and 5 are functions of
the physical properties of the two materials employed in the
heterojunction. The temperature variation is still properly described
by this simple equation.
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Fig. 5. Forward bias characteristics for a typical p(0.001)Si-n
(0.001)Ge diode, unit OCT 22-3.

counted for by the inclusion of an additive saturation
current term of the form

B
J=A((Vp—Vy)re (————)
(Vp A)" exp Vo Va

to the rectification equation (30). In this expression
Vp is the diffusion potential, Va the applied voltage,
and A, B, n are dimensional constants. This additive
saturation current represents the internal field emis-
sion process occurring in the junction due to its “thin-
ness.” At liquid air temperatures this characteristic
wobble becomes more pronounced indicating an en-
hancement of tunneling.

Capacitance measurements on a large number of
n(0.001) Si-p(0.001) Ge and p(0.001)Si-n(0.001)Ge di-
odes showed that impurity concentrations on the ger-
manium side were sufficiently high to cause the Fermi
level to lie above the conduction band edge for n ma-
terial and below the valence band edge for p material.
These type 4 diodes were expected to exhibit the Esaki
effect in the forward bias direction, provided no com-
plicating effects interfered. The experimental units did
not show any negative resistance regions but rather an
abnormally high current at low bias levels. In addi-
tion, these diodes had “apparent” diffusion potentials
which were much lower than expected. It is believed
that all Ge-Si heterojunctions contain large numbers
of defect states in the forbidden band gap and tunnel-
ing can occur via these states in thin tunneling junc-
tions, giving rise to a very large excess current Jx. The
total current for junction is

J=Ji+Jx+Jp

where Jp is the diffusion current, as before. If Jx is
very large, it will mask J; (normal tunneling current)
completely. This appears to be the case for the type 4
heterojunctions. The defect states by which tunneling
takes place are undoubtedly the regions of fairly large
dislocation densities mentioned earlier.

Since the junction width depends on the donor and
acceptor impurity concentrations on both sides of the
heterojunction and the reverse bias characteristic de-
pends strongly on the junction width, a large varia-
tion in the form of the reverse bias characteristic was
observed in the process of examining the different
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structures listed in Table I. Figures 6-11 show typical
characteristics that were observed for several diode
types. The junction widths for the n(1)Si-p(1) Ge and
n(1)Si-p(0.01)Ge heterojunctions in Fig. 6 and 7
were_ estimated to be 5900A and 31004, respectively.
Both units have “hard” characteristics with a soft
knee prior to a sharp breakdown. This sharp break-
down is a characteristic feature of avalanche break-
down (31), along with the observation that the break-
down voltage decreases considerably on lowering of
the heterojunction temperature to 80°K. The softness
prior to breakdown is not normally found in homo-
geneous junctions, but our analysis indicates that is an
inherent feature of a heterojunction. For thinner junc-
tions such as the p(0.01)Si-n(0.01) Ge unit shown in
Fig. 8 at 12004, there is a possibility of field emission
or tunneling across the junction. When the tempera-
ture is lowered, the reverse current drops somewhat at
moderate values of bias, but then increases more
rapidly and crosses over the room temperature char-
acteristic, thus leading to a lower breakdown voltage.
The slight lowering of reverse current at moderate
values of bias indicates field emission, while the drop in
breakdown voltage indicates avalanche breakdown.
This heterojunction represents transition region be-
havior where ionization and field emission occur si-
multaneously. At sufficiently high current densities, a
“second” breakdown occurs (32) which will be dis-
cussed in a subsequent publication. This breakdown
consists of the formation of a negative resistance re-
gion along with a hysteresis loop.

34

80%

Fig. 6. Reverse characteristics for a typical n(1)Si-p(1)Ge diode,
unit JUL 23-2-63. Scale: 20 v/div. horiz., 1 ma/div. vert.
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Fig. 7. Reverse characteristic for a typical n(1)Si-p(0.01)Ge
diode, unit AUG 8-10-63. Scale: 10 v/div. horiz., 1 ma/div. vert.
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Fig. 8. Reverse characteristic for a typical p(0.01)Si-n(0.01)Ge
diode, unit JUL 24-4-63. Scale: 2 v/div. horiz., 20 ma/div. vert.
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Fig. 9. Reverse characteristic for a typical n(0.01)Si-p(0.01)Ge
diode, unit FEB 21-5, Scale: 2 v/div. horiz., 20 ma/div. vert.
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Fig. 10. Reverse characteristic for a typical n(0.001)Si-p(0.001)Ge
diode, unit JUL 6-2. Scale: 1 v/div. horiz., 10 ma/div. vert.
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Fig. 11. Reverse characteristic for a typical p(0.001)Si-n(0.001)Ge
diode, unit FEB 12-3. Scale: 0.5 v/div. horiz., 20 ma/div. vert.

Figures 9, 10, and 11 show how the reverse charac-
teristic gets progresswely softer as the junction width
decreases (to about 800A for the n(0.001)Si-
p(0.001)Ge and p(0.001)Si-n(0.001)Ge heterojunc-
tions), and the complete reversal in breakdown voltage
shift with decreasing temperature.

Additional evidence was obtained to show that the
electrical junction occurred at the material interface
and not in either the silicon or the germanium. First,
the measured diffusion potentials were in agreement
with the calculated ones based on the appropriate
heterojunction model. Second, reverse bias breakdown
radiation in the form of microplasma spots was ob-
served at the material interface, and the spectral dis-
tribution of the radiation indicated that both ger-
manium and silicon were playing an active role in
forming a true heterojunction.

Conclusions
Germanium-silicon heterojunctions have been suc-
cessfully fabricated by an alloy process. A wide variety
of structures were formed in which the impurity con-
centrations on either side of the junction were deter-
mined by the resistivity of the single crystal germa-
nium or silicon that was employed.
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The forward bias characteristics tend to resemble
those of normal homogeneous junctions except when
“thin” junctions are encountered. Theoretically, type 4
diodes were expected to show the Esaki effect, but,
experimentally, no such effect was observed. Instead,
an abnormally high current was found which was at-
tributed to tunneling via defect states caused by the
large dislocation densities present in the junction. This
excess current was sufficiently large to mask out the
negative-resistance region that was expected.

The reverse bias characteristics of germanium-sili-
con heterojunctions were also examined. For suffi-
ciently large junction widths (low impurity concen-
trations), a heterojunction was expected to show nor-
mal avalanche breakdown with a soft knee rather
than a sharp knee. The degree of softness was found
to depend on the tunneling and image effects. For thin
junctions (high impurity concentrations), Zener or
field emission “breakdown” was predominant. A con-
tinuous transition of characteristics from hard to ex-
tremely soft was observed as the junction width of the
heterojunctions varied from a few thousand angstroms
to less than 100A.

Manuscript received Feb. 24, 1964; revised manu-
script received April 15, 1964.

_Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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Diffused Junction Diodes of PbSe and PbTe

J. F. Butler

Lincoln Laboratory,! Massachusetts Institute of Technology, Lexington, Massachusetts

ABSTRACT

A technique is described for producing diffused p-n junctions in Pb salt
single crystals which utilizes an interdiffusion mechanism to introduce con-
trolled deviations from stoichiometry, excess Pb giving rise to n-type and
excess Se and Te to p-type PbSe and PbTe, respectively. An analysis of the
p-n junction depths on the basis of Fick’s law of diffusion results in the fol-
lowing effective interdiffusion constants: Da = 4 x 10—8 cm?2 sec—1! for produc-
ing a p-layer on n-type PbSe at 600°C; Dy = 9x 10—9 cm2 sec—! for an n-layer
on p-type PbSe at 650°C; Dy = 6x 10~7 cm?2 sec—! for an n-layer on p-type
PbTe at 650°C. In the first case the diffusion has been studied as a function
of time, and the results show that the assumption of Fick’s law of diffusion
was valid. As expected the interdiffusion constants are two to three orders of
magnitude larger than the self-diffusion constants. Electrical characteristics
of the diffused diodes are presented and can be explained as resulting from a
combination of diffusion and tunneling current components.

Diodes of the Pb salt semiconductors have been the
subject of a number of papers (1-9). It is of historical
interest that PbS was one of the first materials with
which the phenomenon of rectification was observed
(1) and that the galena crystal detector was one of the
earliest semiconductor devices (2). The evaluation of
interdiffusion constants in these materials from the
penetration distances of p-n junctions has been carried
out to a limited degree (10-12).

This paper describes the electrical properties of dif-
fused junction diodes of PbSe and PbTe, gives the
fabrication procedures followed in making these di-
odes, and presents values for the effective interdif-
fusion constants near 600°C. The diffusion technique
which is described below for diffusing an n-layer into
single crystal p-type PbSe and PbTe and for diffusing
a p-layer into n-type single crystal PbSe has the ad-
vantage of using an isothermal closed system and of
consequent simplicity.

The diffusion method was suggested by the work of
Brebrick and Gubner (13,14) and of Brebrick and
Allgaier (15) who measured stability limits as func-
tions of temperature for PbSe and PbTe by introducing
deviations from stoichiometry into crystals of these
semiconductors. Their method was to bring a small
single crystal of the material into equilibrium through
the vapor phase with a two-phase ingot of the same
material rich in one or the other of the constituents.
The equilibrium conditions were “frozen in” by
quenching the crystals to room temperature, and the
concentration of the excess constituent at the equilib-
rium temperature was assumed equal to the meas-
ured concentration of extrinsic charge carriers. The
field of stability of PbSe was found to be roughly
symmetric about the stoichiometric composition and
that of PbTe to be predominantly on the p-type, Te
rich side [other work (16) shows the field of stability
of PbS to be predominantly on the n-type, Pb rich
side]. According to Brebrick (17) the approach to
equilibrium in these experiments proceeds by a mech-
anism of interdiffusion and may be described in terms
of concentration gradient by an effective interdiffusion
constant. Thus, the diffusive flow of deviation from
stoichiometry

Ja = Jc—Ja=—(Dc* + Da*) (S/KT) grad uc [1]
can be written as
Ja =—Da grad A [2]

1 Operated with support from the U.S. Air Force.

where Dc¢* and Da* are the cation and anion self-
diffusion constants, S is the concentration of cation or
anion lattice sites, uc is the chemical potential of the
cation, A = N¢ — N4 is the deviation from stoichio-
metric composition and

Dy = (Dc* + Da*) (S/kT) (duc/dA) [3]

is the effective interdiffusion constant. As shown by
Brebrick (17) the factor (1/kT) (duc/dA) is of the
order of the reciprocal of the total concentration of
lattice point defects and the interdiffusion constant is
therefore 102-10¢ times as large as the larger of the
self-diffusion constants. For the case of conversion from
one conductivity type to another, the process may be
visualized as a plane between p and n material moving
inward from the surface. For this case, quenching the
crystal before equilibrium is attained will result in a
p-n junction. The diffusion method described in detail
below, then, consists of heating a single crystal of
material of one conductivity type in a sealed container
with a two phase ingot of the same material of op-
posite conductivity type and quenching the system be-
fore equilibrium is attained.

Fabrication Procedures

The two phase ingots used as the source of excess
Se or Te were prepared by chemically combining the
elements in sealed quartz tubes. Quartz tubes were
etched in a 1-1 solution of nitric and hydrofluoric acids,
rinsed in distilled water, drained dry, and vacuum
baked at 1100°C until the final pressure was less than
10-% mm Hg. The elements (99.999% pure Se and Te,
99.9999% pure Pb) were weighed out individually to
the nearest milligram so that the combined weight was
about 10g and the composition was either 49 or 51
atomic per cent Pb. The Pb was cut from the
interior of a bar. The materials were loaded into a tube
which was then outgassed at 150°C for 3 hr and sealed
off at a pressure less than 106 mm Hg. The sealed
tube was exposed to a carefully controlled torch flame
long enough to bring about partial reaction of the
contents and was then heated for 3 hr at 950°C for
PbTe and 1050°C for PbSe and quenched in water.
The resulting two phase ingot was removed from the
tube and ground to a coarse powder. Such a ground
ingot could be used with predictable results for four or
five diffusions.

Most of the single crystal PbSe used in these ex-
periments was obtained from a larger crystal grown
from a near stoichiometric melt by the Bridgman tech-
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nique by Dr. A. J. Strauss of Lincoln Laboratory. This
crystal contained substantial portions of both p and n
material with 77°K carrier concentration and Hall
mobility of approximately 3 x 10! em—3 and 15,000
cm?2 v—! sec—1, respectively. The PbTe, taken from an
undoped p-type single crystal obtained from Battelle
Memorial Institute, had a room temperature hole con-
centration and Hall mobility of approximately 3 x 1018
cm~—3 and 750 cm?2 v—1 sec™!, respectively. Rectangular
parallelepipeds approximately 1 mm thick and several
millimeters in the other two dimensions were cleaved
from the crystals. The wafers were cleaned by
scrubbing with boiling high purity methanol. The dif-
fusions were performed with the crystal and source
ingot in separate, open compartments of a quartz
ampoule which was etched and vacuum baked im-
mediately before use in the manner described above
for quartz tubes. The ampoule and contents were out-
gassed at 120°C for 1 hr, sealed off at about 10~¢ mm
Hg, and placed in the uniform temperature zone of a
furnace which had been preheated to the desired tem-
perature. The temperature was usually 600°C for the
diffusion of excess Se into n-type PbSe and 650°C for
the diffusion of excess Pb into p-type PbSe or PbTe. At
the end of a run, the sealed ampoules were quenched
in water. On freshly cleaved surfaces junctions were
often directly observable under magnification as faint
white lines or discontinuities in the general appear-
ance, and junction depths were measured by visual ob-
servations in conjunction with thermoelectric micro-
probing.

Figure 1 shows junction depth plotted against the
square root of time for four diffusions at 600°C of
excess Se into n-type PbSe. The electron concentration
of the wafer used in the 3 hr run was determined by
Hall measurements to be 3.0 x 1018 cm—3; the remain-
der of the wafers were taken from the same portion
of the parent crystal and probably had nearly the same
concentration. The same complete source ingot was
used in all four runs. For the diffusion of excess Pb
into p-type PbSe, a representative set of values is a
junction depth of 8.9 x 10—3 ¢cm for a 1 hr run at 650°C
and an initial hole concentration of 1.9 x 1018 em—3,
The diffusion of excess Pb at 650°C for 1 hr into p-type
PbTe with an initial hole concentration of 3.0 x 1018
ecm—3 produced a junction depth of 8.9 x 10~3 cm.

The diffused junction material was usually cleaved
into dice with linear dimensions of 0.1-1.0 mm and
alloyed to standard metal base tabs. An artist’s sketch
of a diode is shown in Fig. 2. Ohmic contacts to p-type
regions were generally made with pure Au or a Au-T1
alloy and to n-type regions with pure Pb or a Pb-In
alloy. In general, Se, Te, Ag, Au, and Tl have been
found to behave as acceptors and Pb, In, Sn, and Bi as
donors. Alloying was performed on a carbon resistance
heating strip enclosed in a gas tight volume of about
1 liter into which could be introduced a reducing
atmosphere. The system was purged with a 5 min gas
flow before each heating step and the semiconductor
surface was cleaned with boiling methanol after each
step. Relative temperatures were recorded for repro-
ducibility of operations, but precise alloying tempera-

X -4 2
.87 x
20— Wz =2.87x10 " cm/sec

DISTANCE (cmx10°)

| | | | 1 | | L | |
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40 3
VTTME (sec'’?)

Fig. 1. Junction depths for diffusions in n-type PbSe
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p-n JUNCTION—/ _ BASE TAB

Fig. 2. Artist’s sketch illustrating fabrication of diffused junction
diodes.

tures were not determined. Alloying times were gen-
erally less than a minute. In some cases, a mesa struc-
ture was formed on material with a shallow junction
depth by etching with a solution of potassium hydro-
chloride, ethylene glycol, and hydrogen peroxide as
described by Coates, Lawson, and Prior (18). This
etch has been found to be most effective on cleaved
surfaces. The finished diodes were mounted on tran-
sistor headers with In plated Ag wires soldered to the
top contacts.

Electrical Characteristics

Figures 3 and 4 show the current-voltage char-
acteristics at three temperatures for a typical PbSe
diode. The p-n junction resulted from a diffusion of
excess Pb into p material at 600°C and was 3 x 10~3 cm
deep. The surface was etched to a mesa structure with
a junction area of about 10—3 cm?2. The reverse current
for the room temperature characteristic shows satura-
tion near 50 ma. The reverse characteristics of PbSe
diodes were found to be extremely dependent on pre-
vious surface treatment. The diode of Fig. 3 and 4 was
vacuum baked and had been stored in a dessicator for
a week before its characteristics were measured. No at-
tempt was made to develop a surface treatment for
optimum performance. Measurements of capacitance as
a function of voltage at 77°K were made on a 5 x 10—+
cm?2 area PbSe diode from the same diffusion run as
that of Fig. 3 and 4, using a radio frequency bridge at
50 megacycles. Accuracy of these measurements was
limited by breakdown effects which became evident at
reverse biases greater than about 0.5v and by large re-
verse currents. The results show voltage proportional
to the square of reciprocal capacitance and the data are
plotted in this manner in Fig. 5.

The current-voltage curves of a PbTe diode are
presented in Fig. 6 and 7. The junction, formed by a
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Fig. 3. Current-voltage characteristics of a diffused junction
PbSe diode at various temperatures.
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Fig. 5. Diode capacitance as a function of voltage for a PbSe
diffused junction diode at 77°K.

diffusion of excess Pb into p material at 650°C, was
8.9 x 103 cm deep and about 10—2 cm? in area. The re-
verse current at room temperature shows saturation
near 50 ma. The reverse characteristics of this diode
were less sensitive to surface conditions than those of
the PbSe diode.
Discussion

The linear relation between junction depth and the
square-root of time evident in Fig. 1 implies that the
interdiffusion process can be described by a simple
constant. In order to obtain a value for D,, it is as-
sumed that the quantity A(x,t) = Nc(x,t) — Na(x, t)
diffuses into an initially homogeneous semi-infinite
slab with a constant surface concentration. The initial
deviation from stoichiometry within the slab, A,, can be
determined from the initial carrier concentration if the
semiconductor is in the exhaustion range. It is assumed
that the surface deviation As due to the source is
given by the stability limit at the diffusion temperature
of the component in question. Under these conditions,
the solution of [2] is

A, t) = (As— Ao) erfe (x/2\/Dat) + 4,  [4]

It will be assumed that the p-n junction occurs where
Ax,t) =0.

Substituting x/t1/2 from the slope of the curve in
Fig. 1 and As = 6.0 x 1018 em—3 from the data of Bre-
brick and Gubner (13) into [4] and assuming an ex-
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Fig. 6. Current-voltage characteristics of a diffused junction
PbTe diode at various temperatures.
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Fig. 7. Forward current-voltage characteristics on a semi-
logarithmic scale of & diffused junction PbTe diode of Fig. 6 at
various temperatures.

haustion range semiconductor, gives Dy = 4 x 10—8 cm?2
sec—! for excess Se in n-type PbSe at 600°C. It is in-
structive to compare this value with a diffusion con-
stant of 1012 em?2 sec—! for the self-diffusion of Se in
1018 cm~—3 n-type PbSe at 600°C, as extrapolated from
the data obtained by radioactive tracer diffusion by
Boltaks and Mokhov (19). For the diffusion of an
excess Pb layer in p-type PbSe at 650°C, the meas-
ured values of junction depth, time and initial con-
centration, and A; = 5.5 x 10!8 from the data of Bre-
brick and Gubner (13) give D = 9 x 109 cm?2 sec—1.
Seltzer and Wagner (20), using Pb-210 diffusion, ob-
tained a diffusion constant of approximately 1.5 x 10—10
cm? sec~! for the self-diffusion of Pb in 1018 cm~—3
p-type PbSe at this temperature. Taking As = 6 x 1017
cm~3 from the data of Brebrick and Gubner (14) and
using measured values in [4] results in Dy = 6x10-7
cm? sec—! for the diffusion of an excess Pb layer in
p-type PbTe. Boltaks (11) has obtained diffusion con-
stants for excess Pb in 1017 cm—3 p-type PbTe over a
range of temperatures by using a delta function source
and measuring junction depths. The conditions of his
experiments were such that his “self-diffusion” con-
stant corresponds approximately to the interdiffusion
constant discussed here. Extrapolated to 650°C, his
values give Dy =2x10"8 cm2/sec, in rather poor
agreement with the value given above.
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Two points are of interest in connection with the
effective interdiffusion constants obtained in the pres-
ent work. They were 2-3 orders of magnitude larger
than the self-diffusion constants, in agreement with
prediction (17). Second, the average interdiffusion
constant for the movement of an n-p junction into
p-type PbSe is smaller than that for the movement of
a p-n junction into an n-type crystal for comparable
values of As-Ao. Intuitively, this is what is to be ex-
pected if, as Seltzer and Wagner propose (20), the
predominant point defects in PbSe are Frenkel de-
fects in the Pb sub-lattice with the interstitial Pb
possessing a much larger mobility than the Pb va-
cancy.?2 An alternative explanation is that p-type PbSe
contains electrically inactive Se as a dislocation pre-
cipitate which acts as a sink for diffusing Pb. This is
consistent with results of experiments on p-type PbTe
(14) and with the fact that it is difficult to quench in
the high temperature state of p-type PbSe (13).

Figure 4 shows that the low temperature forward
current-voltage curves of the PbSe diode are char-
acterized by a low bias region in which current rises
slowly with voltage, followed by a middle region of
rapid rise and a high bias region dominated by series
resistance. In the 77°K curve the middle region shows
an exp (qu/nkT) dependence of current on voltage
with n = 1 between about 20 and 100 wa and n = 1.25
between 150 and 5000 xa. The 4.2°K curve has a middle
region between 500 and 1500 xa with n = 1.5 over most
of the range. The forward current at room temperature
shows a rapid non-exponential rise from zero and is
dominated by series resistance at a low bias. The low
temperature reverse currents increase with voltage,
that at 4.2°K rising the most rapidly. The reverse cur-
rent at 300°K rapidly reaches a definite saturation
value. These features can be explained in a qualitative
manner as resulting from a combination of diffusion
controlled and tunneling current components. In view
of the nonparabolicity of the band edges (21), and the
uncertainty in values of energy gap and lifetime, no
attempt will be made here to verify the explanation
quantitatively. At the carrier concentrations of this
material, one would expect degeneracy near room tem-
perature. Strong evidence that the low temperature
reverse current is due primarily to tunneling is sup-
plied by the fact that its magnitude increases with de-
creasing temperature (the energy gap of PbSe is
known to increase linearly with temperature over most
of the range under consideration). The occurrence of
tunneling probably also explains the large low-bias
forward currents at low temperatures.

The current-voltage characteristics of the PbTe di-
ode show the same general behavior as those of the
PbSe diode, but the large low bias currents override
most of the rapidly rising middle region. The re-
verse current has been observed with an oscilloscope to
increase in magnitude with decreasing temperature
between about 250° and 77°K in the same manner as
the PbSe diode and probably results from tunneling.
The fact that the reverse current at 4.2°K is less in
magnitude than that at 77°K is of interest and not
readily explained.

Extending the linear regions of the 77° and 4.2°K
semilogarithmic curves of Fig. 4, one finds the resulting
straight lines to intersect at a voltage about 20%
lower than the energy gap deduced by extrapolating
the optical data of Gibson (22) to 0°K. Although less
clear, a similar result can be obtained from the PbTe
curves of Fig. 7. Furthermore, the capacitance data
indicate an energy barrier in the PbSe diode at 77°K
approximately 30% lower than the measured optical
energy gap”(22). For a degenerate semiconductor, one
would expect the barrier height and optical energy
gap to more nearly coincide. Any explanation for these
discrepancies based on a “Burstein shift” (23) tends
to be ruled out by the facts that the PbSe used in the
experiments described above had about the same car-

2 The author is indebted to Dr. R. F. Brebrick for bringing this
point to his attention.
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rier concentration as that used by Gibson and, second,
that Gibson observed no dependence of the position of
the absorption edge on concentration. These differences
could arise from the occurrence of an indirect minimum
energy gap. According to experimental results of Ellett
and Cuff (21), however, the valence and conduction
band extremes of PbSe occur at identical points in the
Brillouin zone. Another mechanism resulting in a dif-
ference between thermal and optical energy gaps is
the redistribution of ionic charge associated with the
intrinsic ionization process (24). This mechanism
would give rise to a difference energy approximately
proportional to (ks— o) /ks ko, Where ks and ko are the
static and optical dielectric constants, respectively, of
the material. As pointed out by Scanlon (25) this effect
may be important in polar semiconductors such as the
Pb salts.
Summary

A method has been developed for producing diffused
p-n junctions in PbSe and PbTe which utilizes an in-
terdiffusion mechanism to introduce controlled de-
viations from stoichiometry. The method should be
applicable to any compound semiconductor whose con-
ductivity type can be determined by deviations from
stoichiometry and for which the vapor pressure of at
least one component is large enough to provide the
necessary mass transfer. It could certainly be applied
to PbS. The measured electrical properties of the PbSe
and PbTe diffused diodes are consistent with those re-
sulting from a current flow comprised of both diffusion
and tunneling components.
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Thermodynamic Analyses of Open Tube

Germanium Disproportionation Reactions
A. Reisman and S. A. Alyanakyan

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

ABSTRACT

In order to define conditions most suitable for iodine transport of pure or
gallium doped germanium, the equilibria that obtain when these elements,
singly or together, are mixed with iodine or hydrogen iodide in the presence of
hydrogen and/or inert gases were analyzed using computer techniques. It was
found that Ge in the presence of an inert carrier gas should transport via a
hot to cold process at all iodine pressures studied. These results are markedly
perturbed when Hj is substituted for the inert gas due to the establishment
of a competing equilibrium whose enthalpic change is opposite in sign to
that of the equilibrium responsible for semiconductor transport. The effects
of the competing equilibrium in turn may be modified by using a mixture of
H, and He. Under certain sets of conditions, in fact, temperature insensitive
regions develop which appear to be suitable as semiconductor source and
seed sites. The results for the gallium-iodine equilibrium are to a good first
approximation independent of the nature of the carrier gas and indicate that
hot to cold transport is to be expected over a wide range of iodine concen-
trations. Analyses of the three phase equilibrium in Ge-Ga-halogen systems

show them to also be independent of the nature of the carrier gas.

The lack of fundamental information has hindered
the controlled optimized use of open tube systems for
Ge transport via a disproportionation mechanism.
Where such information is available, as is the case for
Ge-I (1) interactions, it is not readily employed
because of the difficulty in putting it into usable form.
When competing reactions due to the presence of re-
active carrier gases and/or impurities are involved in
the transport process, the problem becomes even more
formidable.

To provide a firmer basis for studying the parameters
affecting Ge transport via disproportionation mech-
anisms, it appeared worthwhile to attempt thermody-
namic analyses of several potentially interesting sys-
tems. While in practice the kinetics of the vapor trans-
port and solid-vapor reactions, not the equilibrium
boundaries, represent the limiting factors in a trans-
port process, it is evident that these boundaries at least
define upper limits for a set of specified conditions.

This report is concerned with an evaluation of the
equilibria that obtain when Ge and/or Ga are mixed
with iodine, hydrogen iodide, hydrogen and/or inert
gases in systems subject to a constant total pressure
constraint.

General Considerations

Effects of simultaneous equilibria.—Given a simple
equilibrium of the type represented by Eq. [1], the
direction of reaction with increasing or decreasing
temperature is readily deduced. Thus, if for Eq. [1]

AH,
aAsolia + vaapor 2 xAB [1]

the enthalpic change for the process as written, AH, is
positive, the van’t Hoff expression, Eq. [2],

Ko/K; — e—AHy/R(1/Ty~1/Tp) 21

where the K’s refer to the ratios (pap)*/(pa)e (pp)? at
the temperatures T and T, leads to the following con-
clusion: With AH, positive and T2 =T, Kz = K;. Con-

sequently, with increasing temperature, the reaction
as written is driven to the right. In order to effect a
vapor phase transport of the solid A via the model
specified by Eq. [1], it is necessary that the source
temperature of solid A be greater than the sink tem-
perature for this material. With introduction of sec-
ondary reactions which tend to compete for one or
more of the main transport reaction components, the
prediction of transport direction in a temperature
gradient is not as readily discernible. For example, in
addition to the reaction described by Eq. [1], where
for simplicity we will assume the coefficients a, b, and
x are unity, in which event AH, is the molar enthalpy
of formation of AB, consider the simultaneously oc-
curring equilibrium depicted by Eq. [3] where AH’,
is similar in magnitude to AH, but has a negative sign,
and again represents a molar enthalpy of formation.

AHy
dD(v) + bBw) € y DB [31

Suppose that to a container in which one mole of A,
and one mole of B have been placed we add a small
fraction of a mole of D and an equal quantity of B. The
AH*, for the complete process represented by Eq. [4]
at a given temperature

AH,*
aAiy + (b + d’)Bwy + d’'Dyy @ xAB(y) + v DBw) [4]

0 < AHp* < AH,

will be positive in sign but slightly less in magnitude
than AH,. If subsequent experiments are performed
in which the quantity of D is increased, a point will
be reached ultimately at which reaction [1] now rep-
resents a perturbation on reaction [3], and AH*, will
be negative in sign and transport will occur from the
cold to hot regions of the system. Since the coefficients
a and b may have any value, »iz., Eq. {1] may be
multiplied by any number, it is evident that depend-
ing on the quantities of A and B initially present and
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the relative magnitudes of AH, and AHy, the effect of
addition of a defined quantity of D on both the mag-
nitude, and more important the sign of AH,* for a
given set of conditions will be different. Thus for in-
creasing quantities of A and B the direction of trans-
port will be less likely to change when a specified
quantity of D is added. If in addition to all of the
above, a vaporous species AD tends to form, the prob-
lem is further amplified. Because, as shown above,
AHp* can have an infinite number of values depending
on the set of experimental conditions imposed, a
knowledge of its sign rather than its absolute value is
of greater interest in designing a transport experiment.
The sign of AH,* can be readily obtained by visual in-
spection of plots of semiconductor/halogen component
vapor phase ratios as a function of temperature, as
proposed by Lever (1).

Assumptions.—In order to enable analytical treat-
ment of the multispecies systems of interest, it was
necessary to involve such commonly employed as-
sumptions as those pertaining to vapor phase ideality
and the constancy of enthalpic changes accompanying
each reaction with varying temperature. For the tem-
perature and pressure ranges considered neither of
these assumptions appears unreasonable. In addition, it
was assumed that all pertinent vapor phase species
were known and that halogens and halogen compounds
were confined solely to the vapor phase in the tem-
perature interval of practical interest. No attempt was
made to discontinue analyses below dew point tem-
peratures for the semiconductor halides, all analyses
arbitrarily being performed in the temperature inter-
val 0°-800°C. In practice, the data for all, except the
highest halogen source pressures, are not affected by
dew point considerations above 300°C.

As will become evident, it was necessary to assume
that the species pressures of halogens and halogen
acids bear a simple relationship to the hypothetical
component pressures of halogens and halogen acids at
sources of the latter. In other portions of the system
this assumption was not required. Based on the avail-
able thermodynamic data for iodine and hydrogen
jodide dissociation at the temperatures considered this
assumption is not unreasonable.

All equilibrium data are based on a standard state
choice of 1 mm Hg with species pressures specified with
the same dimensions.

Finally, all systems were considered for a total
pressure constraint of 760 mm Hg.

Symbols and system representations—Each of the
systems to be discussed is represented by component
designations considered most appropriate for the re-
actions involved. Thus, in some systems, counting of
iodine is based on the designation I. In other systems
the molecular conservation of this halogen is based on
the designation I. Description of a system for example
by the notation Ge-I;-He indicates that component
counting is based on moles of diatomic iodine, etec.

Table I presents a list of symbols employed through-
out the following discussions.

hal 1 4

tion of sy ploy

Table 1. Expl

R = total pressure in mm

pr = the partial pressure of the vapor phase species x where
x has values from 1-12 inclusive, each number referring
to a different species

P, = the hypothetical pressure of the component x whose
designations coincide with those for pz

M: = the component mole quantity

m: = the species mole quantity

xz = 1-1I 7—He
2—Is 8—Ga
3—HI 9—Gal
4—H, 10—Gals
5—Gel: 11—Ge
6—Gel, 12—H

* An asterisk superscript to one of the above, such as P,*,
refers to the pressure at the first point considered in the system.

* A prime superscript to one of the above, such as P,’, refers
to the pressure at the second point considered in the system.
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Analyses of Systems

The System Ge-I;-He

Experimentally, the treatment relates to a transport
apparatus in which an inert gas, He, is transpired
through an iodine source bed at some temperature, T,
necessary to provide an equilibrium component pres-
sure of iodine, Pp*. The saturated gas, in which
Py* + P;* = 760 mm, is then carried through a ger-
manium source with which the iodine reacts and with
which the resulting vapor phase species equilibrate.
Since the component Iy is assumed to be confined to
the vapor phase, the component ratio He/I,, X, estab-
lished at the iodine source remains constant thereafter.

From the phase rule it is seen that two parameters
are necessary to completely define the isobaric system
comprised of three components coexisting in two
phases. For convenience, the temperature and the
component ratio X, defined above, were chosen. Values
of this ratio may be experimentally established at the
iodine source bed. At this point in the system, the
constant total pressure constraint together with the
assumption of the relation between component and
species pressures at halogen sources requires that

P7* = 760 — Po* = 760 — po* (I-1)
Since
p7* = mz* RT/V (I-2)
and
pg"’ = mz* RT/V (1-3)

we obtain after dividing (I-2) by (I-3) for the value
of X
760 — pao*
g T (1-4)
P2
For specified values of X and T, therefore, the com-
plete system Ge-Ip-He will possess unique values of
the partial pressures of the species assumed present.
These species are I, I, Gelp, Gely, and He, and the five
independent relationships employed to calculate their
partial pressures at given values of X and T are:

Tocv) @ 21(v); K1 = p12/p2; logio Ky = 8.362 — 7991/T (2)

(I-5)
Gecs) + L) @ Gelaw); K = ps/pe;
logio K3 = 2.45 + 434/T (1) (I-6)
Ge(s) + Gelsw) 2 2Gelaw); K4 = ps5*/pe;
logio Ky = 12.56 — 7936/T (1) (I-7)
P =1p1+p2+ps+ps+ b7 (I-8)
X = P7/Py=1p7/(1/2p1 + P2 + p5 + 2ps) (I-9)

The values of the species partial pressures, p:, were
then used to compute the ratio (Y)x = f(T) where

(Y)x— Pu D5 + Pe

- (1I-10)
P, 1/2 p1 + p2 + Ps + 2ps

The ratio (Y)x is an efficiency factor which shows the
number of moles of Ge carried in the vapor phase for
each mole of the component I, present. Since the com-
ponent I is confined to the vapor phase, it is evident
that if (Y)x increases with increasing T, the concen-
tration of the component Ge in the vapor must be in-
creasing with increasing T. Consequently, the trans-
port process is a hot to cold one. This implies, there-
fore, that the sign of AHp* for the combined processes
(I-5) - (I-7) is positive.

In the temperature interval treated, 0°-800°C, Ge
deposition occurs primarily as a result of the dispro-
portionation reaction (I-7). The species responsible
for this deposition is Gelz, the Gels being a dispro-
portionation product. The efficiency factor (Y)x, how-
ever, does not discriminate between the dispropor-
tionation product Gels and the effective species Gels.
A Ge availability factor which may be used in place of
Y in the temperature region in question is defined by

(Y)x=ps/(1/2p1 + p2 + D5 + 2ps)  (I-11)
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which to a reasonable first approximation is given in
simplified form by
(Y)x—0.5

0.5

It is to be noted that the values of Y’ vary between 0
and 1 in distinction to the values of Y which vary
between 0.5 and 1. In the temperature interval in which
the quantities p; and p; are not trivial and in which as
a matter of fact Ge may be deposited via (I-6) and
(I-7), the ratio (Y’)x is no longer valid. If one con-
siders both temperature ranges, then the initial ratio
(Y)x must be employed. This ratio will then encom-
pass the range 0-1. The (Y)x data provide a family of
constant total pressure curves each curve being at con-
stant X, and the family being projected on the Y-T
plane.

(Y")x ~ ps/ (ps + 2pe) ~ (I-12)

The System Ge-Ix-Hy

In this system the iodine component value is again
based on the Iy molecule. Experimentally the physical
system is that defined in I above. Chemically the sys-
tems differ in that a reactive gas also functions as a
carrier. For the three component-two phase equilib-
rium under a constant pressure constraint, two degrees
of freedom are again required to fix the state of the
system. Those chosen are the temperature and the
Hy/I, component ratio, X. The species assumed present
are I, Iy, HI, Hy, Gels, and Gely requiring specification
of six independent relations in order to solve for the
several species pressures, p,, at specified values of T
and X. The independent set utilized includes (I-5)-
(I-7) as well as

Hov) + Iov) @ 2HI(v); Ko = ps?/paps;

logio K2 = 0.834 + (3) (II-1)

6
P=Z2p, (II-2)

1

g P T60—p%
Py p*2
1/2

_ P4+ 1/2p3 (I1-3)

1/2p1 + p2 + 1/2p3 4 p5 + 2ps

The partial pressures as a function of T for specified
values of X were used to compute values of (Y)x =
f(T) where

(Y)x = Pu/P2 = (ps + pe) /
(1/2 p1 + D2 + 1/2 p3 + 5 + 2pe)

The System Ge-Iz-Hp-He

Experimentally, the physical system conforms to one
in which He and hydrogen sources are used to pro-
vide a carrier mixture having a Hy mole fraction F.
This mixed gas is then transpired through an iodine
source supply where setting of the pressure of iodine
fixes the ratio Hg/I, X. The four component system
coexisting in two phases possesses three degrees of
freedom. These have been chosen as F, X, and T. The
seven species, I, I, HI, Hy, He, Gely, and Gely are as-
sumed present in the complete system. For specified
values c¢f F, X, and T the partial pressures of these
species were obtained by simultaneous solution of
(I-5) - (I-7), (II-1) and

(11-4)

7
P =2pus (II1-1)

1

1/2
Fe Py _ /2p3 + pa (I11-2)
Py 4Py 1/2ps + ps + p7
2

x_o B _ 1200 + 1 (111-3)

Py 1/2p1 + p2 + 1/2p3 + ps + 2ps

Experimentally, values for F and X are established
at the points of mixing of hydrogen and helium and
at the iodine source, respectively. Since the compo-

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

October 1964

nents Hy, He, and I; are always confined to the vapor
phase, these ratios once established remain constant
thereafter. At the point of mixing of Hy and He it is
the case that
* *
P Py _ Py
Py* 4 Pp* 760

Since the system is constrained by the“total pressure
being equal to 1 atm, and since the gas behavior is as-
sumed to be ideal, it is seen that at the point of mixing
of He and Hy

(I11-4)

Flow rate of Hy
—_ = F (I11-5)
Total flow rate

In transpiring this mixture F through the iodine
source the sum of the pressures of hydrogen and
helium p’4 4 p’7 no longer = 760 mm since p’s will ac-
count for part of the total. The ratio X may be defined
experimentally as follows. As the combined pressure of
He + H at the iodine source is given by

(P’s + P’7) = (760 — P’3) (II1-6)

and the mole fraction of Hy relative to He and Hy; must
remain constant everywhere in the system, we see
that dividing (III-6) by P’s and rearranging leads to

P’y =F (760 — P’s) (II1-7)
Thus, X can be specified by
F (760 — P’
X = # (I1I-8)
P’y

in the region of the iodine source.

Solutions to the several p;s as a function of T were
obtained for specified values of X and F. These p, data
were then used to compute families of Y curves, each
curve in a family representing the variation of Y with
T at constant F' and X, and each family being specified
at constant P’;. The expansion of (Y)rx has the
same form as (II-4). It is evident that in order to
obtain finite and physically significant solutions it is
necessary that 0 < F < 1 and 0 < P’» < 760 mm Hg.

The System Ge-HI-H

This case is thermodynamically equivalent to that
defined in (II) above insofar as the same species are
assumed present, and the equilibrium relationships em-
ployed are the same. The treatment is, however, based
on a different choice of component stoichiometries,
more consistent with the experiment in mind. It is to
be noted that the hydrogen species content in the pres-
ent instance cannot independently be brought to zero.
As implied by the system designation, component
counting is accomplished in terms of Ge, HI, and H, a
differentiation being made between hydrogen derived
from a source tank and from the halogen acid. In addi-
tion, hydrogens are counted singly. As before, two
degrees of freedom exist at constant total pressure.
These were chosen as the temperature and the com-
ponent ratio H/HI, X*. In an experiment, X+ is es-
tablished as follows: At the point of mixing of HI and
H, the mole fraction of the component HI, k, is fixed
for the entire system. At this mixing point, therefore,
we may write

Py* Flow rate of HI
k= = (IV-1)
760 Total flow rate
Since at this same point
Piyg* 2P4* 2('760 — P3*
o Pt t 3*) (1V-2)
P3* Pg* P.’!"l
it is seen from (IV-1) and (IV-2) that
2(1—k)
X+ = — (IV-3)

Solutions for the six species partial pressures were
obtained from (I-5)-(I-7), (II-1), (II-2), and
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Py 2ps— 2p2 — p1 — 2p5 — 4
X+ - 1z= P4 P2 — D1 P. Pe (IV-4)
Py P1 + 2p2 + P3 + 2ps + 4pe

The partial pressures were then used to compute
values of the efficiency factor (Y*)x+ = f(T) with
(Y+*)x+ defined by

(Y+)xs — Py _ D5 + Ps

P3 P1 + 2p2 + 3 + 2p5 + 4ps

The System Ge-HI-H-He

This system is thermodynamically equivalent to that
described in case (III), and makes use of the same
equilibrium relationships. The three degrees of free-
dom for the system at constant pressure were chosen
as the temperature, the component ratio 1/2H/
(1/2H + He), Ft, and the component ratio H/HI, X +.

At the point of mixing of hydrogen and helium, the
ratio F'* is given by

1/2 Pyo* Flow rate of Hp
760  Total flow rate

At the point of mixing of the hydrogen-helium mix-
ture with HI, the mole fraction of HI in the total gas
mixture is given by

(IV-5)

Ft = (V-1)

P’ Flow rate of HI
—_— = (V-2)
760 Total flow rate
Since the pressure of the component H at this point is
given by
Py = 2F + (760 — P’3) (V-3)
it is seen that

+ —
g _ Plz—_ 2F* (1—k)

Ps k

(V-4)

In the system containing all of the components, the
equations for F+ and X+ used in addition to (I-5)-
(I-7), (II-1), and (III-1), for obtaining simultaneous
solutions for the seven species partial pressures are

—1/2p1— P2 —p5—2
Fé— P4 — 1/2p1 — P2 — P5 — 2Ps (V-5)
P4 — 1/2 p1 — p2 — p5 — 2p6 + P7

and
Py 2F+ (1 —k)

Py k

2ps — p1 — 2p2 — 2ps5 — 4ps
p1 + 2p2 + P3 + 2p5 + 4ps

Families of curves (Y+)r+ x+ = f(T) were computed,
each family derived at constant total P and P’3, with
the expanded form of (Y*)r+,x+ equal to that shown
in Eq. (IV-5).

(V-6)

The System Ga-1-He

The treatment follows that for case (I), excepting
that iodine counting is based on a monatomic stoi-
chiometry. In addition to Eq. (I-5), the following were
employed to obtain partial pressures for the six species
I, I, Ga, Gal, Gals, and He.

10
P=pi+p2+ ;?‘- Pr (VI-1)

Ga) = Gaw); Ks = ps;

14,900
logio K5 = — = —0.51510g10 T + 10.22 (4) (VI-2)
P
2Gaqy + Galgv) = 3Galy); Kg = —;
D1o
11,000
logio Ks = — T + 186 (5) (VI-3)
P1o

3
Gawyy + — L2 (v) = Galyw); K1 = ————;
2 p2%/2 pg
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24,780
logio K7 = —9.565 logo T + —+ 15.78 (6) (VI-4)
The variable X° is defined by
Ko P; _ 760 — Py* p7
" P14+ 2p2 + Do+ 3p10

Py 2Py
Derived data were used to compute a family of
curves of (R°)xo = f(T) where

(VI-5)

10
2 Pz

Py 8
(R9) xo = ——=
Py D1+ 2p2 + P9 + 3p1o

The System Ga-HI-H
This Ga analog of system (IV) is defined on the
basis of the seven species model, I, I, HI, Hy, Ga,
Gal, and Gal; and makes use of the variables X+
and T in addition to the equilibrium statements (I-5),
(II-1) and (VI-2)-(VI-4). The total pressure con-
straint is given by

(VI-6)

4 10
P=2Z2p:4+ 2 p: (VII-1)
1 8
and X+ in expanded form by
X Py2 _ 2(1—k)
P3 k
2p4 — P1— 2p2 — P9 — 3
_ P4 — D1 P2 — D9 P10 (VII-2)

P1 + 2p2 + P3 + Po + 3p1o

The ratio (R*)x+ = f(T) was derived, providing a
family of curves all at constant total P. (R*)x+ = f(T)
is defined by
10
é" p.’l
(RF) g = — (VII-3)
Py P1 + 2p2 + P3 + Dy + 3P0

The System Ga-HI-H-He
The species assumed present were I, I, HI, Hy, He,
Ga, Gal, and Gal;. The same degrees of freedom were
utilized as in case (V). As in the previous Ga treat-
ments (I-5), (II-1), and (VI-2)-(VI-4) were em-
ployed. P is defined by

4 10
P=2p:4+ 2 px (VIII-1)
1 7
F* by
1 S
—2‘ 12
Ft =
760
1 1 3
m—;m—pz—;m—?pm
= (VIII-2)
1 1 3 %
p4—?p1 P2 2P9 2P|o .
and X+ by
X+ — P2 _ 2F+ (1—k)
Py k
2p4 — Py — 2pg — P9 — 3
_ P4 — D1 P2 — P9 P10 (VIII-3)

P1 + 2p2 + P3 + P9 + 3p1o

values of (R+)r+x+ = f(T) were derived providing
families of curves each at constant total P and P’s.
(R*)p+,x+ is defined by (VII-3).

The System Ge-Ga-I-He
This analysis was attempted in order to define con-
ditions for maximum incorporation of Ga in an epi-
taxial Ge film. Consequently, it is based on a treat-
ment for the three-phase equilibrium Ge (solid solu-
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tion) -liquid-vapor. Two approaches were utilized. The
first assumed that the solubility of Ga in Ge is small
enough so that pge/p°%ce =1, and the liquid in equi-
librium with solid Ge is for all practical purposes pure
liquid Ga. The second approach makes use of the first
assumption but not the second. In its place the assump-
tion is made that if the solid-liquid curve for Ge
solid is ideal, the liquid-vapor equilibrium obeys
Raoult’s law. In either case the systems are such that
experimentally they are approximated by having a
mixed bed of liquid Ga saturated with Ge, and Ge
solid saturated with Ga, all in transpiration with a
vapor stream. Species assumed present were I, I,
Gel,, Gely, He, Ga, Gal, and Gals. The two degrees of
freedom chosen were T and the ratio He/I, Xo.

Approach 1.—The equilibria used were (I-5)-(I-7)
and (VI-2)-(VI-4) along with

2 10
P=3p:+ = D (IX-1)
1 5
S
g D0 100t
Py 2po*
_ Bt (IX-2)

p1 + 2p2 + 2p5 + 4Ps + Po + 3p10

Values of (Y°)xo = f(T) and (R°)xo=f(T) were de-
rived providing two families of curves. The expanded
forms of these efficiency factors are given by

Pu Ps + Ds
(Y°)xo = =
Py D1 + 2p2 + 2p5 + 4ps + P9 + 3p10
(IX-3)
and
10
Z Pz
Pg 8
(RO) X0 =— ——=
P, (p1 + 2p2 + 2p5 + 4ps + pa + 3p10)
(IX-4)

An indication of the final state, that is, whether the
deposit is richer or poorer than the source in Ge or Ga,
can be discerned from a consideration of (R°/Y°)xo=
f(T). Where this ratio increases with decreasing tem-
perature, it is the case that the bulk deposit is poorer
in Ga than the source. Similarly, when the ratio de-
creases, the bulk deposit is richer in Ga.

Approach 2.—Everything specified in 1 above with
the exception of (VI-2) is utilized. In place of (VI-2) a
modified relation based on the following argument is
used. Thurmond and Kowalchick (7) have indicated
that to a good first approximation the solubility of Ge
in liquid Ga is predicted by the simple van’t Hoff
relationship, and that at temperatures not too far re-
moved from the melting point of Ge, AHtusion ce can be
considered constant. With this information and the
assumption that the liquid-vapor equilibrium obeys
Raoult’s law when the solid-liquid equilibrium is ideal,
the vapor pressure curve along the Ge liquidus may be
deduced.

Let the vapor pressure of pure liquid Ga at any
temperature T be designated p°ca. For the equilibrium
(VI-2) we write

K5 = p°a (VI-2)
Along the ideal liquidus we may then write
Pca = Nga * P°%a (IX-5)
for the equilibrium
Galiquid solution 2 Gavapor (IX-6)

where pga = the partial pressure of Ga over the solu-
tion and Nga = the mole fraction of Ga.

Since
Nga=1—Nge (IX-7)
in the liquid, and
AHge 1 1
Neaw = — = <__ — ) (IX-8)
R T Tce
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AHge being the heat of fusion of Ge and Tge being the
melting point of Ge, we may substitute for p°ca. and
Nga in (IX-5), the equivalencies given by (VI-2) and
(IX-7). Thus

Dca = Nca K5 = Ko (IX-9)
log K9 = log K5 + log Nc¢a (IX-10)
As ;
1770
Nge=10 (‘ e 1-45) (M (IX-11)
it is seen that
1770
logio Nga = logio [1-10 (* = 1~46) :l (IX-12)
and finally that
14,900
logio K9 = — —0.515log1o T + 10.22
1770
+ logyo [1-10 ( et 1-46) ] (IX-13)

The same data were extracted as in Approach 1.

The System Ge-Ga-HI-H

As in the preceding analysis two approaches were
employed using the identical assumptions.

Approach 1.—In addition to (I-5)-(I-7), (II-1) and
(VI-2)-(VI-4), the two chosen degrees of freedom
were the temperature and the ratio X*. The expan-
sions for P and X+ were as follows:

6 10
P=3p;+ 2 pg (X-1)
1 8
. Pis _ 2(1—k)
P3 k
_ 2p4 — p1 — 2p2 — 2ps — 4ps — P9 — 3P10 (X-2)

P1 + 2p2 + D3 + 2p5 + 4ps + P9 + 3p10

Solutions were as usual obtained for the p,’s and the
efficiency factors. These are

P
(o g L
3
_ D5 + Ps (X-3)
P1 + 2p2 + P3 + 2p5 + 4ps + Py + 3p10
Py
(R*)x+ =
Py
_ D8 + P9 + D10 (X-4)

D1 + 2p2 + P3 + 2p5 + 4ps + Dy + 3p10

The ratios (R*/Y*)x+ = f(T) were also obtained.
Approach 2.—Equation (VI-2) 1is replaced by
(IX-13), everything else remaining unchanged.

The System Ge-Ga-HI-H-He

This final system containing 10 species and three
degrees of freedom was treated using two approaches,
one making use of (VI-2)-(VI-4) plus the appropriate
Ge equations and (II-1), and the other using (IX-13)
instead of (VI-2). Both make use of (XI-1)-(XI-3).
Solutions were obtained for (Y*)x+,r+ and (R*)x+ 7+
both as a function of T, defined by (X-3) and (X-4)
and the ratio (Rt/Y+)x+r+ = f(T).

10
P= =z p, (XI-1)
1
o 1/2 P1o*
760
_ P4 — 1/2p1 — p2 — ps — 2ps — 1/2pg — 3/2p1o
P+ — 1/2p1 — p2 — p5 — 2ps — 1/2p9 — 3/2p10 + p7
" (XI-2)
o Py _ 2F+ (1 —k)
Ps k
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Fig. 1. Efficiency, curves for the system Ge-l2-He at varying
iodine source bed pressures.

_ 2ps—p1—2p3— 2p5 — 4ps — Py — 3p10 (XI-3)
P1 + 2p2 + Ps + 2ps + 4ps + Po + 3p10

Results and Discussion

The System Ge-I-He

Figure 1 graphically depicts the variation of the
component ratio Ge/Is =Y as a function of tempera-
ture. Each projected curve represents a different He/I,
ratio, X, consequently each coincides with a different
iodine source bed temperature. The curves all exhibit
the same general shape and are indicative of hot to
cold transport over most of the temperature range
surveyed. At the low temperature end of the scale
plateaus develop at approximately 220° and a Y value
of 0.5, the proper value for a vapor phase species stoi-
chiometry of Gels. The 220° plateaus are experi-
mentally unimportant since this temperature lies below
the dew points of both Gels and Gelp for the iodine
pressures considered. At the high temperature end of
the scale plateaus also develop, the highest X curve
flattening at 550°C and the lowest at 600°C. These
plateaus, as will be discussed below, are experi-
mentally significant.

It is significant that the efficiency of forming Gel;
(higher Y values) decreases with increasing Iz source
bed pressure (decreasing X values) over most of the
temperature range. This conclusion is most clearly
focused upon by a consideration of Table II which lists
calculated values of the pressures of Gelo and Gely
at different germanium and iodine source bed tem-
peratures. It is seen that, while the absolute value of
Gel; increases with increasing I source bed pressure,
excepting at high Ge source bed temperatures, a
disproportionate percentage of the vapor phase Ge con-
tent is present as the product of the disproportionation
process and therefore unavailable as a deposition
species.

The large slopes in the temperature interval in which
seeds might be placed indicate that extremely close
tolerance seed temperature control would be required
in order to effect reproducible deposition rates. On the
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Fig. 2. Efficiency curves for the system Ge-lo-Hz at varying
iodine source bed pressures.

other hand if Ge source temperatures are made coin-
cident with the high-temperature plateau intervals,
close temperature control tolerance at the Ge source
sites is not very critical. Furthermore, use of these
plateaus would obviate the efficiency question dis-
cussed above. In all the systems discussed it is evident
that even when transpiration conditions are attained at
source beds, control of flow rates will represent a
critical factor in achieving reproducible deposition
rates, all other factors remaining constant.

The System Ge-I;-Hy

Figure 2 shows an equivalent plot to that given in
Fig. 1 for the case where the carrier gas is also a re-
active component. It is noted on comparison of Fig. 1
and 2 that whereas the Ge/I; ratio never drops below
0.5 in the nonreactive carrier gas system it does so
when H, is present. This is believed due to the com-
petition for iodine between Ge and Hs. Since the heat
of formation of HI is negative [Eq. (II-1)] the effects
of this competition decrease with increasing tempera-
tures and are greatest at low iodine pressures and
low temperatures. In the present analysis, two other
marked perturbations are evident. First, the efficiency
in terms of formation of Gel; increases with increasing
iodine source bed temperature and, second, the com-
petition for iodine results in the occurrence of low
temperature cold to hot transport regions which gener-
ate minima in the curves. These minima fall in con-
venient temperature regions for seed locations provid-
ing less temperature sensitive sites. Aside from the
higher pressure curves, however, the utility of the
system in its described form is questionable since the
system is inefficient, the Y ratio not approaching one
at any temperature due to the large quantity of HI
present. This is seen by examination of Table III which
presents several Pr* source values and the resulting
pressures of Gels, Gels, and HI in the thermodynamic
system.

A comparison of Fig. 1 and 2 raised the interesting
possibility of developing low-temperature minima in
usable seed site temperature intervals by employing
mixtures of Hy and He as carrier gases. Thus, it is

Table II. Selected data for the Ge-lz-He System Table 11l. Source values and pressures
Tgo source, Tge source,

*c P*;, mm pGelo mm pGels mm °C P*;,mm pGel; mm pGel, mm pHI mm
350 35.24 3.308 16.34 350 35.24 3.042 13.82 10.38
400 35.24 8. 13.47 400 35.24 7.686 16.02
450 35.24 18.29 8.665 450 35.24 14.28 5.281 21.25
500 35.24 217.65 3.865 500 35.24 19.39 1.901 24.21
550 L 35.24 32.67 1.284 550 35.24 21.57 0.560 25.07
350 15.09 2.096 6.562 350 15.09 1.775 4.704 8.001
400 15.09 5.382 4.901 400 15.09 3.974 2.673 11.64
450 15.09 9.975 2.578 450 15.09 6.117 0.970 14.10
5 15.09 13.30 0.895 500 15.09 7.120 0.256 14.91
550 15.09 14.56 0.255 550 15.09 7.448 0.067 14.99
350 2.154 0.698 0.729 350 2.154 0.287 0.123 3.242
400 2.154 1.446 0.354 400 2.154 0.355 0.021 3.512
450 2.154 1.954 0.099 450 2.154 0.377 0.004 3.539
500 2.154 2.105 0.022 500 2154 0.389 0.001 3.525
550 2.154 2.136 0.005 550 0.398 0.000 3.507
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Fig. 3. Efficiency curves for the system Ge-la-H2-He at an

iodine source bed pressure of 2.15 mm and varying Ha/(Hz + He)
fractions.
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Fig. 4. Efficiency curves for the system Ge-ls-Ho-He at an
iodine source bed pressure of 35.24 mm and varying Ha/Hs + He
fractions.

observed that the minima in Fig. 2 for a particular
iodine source temperature lie at higher temperatures
than the low-temperature plateaus of Fig. 1. It was
reasoned that if the Hy carrier is diluted with He, the
competitive action of Hy would decrease causing the
minima to shift to lower temperatures and to be-
come more shallow in the process. This possibility oc-
casioned the analysis of the following system.

The System Ge-I,-Hp-He

Figures 3 and 4 show the variations of Ge/I, ratio
with temperature for two families of curves, each
family being at constant Pr* and each curve in a
family representative of a different Ho-He mixture.
Thus, the data for a given curve depicts (Y)rx = f(T).
Present in each family are reiterations of the curves
derived from the analysis of systems I and II to pro-
vide a complete picture. Figures 5 and 6 present some
of the data in a different fashion, namely, with constant
Hy/(He + H) mole fractions, where the values of Y
are plotted as a function of T, each curve depicting a
different iodine source temperature. Figure 1 repre-
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Fig. 5. Efficiency curves for the system Ge-l-Hz-He at a
Ha/(Hz + He) fraction of 0.1 and varying iodine source bed pres-
sures.
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Fig. 6. Efficiency curves for the system Ge-la-Ho-He at a Ha/(H2
~+ He) fraction of 0.9 and varying iodine source bed pressures.

sents the case of F = 0 and Fig. 2 the case for F = 1.

As seen from Fig. 3 and 4 the perturbation of the
pure He curves increases with increasing Ho/ (He + Hs)
mole fraction (increasing F), the higher I, source
pressure curves being most efficient over-all and pro-
viding what appear to be the least temperature sensi-
tive seed site regions, coupled with high relative Gels
formation efficiency.

The System Ge-HI-H

The data for this system (Fig. 7) are presented in the
form of Ge/HI ratios, a value of 0.25 now coincident
with pure Gels and 0.5 coincident with pure Gel. The
range of iodine pressures covered, 1.9 mm I-361 mm I,
is larger than those treated in the I systems previ-
ously discussed. It is seen that as found in system II,
the efficiency of Gelp formation increases with in-
creasing iodine pressure. Furthermore, at the high-
est Pyr* pressures the minima give way to low tem-
perature plateaus with relative temperature insensi-
tivity up to 400°.

The System Ge-HI-H-He

The data for this system are depicted in a manner
similar to those of system III. Thus, Fig. 8-14 present
families of curves each family at constant component
HI mole fraction k and Fig. 15 and 16 depict two fam-
ilies of curves at constant Hy mole fraction relative to
Ho-He mixtures. From the first set of graphs it is seen
that as the Pyr* values increase, the effect of varying
Hs/ (Hs + He) mole fraction diminishes, finally result-
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source pressure of 304.0 mm and varying Ha/(Hy + He) fractions.
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Fig. 13. Efficiency curves for the system Ge-HI-H-He at an HI
source pressure of 608.0 mm and varying Ha/(H2 + He) fractions.

ing in data at 722 mm Pqi* in which the curves for
F = 0.1 and 0.9 are indistinguishable. Since the mini-
mum component pressure value of hydrogen possible in
these systems coincides with the partial pressure of
component iodine, the Y+ values are always less effi-
cient than the Y values of system I. At low Hy/ (Hz 4 He)
mole fractions it is the case that over appreciable tem-
perature regions the high Pur* curves are more efficient
than the lower pressure ones. However, the slopes and
temperatures of plateau or minima occurrence appear
more usable in the lower pressure cases.

It is to be pointed out that the figures include data
for F = 0. These were obtained from a separate par-
tial analysis of the system Ge-HI-He, arguments for
which are not presented, but whose format is similar
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to the related systems. A constraint was employed
setting the H/I ratio = 1.

The System Ga-I-He
Figure 17 shows the results for this system. In
essence the data are quite similar to those for the Ge
analog, system I, and need not be discussed further.

The System Ga-HI-H

The data for this system, Fig. 18, are completely un-
like those for the Ge analog, systems II and IV. First,
the efficiency in formation of the transporting species
Gal is greater at lowest Pur* pressures. Second, no
minima develop. These results are not unexpected in
view of the large values for the Ga-I equilibrium con-
stants which preclude any competition for iodine by
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Fig. 14. Efficiency curves for the system Ge-HI-H-He at an HI
source pressure of 722.0 mm and varying Ha/(Hz + He) fractions.
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Fig. 15. Efficiency curves for the system Ge-HI-H-He at a Ha/(H2
+ He) fraction of 0.1 and varying hydrogen iodide source pressures.
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Fig. 17. Efficiency curves for the system Ga-l-He at varying
iodine source bed pressures.

1.00

Ga-HI-H
.90

.80

.70

.60

(PGU/ PNI)p“/p”I

.50

.40

o 100 200 300 400 500 600 700 800
ToC;

Fig. 18. Efficiency curves for the system Ga-HI-H at varying
hydrogen iodide source pressures.
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Fig. 19. Efficiency curves for the system Ga-HI-H-He at varying
hydrogen iodide source pressures, and representing all Ha/Hz 4 He
fractions between 0.1 and 0.9.

hydrogen. This system represents a clear case where
one reaction dominates all others, independent of the
signs of the AH}’s, and remains essentially unperturbed
in the presence of a reactive carrier gas.

The System Ga-HI-H-He

The data are presented in the form of a single family
of curves at constant F+ value, Fig. 19. Again, because
of the domination of competing equilibria by the pri-
mary one, the effect of inert-reactive carrier gas
mixtures is undetectable. Thus, depending on Pur*
alone, the (R*)x+,r+ values appear to be determined,
the system behaving as one of only three components.
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The System Ge-Ga-I-He

As discussed previously, two approaches were em-
ployed. These led to sets of data essentially indistin-
guishable from one another and as a consequence only
one set of results, Fig. 20, is presented, that from the
second approach. In Fig. 20 (R°)xo and logy(Y°)xo
values are plotted as a function of T. It is to be noted
that while the R° data vary in the range 0-1, the Y°
data vary in the range 10—22-10—4. This implies that
in the mixed transport, the quantity of Ge moved from
the source is many orders of magnitude smaller than
the quantity of Ga transported. Also, while the Re°
curves follow the same general contours as where no
Ge is present, the Y° curves exhibit no plateaus. It is
also to be observed that an efficiency cross-over occurs
in the Yo data. Figure 21 shows a logyy (R°/Y°)xo plot
vs. temperature. It is seen that starting at a source tem-
perature of 800°, the vapor is some 2-4 orders of mag-
nitude richer in Ga, but that this value increases to
between 5 and 6 orders of magnitude at 400°. Thus,
the removal of Ge from the vapor at a potential seed
site appears fairly efficient in a hot to cold transport
process.

» The System Ge-Ga-HI-H

The data for this system, Fig. 22 and 23, are similar
to those in the previous system not being perturbed to
any great extent by either of the approaches employed
or the use of Hy as a carrier. The noticeable effects are
that the high-temperature plateau for the R+ curves
develop at slightly lower temperatures and the amount
of Ge in the vapor phase is somewhat greater in the
present system.
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Fig. 23. Variation of Ga/Ge vapor phase content in the system
Ge-Ga-HI-H at three different hydrogen iodide source pressures.

The System Ge-Ga-HI-H-He
The data for this system are equivalent to those of
system X and need not be repeated.
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Incorporation of Zinc in Vapor Grown Gallium Arsenide

V. J. Silvestri and F. Fang

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

ABSTRACT

A vertical sealed tube configuration has been used to deposit epitaxially Zn
doped GaAs on Te doped substrates. The vapor grown junctions were char-
acterized through capacitance measurements. Linearly graded, nonuniform,
and abrupt impurity profiles were observed. The nature of these junctions
is shown to correlate with the zinc dopant concentrations present in the vapor.
The distribution of zinc between the vapor phase and solid GaAs were deter-
mined for the junction growth conditions, and this distribution was found to
follow Henry’s law for the range investigated. The results of these investiga-
tions indicate that autodoping phenomena are involved in producing the

variety of junctions observed.

The epitaxial growth of GaAs using various trans-
porting agents has become well established among
many investigators (1-6). Little has been reported,
however, on the nature of incorporation of impurities
during the growth process. The recent interest in the
electroluminescence of GaAs p-n junctions has created
a renewed interest in these doping aspects during the
growth process, particularly in connection with junc-
tion fabrication.

In this investigation the incorporation of zinc in
vapor grown GaAs has been examined through varia-
tion of vapor dopant concentrations, and the effects
which these variations produced in junctions are dis-
cussed. In addition, the zinc in solid (Zng)-zinc in
vapor (Zny) distribution was determined from Hall
measurements of grown layers doped to various con-
centrations.

1 Provided by S. E. Blum of this laboratory.
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Fig. 1. Vertical tube configuration employed for depositing
gallium arsenide.

Experimental

Figure 1 shows the vertical closed tube configura-
tion which was employed for the depositions. Tem-
peratures in the source and seed regions were inde-
pendently controlled at 800° and 630°C, respectively.
Todine was introduced at a concentration of 2 mg/cm3
to effect transport via the GaAs-I reaction (7). In a
first series of experiments carried out to obtain p-n
junctions the substrates used were from pulled crys-
tals which were doped with Te to carrier concentra-
tions of 5 x 1017/cc.! These substrates were oriented
in the <111> direction, and the depositions were on
the gallium side.

Zinc was incorporated in the deposits primarily
through the introduction of ZnAss, but the effects of us-
ing Zn doped source material were also evaluated.
When using ZnAs; as a dopant, the source consisted of
vapor grown GaAs which had been synthesized at
750°C from high purity Ga and As using the iodine
reaction. In depositing the junctions, the amounts of
dopant added were varied such as to supply different
Znl, overpressures. From thermodynamic considera-
tions (8) Znl, is more stable than the gallium iodides,
and in separate experiments it was shown that the
reaction between ZnAs; and iodine goes virtually to
completion to form Znl,. The amounts of dopant were
chosen such that at the transport temperatures no con-
densed phase of Znl; was present. Even at the highest
zinc concentration used, the formation of Znl, did not
significantly deplete the iodine hence there was always
sufficient iodine available for the transport of GaAs.

In this first series the epitaxial layers were used for
junction evaluation and were grown to thicknesses of
from 1-4 mils. Most depositions were completed within
5 hr and from these structures diodes were fabricated.
Initially through electrical probing it was determined
that the junctions were located within the grown
region in some instances being closer to the physical
interface than others. Through subsequent etching it
was found that the junction locations varied depending
on the experimental conditions employed. The etching
solution used to indicate junction positions relative to
the physical interface consisted of 10 H,O : 1 HF, 1,
30% Hs0s. Figure 2 is a photograph of a stained cross
section taken through a physical interface and junction
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Fig. 2. Microphotograph of a stained cross section through the
physical interface and vapor grown electrical junction.

which was lapped on a 3° angle block prior to etching.
In addition to staining, the junctions also were elec-
trically probed to determine conductivity type and
gave results consistent with the etching delineations.

A second series of depositions was also conducted in
which Znl, vapor content was varied over a range
similar to that of series one under which the junctions
were grown. The purpose of this second study was to
determine the distribution of Zn between the vapor
phase and solid GaAs. These layers were deposited on
<111> high purity substrates to thicknesses of from
12-22 mils. From these more thickly grown regions
Hall samples were sectioned and electrically char-
acterized.

The diodes fabricated from series one were char-
acterized through capacitance measurements. It is well
known that the differential capacitance of a junction
is a result of the electrical dipole double layer of the
space charge region. In particular, it is a measure of
the fixed charge density near the edge of the space
charge region. These fixed charges are ionized impurity
centers of the semiconductor. It can be readily shown
(9) that for an abrupt junction with a uniform im-
purity concentration N, and Ny in both p and n type
materials, the differential capacitance per unit area is
given by

KqN 1/2
g ] (1]

e [
8n(Vp + Va)

where K is the absolute dielectric constant, q the elec-
tronic charge, Vp the diffusion potential of the junc-
tion, Vs the applied voltage and 1/N = 1/N, + 1/Nq.
For an unsymmetrical junction, i.e., N, and N4 differ
appreciably, N approaches the smaller of the two. Most
of the experimental junctions reported here are highly
unsymmetrical. The substrates are heavily doped. Thus,
the N’s determined from the voltage dependence of
the junction capacitance are in general indicative of
the lightly doped vapor grown side. It can be shown
quite generally that for this type of unsymmetrical
junction if N is a function of the distance x; from the
junction, then
8n dVa
N(x) =————— [2]
Kq d(1/C?)
where xp is given by

Xy =—— 3
1 yore [31

analogous to the parallel plate capacitors.

Finally, if the composite impurity profile is a linear
function of the distance from the junction, i.e.,
|Na— Ng4| = ax where a is the impurity gradient, the
junction capacitance becomes

[ K2qa ]1/3
= — 4
192 72(Vp + Va) i
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Table I. Representative data for junctions grown under
various Znly concentrations
Wldtltlloi
Znla gpacac arge
i gion over
co;:centratxon P Impurity which gradient
n.vapor Znly gradient is found Gradation
(moles/cc)  (Torr) classification (mm) (atoms/cm#)
7.8 x 10-10 0.043 Nonuniform 5.8 x 10—+
5.2 x 10-° 0.29 Linearly graded 3.2 x 10—+ 2.7 x 102
4.2 x 10-8 2.34 Linearly graded 1.3 x 10—+ 3.3 x 102
4.2 x 10-7 23.7 Abrupt 2.9 x 10-5
4.2 x 10-¢ 236.0 Abrupt 1.8 x 10-8

Using a Zn doped GaAs source (2 x 1027 atoms/cc)

4.2 x 10-10% 0.023 5.5 x 10—+
* This value represents an upper limit for Zn vapor content.

Nonuniform

In what follows, the grown junctions are conven-
iently classified into three categories, namely, abrupt,
linearly graded, and nonuniform. The abrupt junctions
are those whose capacitances have bias dependence as
shown in Eq. [1]. The impurity concentration in these
junctions is uniform beyond the zero bias space charge
width. The linearly graded junctions have voltage de-
pendent capacitance shown in Eq. [4]. The “nonuni-
form” junctions are those whose impurity profiles
found by [2] are nonlinear functions of x. In the vapor
grown nonuniform junctions reported here, they were
usually found to be either superlinear, i.e., [Na— Ng| o«
xt where n > 1 or exponential, where |[Na —Ng| «
exp. x.

Results

In Table I representative results for these measure-
ments of series one are shown. All three types of junc-
tions have been produced depending on the growth
conditions. The data indicate that the space charge
region over which the impurity distribution occurs
narrows, and that there is a corresponding steepening
of the impurity gradient with increasing Zn vapor
content.

At the low Znl; concentration (7.8 x 10—10 moles/cc),
experimentally produced by either the addition of
small quantities of ZnAs; or the use of Zn doped source,
“nonuniform” impurity gradients occurred. In addi-
tion, at these low concentrations the formation of a
second junction was sometimes found to occur if the
layer was allowed to grow sufficiently thick.

Experimentally, with increase of vapor phase dopant
concentrations, the electrical junctions were found to
occur closer to the physical interface. At the very
highest Znl; concentration (4.2 x 10—6 mole/cc) the
grown junctions were found to be abrupt. In such
cases staining confirmed that the physical interface and
junction were not observably separated.

The data obtained from series two are given in Fig. 3.
Since information concerning carrier concentration

IGIS
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ZINC CONCENTRATION IN THE VAPOR (atoms /cc)

14| I 1 L
10 of 10'¢ 107 10'® 10" 1020

ZINC CONCENTRATION IN SOLID (atoms/cc)
Fig. 3. Distribution of zinc between the vapor phase and solid
gallium arsenide as determined from Hall and capacitance measure-
ments; temperature, 630°C; O, Hall samples; A, capacitance data.
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was also derivable from some of the capacitance meas-
urements these values have been included and show
good agreement. The distribution of Zn experimentally
observed between vapor and solid may be represented
by the equation

log Cv = log Cs — 1.16

where Cy, the concentration in the vapor, is propor-
tional to Cs, the concentration in the solid (Henry’s
law). In Fig. 4 the variation of resistivity with net
carrier concentration for the deposited Hall samples is
also shown.

Discussion

From the material control aspects these variety of
junction characteristics are of some interest. The junc-
tions were found to change consistently from nonuni-
form through linearly graded to abrupt profiles in the
order of increasing Znl, overpressures. Staining ex-
periments in both the linearly graded and nonuniform
junctions confirmed that they were always found in
the grown region at some distance from the physical
interface. In addition it was noted that the degree of
displacement of these electrical junctions diminished
with increasing zinc overpressures. These experimental
observations indicated that process effects were in-
volved.

Autodoping phenomena in vapor grown Ge have
been reported previously (10). These process effects
in junction growth have also been examined in Si. The
effect of vapor contamination as introduced by the
substrate and system were described in producing a
“junction lag” effect (11-13). The basic observation
made in both investigations was that the impurities
present in the substrate contaminate the vapor and
are then redistributed in the growing layer at a con-
stantly decreasing concentration as growth continues.
It appears that a similar model can be used to de-
scribe the junction displacements reported here. It
might in fact be expected that autodoping effects would
be even more pronounced in a sealed system.

It is believed that the vapor etching which occurs
initially from the reaction of GaAs with iodine facili-
tates the introduction of seed impurities to the vapor.

If one now considers a model such as described by
Kahng, Thomas, and Manz for the autodoping process
in silicon (11-13) which involves, namely, repetitive
etching, mixing, and growth steps, one can see that the
Te introduced from the initial substrate etching under-
goes dilution such that the Te content (Np) approaches
zero as the layer grows. The Zn concentration (Na),
however, simultaneously is approaching a value deter-
mined by the particular zinc overpressure used. Under
such conditions a compensating process would ensue
and the electrical junction would occur within the
grown region at some distance from the physical inter-
face. Such a descriptive model fits the experimental
data. In Fig. 5a and b the impurity profiles for two
linearly graded junctions grown under dissimilar Znl,
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Fig. 5(a, left; b, right). Impurity profiles for two linearly graded
junctions grown under dissimilar Znls overpressures. Solid lines
indicate experimentally determined impurity concentrations. Broken
lines indicate hypothetical profiles for substrate impurity (Np) and
vapor dopant (Na) in the grown layers.

overpressures are shown. Through the junction posi-
tions x;(3) and x;(4) (determined through staining and
electrical probing) the impurity profiles have been
plotted. Extrapolations of this capacitance data have
been made both to the physical interface and to the
expected final Zn doping level for the conditions of
growth as obtained from the distribution data (Fig. 3).

Diffusion effects were considered; however, calcu-
lations based on reported diffusion constants (14) in-
dicated that for the experimental conditions used such
effects could not contribute significantly to junction
positioning. Under different growth conditions diffu-
sion effects could become important. However, the
junction displacements reported here appear to result
primarily from an autodoping effect.

At very low Zn concentrations, one has the special
case in which the depletion of Zn from the vapor
phase is significant and in combination with the auto-
doping effects is important in shaping the impurity
profiles. In Fig. 6 a descriptive representation of this
depletion effect is shown. The first junction, x;(1),
orginates from the autodoping effects described above.
In cases in which a significant background donor level
was present in the source material a second junction
could also be formed. This second junction, x;(2) re-
sulted from the Zn vapor depletion which produced an
impurity profile for Na of the type shown. An example
of this n-p-n structure is shown in Fig. 7.

In using Zn doped source material similar depletion
effects were observed since the Zn vapor content was

Np (TOTAL)

CARRIER CONCENTRATION

Np(FROM SOURCEN

\
¢ NN (FROM SUBSTRATE) 1&
A\ »
X0 x@
DISTANCE FROM INTERFACE

Fig. 6. General type of impurity distribution found when using
low Znly overpressures combined with a source GaAs containing a
background donor level.
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DEPOSITED LAYER

Je——— PHYSICAL INTERFACE
FIRST ELECTRICAL
JUNCTION

SECOND ELECTRICAL
SONCTION o1

- SUBSTRATE

F—3mils

Fig. 7. Microphotograph of a cleaved cross section showing a
double junction formation.

always in the low concentration range. The specific
impurity profiles in such cases however, depend on
factors such as the Zn diffusion rate from the source,
the rate of source etching, and the depositing layer
depletion rate. Generally, it was found that the im-
purity profiles for junctions grown using Zn doped
source material were not readily reproduced.

With increasing vapor dopant, the per cent pertur-
bation of Zn vapor content due to incorporation is
insignificant, and no depletion effects are observed.
The impurity profile is then primarily the result of re-
distribution of substrate impurity.

Similar autodoping effects have been observed in de-
positing Cd doped layers on Te doped substrates and
Zn doped layers on Si doped substrates.

Summary

In the formation of junctions in sealed tubes through
deposition of GaAs by vapor transport autodoping
phenomena were found to influence both junction lo-
cation and impurity distributions. The junction varia-
tions in the system employed appear to result from
(i) the time required for the arrival of Znl; to the
vapor, (ii) the distribution which is established be-
tween (Zng)-(Zny), and (iii) the reincorporation of

ZINC IN VAPOR GROWN GALLIUM ARSENIDE
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the vapor contaminant initially introduced through
seed etching.
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The Determination of the Density of Ta, Nb,
and Anodically Formed Ta.O. and Nb.O,

A. J. Schrijner and A. Middelhoek
N. V. Philips Gloeilampenfabrieken, Zwolle, The Netherlands

ABSTRACT

By refining a method used by Young we have determined the density of
Ta, Nb, Ta;0s, and NbeOs. It has been found that the forming electrolyte has
some influence on the density of the TasOs formed by anodizing. This can be
interpreted by assuming that some electrolyte has been built in.

In investigations of the anodic oxidation of metals
the density of the oxide film plays an important role,
e.g., it can be used to determine the thickness of the
oxide layer.

In an article by Young (1) a method is given to
determine the density of anodically formed TaOs
without separating the oxide layer from the base
metal. The method consists of weighing a piece of Ta
foil in air and under water before and after forming
of the oxide layer.

A disadvantage of Young’s method is that a small
surface area (~100 cm? foil) is used which results in a
low accuracy. This article describes a variation on this

method which gives a greater accuracy as a sintered
slug with a larger surface area is employed.

Experimental Procedure

The Ta and Nb anodes listed in Table I were used.
The surface area of such a Ta anode is about 400 cm?
and of the Nb anode about 450 cm2. To enlarge the sur-
face area five anodes were welded to a common Ta
wire. This assembly is called a group. The following
groups were used: 4 groups of Ta anodes (I, IL, III, IV),
4 groups of Nb anodes (V, VI, VII, VIII), and combi-
nations of groups I41II, III4+1V, V4 VI, and VII4VIIL
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Table I. Ta and Nb anodes used
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Table Il. Forming conditions

Ta Nb Ta anodes Nb anodes
Powder weight, g 3.00 2.00 V+VI+
Diameter (pressed), mm 6.6 6.6 Numbers of the groups I+II I +1IV VII + VIII
Length (pressed), mm 10.2 13.0
Gy, ! i i ,
re diameter, mm i X §
Sintering conditions 1 hr 2000°C a0 minifoosc,  TOLAIng electrolyte and’  HUOs s SN
Forming current per 35 ma 35 ma 100 ma
17°-20°C 17°-20°C 17°-20°C

The determinations mentioned below were made by
means of a Mettler B6 balance with a reproducibility
of 0.03 mg. The groups were degreased and then dried
to a constant weight. After the determination of the
“dry” weight the groups were impregnated in water
to a constant weight.The “wet” weight determinations
were made by suspending the groups to the balance
by means of a thin nylon wire, so that the groups did
not at all emerge from the water. After impregnation
all the groups remained under water.

To determine the density of the water during the
wet weighings it is necessary to measure the tem-
perature of the water.

Forming Procedure

In the case of Ta, two different electrolytes were
used, viz., a very dilute type (0.01% HNO3) and a con-
centrated type (50% H2SO4).! The purpose was to de-
tect whether the density of the TaxOs films depends on
the type of electrolyte.

In the literature no value has been published for the
density of anodically formed NbzOs; it is the purpose
of this paper to determine this value.

The groups were formed with a constant current to
100v resp. 150v, thereupon they were formed at a con-
stant voltage to a final current of 8 ma/group resp.
15 ma/group.

After forming the anodes were rinsed for 15 hr in de-
ionized water and dried to a constant weight. Here-
after the dry and wet weighing process was repeated.

List of Symbols

A “Dry” weight of a Ta or Nb group.
B “Wet” weight of a Ta or Nb group.
“Dry” weight of a (Ta+ Ta05) ca.

(Nb + Nb2Os) group.

b “Wet” weight of a (Ta+4 TaOs5) c.q.
(Nb 4 NbyOs) group.

pTa density of Ta.

PNb density of Nb.

pw density of water.

Mrag05 molecular weight of TaOs.
Mnbzos molecular weight of NbgOs.
Mo atomic weight of oxygen.
Mra atomic weight of Ta.

Mnnb atomic weight of Nb.

The density of Ta or Nb can be calculated by
means of the formula
APw

A—B

The formula for the calculation of pTa20s €.q. pNb20s5 is
somewhat more complicated. It can be derived in the
following way

PTa Nb'=

weight TasOs
Rreagy = volume Taz05

The weight of TaOs can be found from the difference
in dry weight of a group before and after forming:

1 Weight per cent.

!

Fig. 1. Assembly of anodes

group temperature of
the forming bath
Formed with

current to
Formed to final current

constant
100v 100v 150v
8 ma/group 8 ma/group 15 ma/group

a— A. This difference equals the weight of the oxygen
in the oxide film. Assuming that the oxide is Ta:Os we
find for the weight of the TazOs

Mta205

—— (a—4)

5M,
The volume of the TayOs is equal to the volume of
(Ta + Ta205) minus the initial volume of Ta, and plus
the volume of Ta which has been transformed in TazOs.
So we find

a—b A—B a— A)2Mra/5M
Volume Tas05 — - (@ AYiMs/ AWy
pw pw A/A—Bpw
Hence, the density of TaOs is
M
Ta205 (a_ A)
5M,

PTa205 =
a—Db A—B (a— A) (A—B)2Mr,
Pw Pw Apw 5M,

To calculate pnngos the same formula is used, except
that Mragos is replaced by Mnbz205 and Mt, by Mnp.

Corrections

The wet weight B and b have to be corrected for the
weight of the nylon wire. The dry weight of the nylon
wire was subtracted from all wet weights, which in
turn necessitates a correction x for that portion of the
wire which was immersed in the water.

The correction x consists of two parts p and q. The
correction for the buoyancy of the part of the nylon
wire which is immersed in the water is called p. In
the experiment this part is kept as small as possible.
The physical interpretation of q is more complicated;
it is connected with the creeping up of the electrolyte
on the nylon wire. Therefore

B=Bi1+ (p+q)

where B; is the wet weight of a group and the dry
weight of the nylon wire.

Bl=Bi'+ (p+q)
Bl=B"+ (p+ q)

and
BI+II — BI+1I L (p 4 q)

in which I and II denote the group number. Thus
Bl 4 BU_BI+I_ Bl 4 BiI_BI+11 | (p 4 q)
Now it is clear that
Bl 4 BUI_ BI+II_(
Further, we define x as follows
z = Byl 4 Byl ByI+II

Therefore:
O=z+ (p+
r=—(p+q
so:
B = Bl —Xx
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Table 111. Density of Ta, Nb, TazOs, and NbsO5

Density Density Density  Density
Group Ta TazO0s Group Nb Nb:Os
1 16.596 8.034 v 8.576 4.750
II 16.594 8.049 Vi 8.577 4.743
I+II 16.596 8.034 V+VI 8.576 4.752
IIx 16.599 7.853 VII 8.578 4.734
v 16.600 7.892 VIII 8.578 4.735
nI+1Iv 16.600 7.861 VII + VIII 8.577 4.734
Mean 16.598 8.039* Mean 8.577 4.741

7.869t

* Density of TazOs formed in 0.01% HNOs.
1 Density of Ta0s formed in 50% HSO4.

Table IV. Standard deviations and standard deviations of the
mean calculated from the results

Density Density TasOs Density Ta:0s Density
0.01% HNOs  50% H2SO. Density Nb Nb:05
S 0.003 0.009 0.021 0.001 0.008
Sm  0.001 0.005 0.012 0.0005 0.003

As it appeared from the experiment that x is positive,
q has to be negative and —q > p.

Results

The results of the experiment are collected in Table
III. It appears that the density of TasOs formed in
0.01% HNO;, differs appreciably from the density of
Ta,O5 formed in 50% HySOs4. The densities of Ta and
Nb metal, determined in this manner, are in good
agreement with those found in literature.

The calculated standard deviations (S) of these
series and the standard deviation of the mean (Spn) are
reported in Table IV. The standard deviations of the
density of the metals are lower than those of the oxides.
This is so because the weight of the oxide is found as a
small difference of two large weights. To increase the
accuracy it is necessary to take a large surface area
with respect to the metal volume. The standard de-
viations are in good agreement with the standard de-
viations which can be calculated from the weighing
results.

Conclusions

1. For the density of Ta we find 16.598 + 0.001 g/ml
which is in good agreement with literature data men-
tioned below. So we may say that the porous anodes
are totally impregnated in the case of the wet weigh-
ings.

2. It appears that the density of anodically formed
Tay0s5 depends on the forming electrolyte. For dilute
electrolytes we find:

Ta formed in 0.01% HNOsj : pragos = 8.039 = 0.005 g/ml
Ta formed in 0.1% H3POy : pragos = 8.03 = 0.04 g/ml
Ta formed in 1% H3SOy : pragos = 8.01 = 3% g/ml2
For Ta formed in a concentrated electrolyte (50%

H,S04) we find

pTag0s = 7.87 == 0.01 g/ml

This shows that in concentrated HoSO4 the density is
much lower than in dilute solutions which can be inter-
preted by assuming that some electrolyte has been
“built in” when forming takes place in concentrated
sulfuric acid. Additional evidence can be found in an
article by Vermilyea (9) which states that in concen-
trated HySO4 the apparent Faraday efficiency is much
higher than 100%.

2 Measured by Young.
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3. For the density of NbOs we find 4.741 =+ 0.003
g/ml. This is much higher than the literature value
mentioned below for amorphous NbeOs which has been
prepared by hydrolysis of NbCls in water and drying
at 100°C.

Literature Data

A wide range of values for the density of Ta,Os and
Nb2Os is found in literature.

1. In Gmelin-Kraut’s Handbook (2) a broad spec-
trum of values is reported for the density of chemically
prepared TayOs. The values given vary from 7.028 to
8.257 and concern amorphous, glassy, and crystalline
oxides.

2. The “Handbook of Chemistry and Physics” (3)
gives: pra = 16.6 g/ml; pragos = 8.735 g/ml (rhombic).
Waber et al. (4) and Vermilyea (5) both used this
value for the density of TagOs in their studies on ther-
mal and anodic oxide films. The source of this number
is unknown but we found it in the International Criti-
cal Tables (6) from 1926 without further reference.

3. Giintherschulze (7): pragos = 8.27 g/ml.

4. Reisman et al. (8): pragos(8) =8.18 g/ml;
pTaz0s () = 8.37 g/ml.

5. Young (1): pragos = 7.95; 7.82; 8.25; 8.01 g/ml; or
averaged pragos = 8.01 g/ml. Young himself neglected
the value 8.25 g/ml, hence his average is 7.93 + 3%
g/ml. He formed the TayOs layer in approximately 1%
HyS04. This was the first time the density of anodically
formed Ta05 was measured directly.

6. In an earlier experiment we found for TasOs
formed in 0.1% H3POy: prazos = 8.03 = 0.04 g/ml (es-
timated error).

7. Holtzberg et al. (10) give for NbyOs: amorphous
oxide, pNbzos = 4.36 g/ml; crystalline oxide (v), pNb205
= 5.17 g/ml; crystalline oxide (a), pnb2os = 4.55 g/ml.

8. The “Handbook of Chemistry and Physics” (3):
pNb = 8.55 g/ml, pNb2os = 4.47 g/ml (rhombic).

9. Kirk Othmer (11): pnp = 8.57 g/ml.

10. Gulbransen and Andrew (12):
g/ml (crystalline).

The above data for pnbzos are commonly used for the
density of the anodic oxide films.

pNbgos = 4.95
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Torsion Effusion Study of the Vapor Pressure

and Heat of Sublimation of Gallium

Zuhair A. Munir and Alan W. Searcy

Department of Mineral Technology and Lawrence Radiation Laboratory,

Inorganic Materials Research Division, University of California, Berkeley, California

ABSTRACT

The vapor pressure of gallium was measured by the torsion effusion
method between 1174° and 1603°K. The pressure, in atmospheres, is given by
the expression: log P = 5.5458 — (13 743/T) in that temperature range. The
heat of sublimation of gallium is calculated by the third-law method to be 65.4
kcal. A second-law determination is in reasonable agreement.

Harteck (1) in 1928 and Speiser and Johnston (2)
in 1952 measured the vapor pressure of gallium by the
Knudsen effusion method with quartz effusion cells.
However, more recently a mass spectrometric study
(3) showed that gallium reacted with quartz, giving a
considerable concentration of GazO(g) above 865°C.
This evidence suggested that the reported gallium
vapor pressures might be too high. To clarify the situa-
tion, Cochran and Foster (4) investigated the apparent
vapor pressures of gallium in alumina Knudsen cells
with and without added silica or magnesia. Apparent
pressures obtained with silica added agreed well with
the pressures of Speiser and Johnston, but pressures
measured when only gallium was present were four-
to fivefold lower. Cochran and Foster concluded that
the previous studies in quartz cells were in error be-
cause the reaction 2Ga(l) 4 SiOz(c) = SiO(g) +
Ga0(g) yielded higher weight losses than did the
direct vaporization of gallium.

At the time that the paper of Cochran and Foster
appeared, we were engaged in a redetermination of the
vapor pressure of gallium by the torsion effusion
method (5-8) with use of a graphite cell. A mass spec-
trometer study by Drowart and Honig (9) had demon-
strated that atomic gallium is the only major vapor
species when gallium is heated in graphite. Nonethe-
less, the pressures measured in our research are in
good agreement with the average of the data of
Harteck and of Speiser and Johnston and thus are four
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Fig. 1. Schematic diagram of torsion apparatus

to five times the pressures reported by Cochran and
Foster.

Experimental

Figure 1 shows a schematic diagram of the torsion
effusion apparatus. The vacuum chamber is a cylinder
about 35 cm in diameter and about 46 cm long. In the
center a 7.8 cm diameter cylinder of 0.5 mm tantalum
sheet forms the heating element. Several layers of
tantalum radiation shields are wrapped around this
element. A glass tube of approximately 10 cm diameter
and 92 cm length forms the upper part of the ap-
paratus. Above this tube a goniometer acts as the
anchor point for the suspension system by means
of an aluminum rod which enters the top of the glass
tube through an O-ring seal. A 0.05 mm diameter an-
nealed tungsten wire 28 cm long hangs from the alumi-
num rod. To the lower end of the tungsten wire, a
second aluminum rod is attached. A 1.3 cm diameter
circular mirror is glued to this rod directly in front
of a window which has an optically flat surface. An
aluminum disk attached to the rod serves as a damper
when a permanent magnet is placed near it. A 0.25 cm
diameter tantalum rod is joined to the aluminum one,
and the graphite torsion cell is rigidly attached to the
bottom of this rod. During a run the cell hangs free in
the center of the heating element.

The exterior cell dimensions were 2.5 x 1.3 x 1.3 cm.
Two sets of orifices, one set of 6.3 mm? cross-sectional
area and the other of 1 mm? area, were used.

Angular deflections resulting from the force of the
effusing vapors were determined by returning the
suspension system to its original (null) position. Meas-
urements were made by sighting through a telescope
on the mirror that reflects a scale placed outside the
vacuum system just below the telescope. After return-
ing the suspension assembly to its original position, de-
flection angles were read from the goniometer. With
this arrangement, it was possible to measure angles
to the nearest 0.01°. A vacuum of better than 10—5 mm
Hg was maintained by means of an oil diffusion pump
and a liquid nitrogen trap.

A 30-kva transformer supplied the power at a maxi-
mum of 10v. Temperature measurements were made
by means of a calibrated 0.5 mm Pt-Pt 4+ 10% Rh
thermocouple. The thermocouple bead was inserted
in a small hole in the bottom of a “dummy” graphite
cell located 1.3 em below the effusion cell. The freez-
ing points of gold, silver, copper, and aluminum meas-
ured in the dummy cell in the furnace were used as
standard points in the calibration of the thermocouple.

In order to verify the assumption that the tempera-
ture of the dummy cell was the same as that of the
effusion cell for a given power setting, the dummy
cell was moved up and down over a distance of 8 cm
in the middle portion of the heating element. The
temperature remained constant to within 3°. This ex-
periment was repeated at different power inputs, and
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Table I. Torsion cell constants

Ga VAPOR PRESSURE BY TORSION EFFUSION

Orifice Orifice
diameters, Mount arms, correction Orifice length-
cm cm factors to-radius ratio
Cell dy da ai qz f1 f2 Yri lr2

1 0.2563 0.2436
2 0.1016 0.1001

1.2626 1.1216 0.840 0.827 0.539 0.589
1.1242 1.1221 0.7726 0.7359 1.05 0.985

the results were all identical. The thermocouple leads
were led through a Kovar seal to the outside and were
protected with alumina tubes. A mixture of ice and
distilled water formed the cold junction, and the emf
was measured by a potentiometer. The output of the
thermocouple was fed to a strip chart recorder. Meas-
urements were made only after the temperature had
reached a constant value.

The gallium used was 99.97% pure material obtained
from the Aluminum Company of America.

As a test of the apparatus, the vapor pressure of tin
was redetermined. Results are described in the discus-
sion section.

Results
Pressures were calculated from the equation
P = 2D¢/ (q1a1f1 4 qeasf2) [1]

where P is the vapor pressure, atm; D the torsion con-
stant of the wire, dyn-cm; ¢ the angle of deflection,
radians; qi, g2 perpendicular distances from the center
of the effusion hole to the axis of rotation, em; aj, a2
areas of effusion holes, em?; fi, f2 correction factors for
finite orifice lengths (10, 11).

Constants for the two sets of cells used and for
the torsion wire are summarized in Table I. A 2-mil
tungsten wire with D = 3.416 was used for all runs.
Figure 2 shows the agreement between pressures cal-
culated with the two orifices. Data collected below
1200°K are clearly seen from Fig. 2 to be unreliable
because the force of effusing vapor is too low for ac-
curate measurement, and these data were not used in
subsequent calculations.

The heat of sublimation AH; was determined by us-
ing both the second- and third-law methods (12).
Apparent pressures less than 10—8 atm were not used
in making these calculations because background tor-
sional effects obscured the lower pressure readings. An
experimental investigation by Schulz (15) has shown
that Eq. [1] can be used up to pressures for which the
ratio of mean-free-path to orifice diameter becomes
unity. From the diameters of the orifices and the van
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Fig. 2. Vapor pressure of gallium (I): O, this work, orifice d
~ 2.5 mm; A, this work, orifice d ~ 1.0 mm; , Hultgren
et al., selected values (13); - -, Cochran and Foster (10).
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Table 1. Third law heats of sublimation of gallium (/)

T, —RInP, AH° 205 T, —RInP, AH°203
°K cal/deg cal °K cal/deg cal
A.Cell 1
1204 27.308 65 452 22.414 65 392
1204 27.286 65 425 1326 22.429 65 412
1211 27.244 65 749 1333 22.281 65 552
1213 26.784 65 296 1336 22.089 5 42!
1213 26.869 65 399 1340 21.909 65 388
1221 26.559 65 438 1350 21.594 65 430
1227 26.217 65 330 1352 21.569 65 488
1229 26.088 65 275 1355 21.152 65 070
1234 25.859 65 243 1360 21.269 65 451
1234 25.652 64 987 1366 21.139 65 563
1238 25.652 65 192 1367 20.812 65 154
1241 25.544 65217 1370 20.964 65 507
1243 25.544 65 318 1374 20.707 65 335
1249 25.280 65 232 1382 20.381 65 248
1250 25.205 65 245 1384 20.572 65 602
1250 25.205 65 245 1386 20.406 65 462
1257 24.948 65 281 1390 20.203 65 374
1261 24.721 65 195 1398 19.848 65 236
1262 24.721 65 252 1403 19.831 65 442
1266 24.548 65 233 1405 19.836 65 536
1270 24.491 65 359 1410 19.453 65 224
1270 24.385 65 225 1416 19.408 65 422
1275 24.239 65 280 1416 19.473 65 514
1281 24.056 65 330 1419 19.195 65 258
1289 23.741 65 330 1426 19.134 65 482
1290 23.703 65 337 1429 18.934 65 334
1294 23.501 65 271 1435 19.037 65 740
1295 23.565 65 396 1440 18.710 65 493
1303 23.256 65 395 1446 18.724 65 770
1304 23.101 65 234 1448 18.404 65 393
1305 23.065 65 242 1455 18.225 65 437
1314 22.836 65 379 1459 18.416 65 900
1316 22.755 65 368 1465 18.223 65 887
1318 22.957 65 729 Cerr 1466 17.879 65 417

@)
1380 20.260 64 991 1491 17.361 65 716
1391 20.192 65 396 1495 17.041 65 403
1394 19.858 65 073 1498 17.253 65 852
1411 19.546 65 391 1506 16.787 65 493
1416 19.213 65 146 1508 17.044 65 961
1421 19.073 65 143 1513 16.579 65 471
1427 19.093 65 459 1519 16.299 65 287
1432 19.010 65 564 1529 16.246 65 620
1437 18.624 65 233 1530 16.047 65 363
1448 18.219 65 125 1544 15.730 65 446
1453 18.192 65 305 1556 15.433 65 486
1466 17.823 65 335 1561 15.411 65 654
1469 18.210 66 023 1566 15.263 65 626
1471 17.861 65 593 1567 15.350 65 794
1473 17.611 65 325 1575 15.034 65 622
1477 17.711 65 638 1585 14.824 65 690
1482 17.908 66 146 1588 14.770 65 729
1485 17.321 65 393 1603 14.310 65 588

der Waals radius for gallium (13), this pressure is cal-
culated to be about 10—2 atm. The highest pressure
measured in this work was 8 x 10—4 atm.

Second-law calculation by the least-square method
gave AHr = 61.96 kcal with a standard deviation of
0.24 kcal and ASt = 24.34 eu with a standard deviation
of 0.17 eu. From this AHjg, 295 = 64.2 kcal/mole. Third-
law calculations based on free-energy functions se-
lected by Hultgren (14) are given in Table II. The
average value calculated for the heat of sublimation
of gallium at 298°K from data collected with 2.5 mm
diameter orifices is 65.39 kcal/mole and with 1.0 mm
orifices is 65.50 kcal. The over-all average AHj, 298 is
65.44 kcal/mole with an average deviation of 0.23 kcal.
The third-law evaluation gave the following expression
for the vapor pressure of gallium, in atmospheres, be-
tween 1174° and 1603°K:

log P = 5.458 — 13 743/T [2]

Discussion

Recent studies by Cochran and Foster (4) appeared
to demonstrate conclusively that any studies of the
vapor pressure of gallium that were carried out in the
presence of silica are in error because of extensive
reaction to yield .volatile oxides. But the vapor pres-
sures measured for gallium in the present investigation
are higher by about a factor of four, than the vapor
pressures reported by Cochran and Foster, and the
heats of sublimation calculated from the data of the
present research are in excellent agreement with the
heat reported by Hultgren et al. (14) from analysis of
the results of the two studies made with silica effusion
cells.

The possibility of errors that could make the ap-
parent pressures of the present investigation higher
than the true pressures by a factor of four will be dis-
cussed, and then evidence for the possibility of error in
the work of Cochran and Foster will be examined.
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The factors that might cause systematically high
apparent pressures in the present investigation are
contribution to the vapor of products of reaction of
gallium with the graphite effusion cell, faulty tem-
perature calibration, faulty pressure calibration, and
leakage of vapor through the cell wall. Strong evi-
dence can be adduced that none of these factors caused
the observed discrepancy.

The possibility that gaseous products of some re-
action of gallium with the graphite of the effusion cell
were formed in significant concentration is disproved
by the mass spectrometer study by Drowart and Honig
of the effusion of gallium from a graphite cell (9). No
ions other than Ga*, Ga;O+, and Gaz* were observed.
The GaO* and Gaz* intensities rapidly decayed to
negligible levels, indicating that these ions were pro-
duced from oxides that were introduced with the
initial sample, but that were soon removed by heat-
ing.

The possibility of a temperature error in this work
of more than 5° at most appears excluded by the cali-
bration of the readings of the dummy cell against the
melting points of four metals measured in the actual
furnace in which the vapor pressure measurements
were made. Furthermore, the furnace was demon-
strated to have a uniform hot zone over the region in
which the dummy cell and torsion effusion cell were
placed. A temperature error of 90° would be re-
quired to introduce an error of a factor of four in the
pressure measurements at the midpoint of the experi-
mental range.

Evidence that the apparatus was calibrated correctly
is provided by agreement to within 10% of the vapor
pressure plot obtained for tin with this apparatus and
the “best” vapor pressure curve for tin as selected by
Hultgren et al. (14). From nineteen separate measure-
ments of the vapor pressure of tin with two different
wires that had torsion constants which differed by a
factor of 18, the heat of sublimation of tin at 298°K is
calculated to be 72.4 kcal compared to 72.2 kcal cal-
culated by Hultgren et al. from previous work and
compared to 71.8 kcal which was obtained by Schulz in
an extensive study of the reliability and limitations of
the torsion-effusion method for vapor pressure deter-
minations (15).

To test the reliability of their apparatus and tech-
niques, Cochran and Foster also studied the vapor pres-
sure of tin. Their three pressure measurements lie
considerably lower than the pressures calculated by
Stull and Sink (16) or Hultgren et al. from evaluation
of the data in the literature. We calculate from the
Cochran and Foster data a heat of sublimation of tin
at 298°K of 74.0 = 0.6 kcal/mole.

Cochran and Foster commented that the vapor pres-
sure data accepted by Stull and Sinke as the most
reliable are probably in error because of unrecognized
leakage through walls of the graphite crucibles that
were used for the pressure studies.

There certainly is evidence that the quantity of
metal that escapes from a graphite cell may sometimes
be comparable to the quantity that escapes through an
orifice of the dimensions normally employed in effu-
sion studies (17). However, in the torsion-effusion
method, if the cell side walls are uniform in thickness,
the escape of molecules by leakage through the walls
will contribute no net torque to the assembly. As part
of his investigation Schulz heated tin in cells in which
no orifices were drilled and found that no measurable
torque was produced by any leakage that may have
taken place (15).

While the present investigation of gallium did not
include measurement of the torque produced when a
sample was heated in a cell that had no orifices, the
study did include measurement of the pressure with
sets of orifices that had areas that differed by more
than a factor of six. The calculated pressures agree
within the small random scatter in data. If leakage
contributed significantly to the torque, this excellent
agreement between the pressures calculated with these
two sets of orifices would not have been obtained.
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The heat of sublimation for tin calculated from the
data of Cochran and Foster is thus 1.8-2.2 kcal higher
than the heats calculated from the best available
studies. Similarly the heat of sublimation of silver cal-
culated from three pressure measurements by Cochran
and Foster is 0.9 kcal higher than the selected value
of Hultgren et al. (14).

Gallium is more volatile than tin and,less volatile
than silver. The heat of sublimation for gallium cal-
culated from the Cochran and Foster data can be ex-
pected to be subject to a systematic error in pressure
determination that would contribute an error in the
derived heat of sublimation of +1 to +2 kcal. Their
heat of sublimation is 3.6 kcal higher than that found
in the present work, so about half the discrepancy in
results for gallium remains unaccounted for.

Furthermore, a systematic error in the measure-
ments of Cochran and Foster would not invalidate their
conclusion that in the presence of silica the weight loss
is increased by a factor of four or five because of
volatile oxide formation. Remaining to be explained,
therefore, is the question of how the studies of Har-
teck (1) and of Speiser and Johnston (2) which were
both conducted in silica cells, could agree with the re-
sults of the present investigation in graphite.

A possible explanation is that the surface area at
which the heterogeneous reaction between the gallium
and silica could occur in silica Knudsen cells is much
smaller than the surface provided for reaction by the
coarse silica powder added to the cells in the experi-
ments of Cochran and Foster. As a result, although
some reaction must have occurred in the silica cells,
the extent of reaction may well have been considerably
less than was measured in the experiments of Coch-
ran and Foster.

This hypothesis is substantiated by the results of the
mass spectrometer study of gallium vaporization from
a silica cell. The observed intensity ratio Gat/GasO+
was about 10/1 at 1140° to 1300°K (3). From the as-
sumptions normally applied to calculate pressures
from ion intensities and usually claimed to be correct
to within a factor of two (18), these intensities would
yield a Ga/GasO pressure ratio of 22/1. The heat of
sublimation calculated for gallium by a third-law
method from weight losses measured at 1300°K and
with the assumption that the total weight loss was of
elemental gallium would be low only by about 0.3 kcal
because of neglect of Ga0 and SiO effusion.

The heat of formation calculated by Cochran and
Foster from effusion studies with gallium-silica mix-
tures is in good agreement with the heats calculated
from another study (19). This fact implies that their
effusion studies were not subject to significant sys-
tematic errors. The possibility remains, therefore, that
their results for gallium are more nearly correct than
ours, but we conclude that the heat of sublimation of
gallium obtained by the third-law method in the pres-
ent investigation, 65.4 kcal/mole is probably correct to
within +1 keal.
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Methods for the Calculation of Polarization in Porous Electrodes

F. A. Posey
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee

ABSTRACT

Solutions in closed form are presented for the polarization behavior and
the distribution of current and potential in idealized, one-dimensional porous
electrodes in the case of a simple oxidation-reduction reaction under pure ac-
tivation control. Exact solutions are derived for transfer coefficients of 1/3,
1/2, and 2/3 for electrodes of finite length, while solutions for semi-infinite
electrodes are given for transfer coefficients of 1/4, 1/3, 1/2, 2/3, and 3/4. An
approximate method for calculating current and potential distributions in
porous electrodes is proposed which is valid for any value of the transfer co-
efficient, and exact and approximate solutions are compared.

Studies on the distribution of current and potential
in porous electrodes have received considerable stimu-
lus from the intensive development of fuel cells in
recent years (1,2). Porous electrodes are also widely
used in battery technology and in the chemical process
industries. The theory of electrochemical reactions at
simple, planar electrodes having a well-defined inter-
face has been developed extensively, and a comprehen-
sive monograph is available (3). In contrast, the theory
of the polarization behavior of porous electrodes is
relatively less advanced because a number of factors
which are unimportant or easily treated in the case of
planar electrodes greatly complicate the calculation of
reaction rates in porous electrodes. These factors in-
clude parameters pertaining to the physical structure
of the electrode, such as the porosity, specific surface
area, and conductivity of both solid and electrolyte
phases.

A number of authors have reported solutions to the
problem of the distribution of current and potential in
porous or tubular electrodes (4-33). The generality of
these solutions depends on the model adopted and on
the assumptions or approximations made for each spe-
cial case in order to obtain solutions in closed form.
A one-dimensional model of porous electrodes is most
frequently used; this choice avoids considerable
mathematical difficulty and at the same time provides
solutions which are in reasonable agreement with ex-
periment. The one-dimensional model assumes a sys-
tem of idealized, liquid-filled pores in an electronically
conducting matrix together with uniform, average
values of parameters such as porosity, specific surface
area, resistivity, etc. The current or reaction rate, the
interfacial potential difference, and the concentrations
of reactants then vary throughout the length of the
electrode in a manner determined by the physical pa-
rameters, the rate law for reaction at the interface,
mass transfer conditions, and initial and boundary
conditions.

The fundamental differential equation governing the
distribution of potential in porous electrodes was de-

rived by Daniel’-Bek (4). This equation, a Poisson-type
relation, has since been integrated for a number of
important cases occurring in the operation of porous
electrodes. In the case of constant reactant concentra-
tions throughout the length of the porous electrode,
solutions for the polarization characteristics and for the
distribution of current and potential may be classified
according to the type of electrochemical reaction rate
law assumed and the type of electrode, i.e., whether
the electrode is finite or semi-infinite. In general, the
boundary conditions for semi-infinite electrodes are sim-
pler than those for electrodes of finite length, and the
solutions are correspondingly simpler in form. The re-
action rate law, or the relation between the current
density of the interfacial electrochemical reactions and
the interfacial potential difference at any point in the
electrode, has been used in three different forms: (a)
current density depends linearly on potential differ-
ence (or overpotential), the linear law; (b) current
density depends exponentially on potential difference,
the exponential (or Tafel) law; and (¢) current den-
sity is a more general function of overpotential, the
general or exact law. Cases (a) and (b) are special
cases of the general law (c¢) which considers both for-
ward and reverse rates of the partial processes in the
usual manner (3). For the linear law, solutions for
the semi-infinite electrode are given by Frumkin (5),
Buvet, Guillou, and Warszawski (21), and Guillou
and Buvet (30), while solutions for the finite electrode
are due to Daniel’-Bek (4), Euler and Nonnenmacher
(16), and Newman and Tobias (20). In the case of the
exponential law, the semi-infinite electrode is treated
by Ksenzhek (17) for the case of diffusion supply of
reagents, and solutions for the finite electrode are
given by Daniel’-Bek (4) and Newman and Tobias
(20). General solutions, those valid for both large and
small values of polarization for reactions under pure
activation control, are reported only for the case of a
symmetrical polarization law, i.e., the transfer coeffi-
cient equals 1/2. General solutions of this type for the
semi-infinite electrode are given by Frumkin (5) and
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Ksenzhek and Stender (8,9), while general solutions
for the finite electrode are due to Ksenzhek (18) and
Winsel (19).

In addition to the previous work, other solutions
for special cases in the operation of porous electrodes
are available. The polarization resistance of finite elec-
trodes with a linear polarization law and forced solu-
tion flow is given by Perskaya and Zaidenman (11,13,
14). Tubular electrodes are specifically considered by
Frumkin (5), Ksenzhek and Stender (9), Mueller (27),
and Blaedel, Olson, and Sharma (33). Operation of
porous electrodes in a steady state with diffusion sup-
ply of reagents and with forced supply is treated by
Ksenzhek (17) and Gurevich and Bagotskii (24,25,
26). Potentiostatic and galvanostatic transient dis-
charge characteristics of porous electrodes are treated
according to special models by Euler (22) and Winsel
(19). Response of porous electrodes to alternating cur-
rent is considered by Ksenzhek and Stender (9), Win-
sel (19), and de Levie (31). The determination of the
specific surface area of porous electrodes by measure-
ment of interfacial capacity using a-c and d-c methods
is treated by Ksenzhek and Stender (7), Ksenzhek
(28), and de Levie (31). Ksenzhek (10) gives an in-
terpretation of the meaning of activation energy meas-
urements on porous electrodes. Euler (29) and de
Levie (31) discuss the influence of diffusion. Euler and
Miiller (32) consider the accuracy to which distribu-
tions of current and potential can be calculated. Winsel
(19) reports a general method for the calculation of
potential and current distribution in idealized, cylin-
drical pores which considers the effect of cylindrical
symmetry. Mueller (27) employs the equations for
current and potential distribution in tubes to cal-
culate the throwing power in anodic and cathodic pro-
tection of pipes.

This paper presents solutions to the problem of the
distribution of current and potential in porous elec-
trodes for the case of unsymmetrical rate laws having
certain values of the transfer coefficient.! Solutions in
closed form are given for transfer coefficients of 1/3,
1/2, and 2/3 for an electrode of finite length, while
solutions for the semi-infinite electrode are given for
transfer coefficients of 1/4, 1/3, 1/2, 2/3, and 3/4.2 Di-
mensionless parameters are used for economy of nota-
tion and ease in the comparison of solutions. In addi-
tion, an approximate method for calculating current
and potential distributions in porous electrodes is pro-
posed which is valid for any value of the transfer
coefficient.

Fundamental Equations and Transformation to
Dimensionless Form

A schematic diagram of an idealized, one-dimen-
sional porous electrode is shown in Fig. 1. The total
current, i, flows from the polarizing electrode into the
pores of the porous electrode of length, l. Because of
the finite conductivity of the solution phase, the
passage of current introduces a gradient of the poten-
tial in the solution phase, ¢s(x), throughout the length
of the pores. As a consequence, the interfacial poten-
tial difference, A¢(x) = ¢m — ¢s(x), varies and with
it the current density of the electrochemical reac-
tions occurring at the interface between solid and lig-
uid phases, j(x). Since the resistivity of the metallic

11t is assumed throughout this paper that the resistivity of the
metallic phase is negligible compared to that of the liquid phase.
Situations where the resistivities of the phases are comparable are
discussed by Daniel’-Bek (4), Ksenzhek and Stender (8), Euler and
Nonnenmacher (168), Newman and Tobias (20), and Euler (22).
The effects of concentration polarization and of changes Of Te-
actant concentrations with time are not considered. These solu-
tions therefore apply most directly to two situations: (a) the
distribution of current and potential in a porous electrode during
the first moments following the application of a current, before
significant in ations occur; (b) the
distribution obtained with a flow of solution through the electrode
so large that concentration changes due to the electrochemical re-
action are negligible.

2The solutions for a transfer coefficient of 1/2 are the same or
alternative forms of those of Frumkin (5), Ksenzhek and Stender
(8, 9), Ksenzhek (18), and Winsel (19). They are included here for
the sake of completeness and for comparative purposes.
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phase is assumed negligible, ¢m is constant and j(x)
is largest near x = 0.

The rate law for reaction at the interface is assumed
to be given by Eq. [1], which is of the conventional
form for a simple oxidation~

$) = fad e [ BFn (x) ]
=1Jo P +_—RT

(1—B)Fn(x) ]
— exp [———RT— } [1]

reduction reaction under pure activation control (3).
In Eq. [1], jo is the exchange current density of the
reaction at the reversible potential (A¢,), g is the trans-
fer coefficient (0 <8< 1), RT/F is the thermal volt
equivalent, and n(x) = A¢(x) — A, is the overpoten-
tial. The total current is obtained by integrating the
current density over the length of the electrode, ac-
cording to Eq. [2]. In Eq. [2], S is the surface area

!
i=SJ;j(x)da: [2]

of the porous electrode per unit length. The gradient
of potential in the solution phase and the gradient of
the overpotential are given by Eq. [3]

1T, = des (x) dn(a:)
Z[t—sj;](x)dx]za = =—0 [3]

obtained from Ohm’s law, in which A is the average
cross-sectional area of the electrolyte in the electrode
and ¢ is the specific conductance of the solution. Dif-
ferentiation of Eq. [3] leads to Eq. [4], which is

d2n(x) S .

o =@ (4]
Daniel’-Bek’s fundamental relation (4) for the dis-
tribution of potential in porous and tubular electrodes.

A simplified notation is obtained if some of the
parameters in the preceding equations are converted
to dimensionless form. A reduced length is defined by
E = x/1 (cf. Fig. 1); a relative or reduced current
density or reaction rate is defined by p(E) = j(&)/jo;
a reduced total current is given by I = i/i,, where
i, = Slj, is the exchange current of the electrode; x =
(ilF)/(¢ART) is a resistance parameter which is
essentially a ratio of solution impedance to interfacial
impedance; and ¢(§) = [Fn(E)]/RT is a reduced
overpotential. In this notation, the fundamental rela-
tions of Eq. [1]-[4] are replaced by Eq. [5]-[8].

p(E) = etBo&) _ g~ (1=R)b(&) [5]
1
= J:) p(E)dE (61
de (E) ¢
TgZ_K[I_J; p(E)d(E) ] [71
a% (§)
T = KP(E) [8]
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The distribution of potential is obtained by integration
of Eq. [8] subject to the boundary conditions

(W(E)) R (d¢(‘é)) —0
dg = ’ dg =1

The distribution of (relative) current density is then
calculable from Eq. [5] and the total current follows
from Eq. [6] or by use of the boundary condition at
;- p—
E=0.
A first integration of Eq. [8] leads to Eq. [9], where
the

de ()
dg

= _(ZK)I/Z{i [etB06) — g+Bo(] 4
B

[e—(1—BI$E) — g=(1=BIb(D)]
(1—8)

[91

boundary condition for & =1 is used to evaluate the
integration constant. Equation [9] and the boundary
condition at & = 0 lead to Eq. [10], an expression

2\12 (1
I= (_) {_ [e+Bo(D) _ g+Bo] 4
B

K

[e—(l-ﬂ)&b(o) — e~ A=P)b(1)] L1/2

(1—B)

[10]
for the (reduced) total current. For large anodic po-
larization, if ¢(0) >> ¢(1), Eq. [10] reduces to Eq.
[11], which is the equation for the anodic Tafel

2 \1/2

I= (__> e+Bb(0)/2 [11]
Bx

line of porous electrodes having a highly nonuniform
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The Finite Electrode

The substitutions, y = exp {1/2[¢(E) —¢(1) ]} for g =
1/2, or y = exp {1/3[¢(E)—¢(1)]} for g = 1/3 or 2/3,
transform Eq. [12] into integrable expressions. Inte-
gration of the resulting equations is accomplished by
use of Jacobian elliptic functions and integrals (34).
Table I presents equations derived in this manner
for the potential distribution in finite electrodes for
the cases, 8 = 1/3, 1/2, and 2/3. Elliptic functions used
in Table I and elsewhere are defined below in the
list of Symbols. Alternative forms of Eq. [13] are
given by Ksenzhek (18) and Winsel (19). In order
to compute potential distributions, values of u, the
incomplete elliptic integral of the first kind, and of k,
the modulus, are obtained from the expressions in the
third and fourth columns of Table I as a function of
¢(1). Values of ¢(E) may then be calculated from the
formulas in the second column, with the aid of tables
of the Jacobian elliptic functions (35).

The total current may be calculated from Eq. [10]
and values of ¢(0) and ¢ (1) obtained from Eq. [13],
[14], or [15] of Table I, or from the formulas of
Table II. Three types of polarization curves may be
computed from the equations of Table II; I may be
evaluated as a function of ¢(0), of ¢(1), or of
¢(0) — ¢(1). A family of curves corresponding to
Eq. [16] is presented below.

The Semi-Infinite Electrode

Relations for the potential distribution in semi-in-
finite porous electrodes may be derived from the
equations presented above with a modified notation.
On replacing the length variable for finite electrodes,
&, by the distance, x, Eq. [5]-[8] are transformed into
Eq. [19]-[22]. The resistance parameter «' in Eq. [21]
and [22] replaces « of

current distribution. The slope of the Tafel line, p(x) = etBo@ — ==& [19]
de¢(0)/d1InI, equals 2/B, or twice the slope of the Tafel
line for the same reaction on a planar electrode. The : L]
intercept at ¢(0) = 0 is a function of both the trans- Ir= - p(x)dx [20]
fer coefficient (8) and the resistance parameter ().

Evaluation of the potential distribution is accom- de () i
plished by integration of Eq. [9], which may be re- ot o o [ I'—f p(x)dx] [21]
arranged into the form of Eq. [12]. dx a

d
¢ (§) — _ (2012dE

[ i[e+ﬂdz(f)_e+ﬂ~b(l)] g L [e—1—B36®) _ g=(1—poD] L 1/2
1 a—s) [12]
Expressions equivalent to Eq. [12] were solved by d?e(x) (@) [22]
Ksenzhek (18) and Winsel (19) for 8 = 1/2, the case —gE A

of the symmetrical rate law. Solutions in closed form
may also be obtained for certain other values of g,
and these are presented below.

Eq. [7] and [8]; ¥ = (joSF)/(cART) is a resistance
parameter for semi-infinite electrodes. The (reduced)
total current [I’ = i/(Sj,)] has the dimensions of a

Table 1. Equations for the calculation of potential distributions in porous electrodes of finite length for transfer coefficients of
1/3,1/2,and 2/3

B y (Potential Distribution) w k2 Equation No.
dn? (u,k) (1—§) k12
1/2 exp{1/2[¢p(§) —p (D]} = ———— R — S T e-4(D 1131
cn? (u.k)
1—ysn2(u,k)* (1—¢) k12 2e-9(D[1+ 8e+d()]1/2
1/3 exp{l/3[¢(§) —¢p (1]} = e-9(1/3 (1 + Be+d(D)1/4 P i el 0 R [14]
cn? (u,k) 2kv/3 4—e-¢D(1—[1+ 8e+s]1/2}
dan?(u,k} * 1= s1/2 4e-¢() —1 4 [1 + Be-#(1]1/2
2/3 exp{1/3[¢(§) —p (1)1} = e+$(/3 (1 4 Be-$(D) 1/4 —— sy [151
1—3dsn2 (u,k) 2v3 2[1+ 8e-$(]1/2

3+ [1+8e-vm]12
*y = (1/4) e-4{1+ [1+8e+tM}/2); § = ———————
2[1 4 8e-¢n]1/2
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Table 1. Equations for the calculation of polarization curves of porous electrodes of finite length for transfer coefficients
of 1/3,1/2, and 2/3

B Polarization Equation® Equation No.
(k’)2tn (uo.k)
1/2 I= e/ 161
(x)/2 dn (uo,k)
V3 e+dr/e
1/3 I= {4—e-9 (1—[1+ 8e+¢M]1/2) }1/3 (1 — ) tn (Uo,k) dn (%o,k) 171
V2 (k)12
V3 e (8—K2) 8d (uo,k) cn (uo,k)
2/3 _ [1+ 8e-¢]1/4 [181
(k)12 1 -5 802 (Uo,k)
* Values of u, and k are given by the formulas in Table I for £ = 0; v and § are defined in the footnote to Table I.
length and is equal to the current divided by the ex- 2 \1/2
i I'= et+Bb(0)/2 [25]
change current per unit length of electrode. The po- o

tential distribution is obtained on integration of Eq.
[22] with the revised boundary conditions

(dz;x)

A first integration of Eq. [22], with use of the
boundary condition, ¢(c0) = 0, leads to Eq. [23],
which is similar in form to Eq. [9].

de¢ (x)
dx

) =—«T;¢(0) =0
z=0

= — (2)1/2

1
[etBéx) 1
{ﬁ[e 1+ -

1 1/2
[e— (=B _1] [23]

8)
Use of the boundary condition at x = 0 with Eq. [23]

leads to Eq. [24]
9\ 1/2
- (2)
K

1/2
[e—(1—B¥60) _ 1] } [24]

(1—8)

for the total current. This equation is quite general
for the polarization behavior of the semi-infinite
electrode having the rate law of Eq. [19]; it is valid
for any value of the transfer coefficient 8(0 < g < 1).
An equation for the anodic Tafel line of the semi-
infinite electrode is obtained from Eq. [24] for large
¢(0). This relation is given in Eq. [25]

{_l_[e+ﬁd>(0) =
B

which is of the same form as Eq. [11]. Separation of
the variables in Eq. [23] leads to Eq. [26], the
counterpart of Eq. [12]. Relations

de (x)

1/2

1
— [etBd@ 1] 4+ ————[e— 1B 1]
{ﬂ 1—s

=— (2¢)V2dx [26]

corresponding to Eq. [26] were integrated by Frumkin
(5) and Ksenzhek and Stender (8,9) for the case of
the symmetrical rate law (8 = 1/2). Other solutions in
closed form for different values of g are given below.

The substitutions, y = exp [(1/2)¢(E)] for 8 = 1/2,
y = exp [(1/3)¢(E)] for g = 1/3 or 2/3, or y = exp
[(1/4)¢(E)] for B = 1/4 or 3/4, transform Eq. [26]
into integrable expressions. The resulting potential dis-
tributions may be calculated from the equations of
Table III. Equation [27] is equivalent to the solutions
reported by Frumkin (5) and Ksenzhek and Stender
(8,9). Polarization curves for these and other cases
of the semi-infinite electrode may be calculated di-
rectly from Eq. [24]. The function n{u, ¢2/(a2— 1)} in
Eq. [30] and [31] is Legendre’s incomplete elliptic
integral of the third kind (34,36). The symbols ui,0,
ug,0, and f, denote values of the functions given in the
footnote to Table III for x = 0.

An Approximate Method

The formulas presented in the previous sections
provide exact solutions in closed form to the problem

Table 111. Equations for the calculation of potential distributions in semi-infinite porous electrodes for transfer coefficients of
1/4,1/3,1/2,2/3, and 3/4

B Potential distribution function Equation No.
1/2 tanh[¢(x) /8] = tanh[¢(0)/8lexpl — (x')1/2 x] 271
(2 exple (x) /31 +1)1/2—/3 (2 exple (0) /31 +1)1IB—\/_3
1/3 — = _expl— (k)12 2] [28]
(2 explg (x) /3] +1)1/2+/3 (2 expl¢ (0) /31 +1)1/2++/3
expl¢ (0) /31—1 2 expl¢ (0) /31 + 1—/3 expl¢ (0) /6] (2 + expl ¢ (0) /31) /2
2/3 = = expl— (k)2 x] [29]
explg (x) /31—-1 2 expl¢ (x) /31 + 1—+/3 exple (x) /6] (2+expl¢ (x) /31) /2
1/4 (ur—1u1,0) + [1/(@—1) 1 [r{una?/ (a2—1) } —w{u1,0.0%/ (a®—1) } + @ (f— fo) 1 = pxc* [30]
3/4 (ua—uz,0) +[1/(@a—1 1[r{uza®/ (a*—1)} —7{U2,0,0%/ (@*—1)} —a (f—fo) ] = —px* [311
V3 expl¢ (x) /41 -1 exple (x) /41 —V/3 V3 +1 vV3i-1
*enuy = H 2 = = 3 k2= —
V3 explg (x) /41 +1 exple (x) /41 +V/3 V3-1 2/3

V3 +1

w

3U4/2 2

1 at—1 1/2 (a2—1)1/2dn u+{k2+ (k') 22)1/2snu
(k)2 f=— In

k2+ (k') %2 (a2—1)12dnu—{k2+ (k')2a2}/2snu
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Fig. 2. Comparison of exact and approximate reaction rate laws
for g = 1/3,1/2, and 2/3.

of the distribution of current and potential in porous
electrodes for several values of the transfer coefficient
(B) in the rate laws of Eq [5] and [19]. Although these
exact solutions should be useful for calculations on the
operation of porous electrodes in the special cases for
which they are valid, the computations are tedious. An
approximate method of calculation is presented below
which circumvents a great part of the arithmetical
difficulty, but which provides approximate solutions
which are in good agreement with the exact solutions.

The nature of the approximation is shown in Fig. 2
for g = 1/3, 1/2, and 2/3. Curves 1, 2, and 3 show the
exact rate laws for g8 = 2/3, 1/2, and 1/3, respectively.
The corresponding approximate rate laws are given by
curves ABCD, AB'C'D’, and AB”C”D”. The approxi-
mate rate law follows the linear polarization relation,
p(E) = ¢(E), up to the potential, ¢(E,), where a dis-
continuity transition (BC, B’C’, and B”C”) occurs to the
exponential rate law, p(E) = exp [B¢(E)]. At ¢ (&), the
slopes of both linear and exponential rate laws in the
plot of Fig. 2 are equal, and ¢(&,) = 1/8. Equations
for the polarization behavior and the distribution of
current and potential in both finite and semi-infinite
porous electrodes according to this approximation are
presented below.
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The Finite Electrode.>—Three special cases arise in
the application of the approximate method to the finite
electrode: (a) ¢(E) =1/8=¢(0) > ¢(1) =0 (for
anodic polarization), so that in this case the entire
electrode operates with the linear rate law, p(E) =
#(E); (b) o0 >¢(0) >¢(1) =¢(E) = 1/p, where the
rate processes everywhere in the electrode follow the
exponential law, p(E) =exp [Bs(E)]; and (c)
¢(0) > ¢(E) >¢(1), a transition region where
0<E,<1 and &, is a function of ¢(0).

For case (a), when ¢(&) = 1/8=¢(0) =0, inte-
gration of Eq. [8] with the linear rate law, p(&) = ¢(E),
leads to Eq. [32] and [33] of Table IV for the potential
distribution and the polarization curve. The value of
¢(0) when ¢(1) = ¢(E) =1/8 may be determined
from:

2 exp (1/2)

0) =—In——
o B " cos (Bre/2)1/2

Therefore when ¢(0) is greater than this value, Eq.
[8] may be integrated with p(E) = exp [B¢(E)] to
give the potential distribution and polarization curve
for case (b), Eq. [34] and [35] of Table IV.

The potential distribution functions and the polari-
zation curve of case (c¢), when 0 <&, <1 and ¢(0) >
#(E) =1/8> (1), are given by Eq. [36], [37], and
[38] of Table IV. The distribution of Eq. [36] holds in
the region 0 < & < &,, while Eq. [37] gives the distribu-
tion in the region &, < & < 1. The parameter &, may
be computed from the relation given in Table IV as a
function of ¢(0). Once &, is known, Eq. [36] and [37]
are used to calculate ¢(E) and the total current is
calculated from Eq. [38].

The effect of the discontinuity in the rate law is
averaged out to a considerable extent, so that potential
distributions calculated in this manner are quite close
to those found with the exact methods discussed pre-
viously. This averaging effect may be utilized further
to calculate more precise values of the (reduced)
reaction rate, p(&), than would result from the use of
the discontinuous rate law. For this calculation, the
exact rate law of Eq. [5] is used with values of the
potential, ¢ (E), calculated from Eq. [36] and [37]. By
use of this technique, the major effect of the use of a
discontinuous rate law appears in the calculated polari-
zation curves rather than in the calculated potential
and current distributions.

The Semi-infinite Electrode.>—The boundary condi-
tions are somewhat simpler in the case of the semi-in-
finite electrode than for the finite electrode, and only

(Bo=1)

3 Nearly all parameters used in this section and the next are
defined above in the sections dealing with the exact treatment
of the finite and semi-infinite electrodes; others are defined as
they occur. The equations are derived for the case of anodic
polarization; cathodic polarization may be treated similarly.

Table IV. Equations for the approximate calculation of potential distributions and polarization curves of porous electrodes of

finite length
Equation Equation
Case Potential distribution No. Polarization equation No.
(a) cosh[ (k)1/2(1—§) 1] #(0)
Linear law ¢() =¢(0) ——M88 —— [321 I= tanh (k) 1/2 [331
1/8=¢ (0) >¢ (1)=0 cosh[ (x)1/2] (k)12
(b) cos-{exp (—B/2[¢ (§) —p ()]} = I = {(2/Bk) [e+Bs©® — e+Be]}1/2
Exponential law cos-1{exp (—B/2[¢ (0) —¢ (1) 1)} —[(Bx/2) e+FsM]1/2¢ [34] = [(2/Bk) etFéM 1172 tan [ (Bk/2) e+BéD]1/2 [351
0>¢(0) >¢(1)=1/8 where:
expl (8/2)¢ (1)1
expl (8/2)¢p(0)] = ————
cos[Bk/2 e+po]1/2
(c) cos-1[Qe-84W®]1/2 = tanh?[ (x)1/2(1—&) 1
Trar:siﬂon region = + (2/BK) (e —e+1) [38]

BkQ 2
cos1[Qe-A¢ 11/ — [ —] ¢
2

0<£<1) [0<E<éo]
where:
tanh?[ (k) 1/2(1—£) 1
Q-etl — ———
28
cosh[ (k)1/2(1—¢)1
9§ = [§o<E<1]

B coshl (k) 1/2(1—£0) 1

[361 B
£o is computed from:

etBdO =

cos?{cos-1[Q/e]¥/2 + (BkQ/2)1/2£0}

[371
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Table V. Equations for the approximate calculation of potential distributions and polarization curves of semi-infinite porous

electrodes
Equation Equation
Case Potential distribution No. Polarization equation No.
(a)
Linear law @ (x) = ¢(0) expl — (k") 1/2x] 391 I' = ¢(0)/ (k)12 [40]
1/8=¢(0) >0
(b) cos-1[Q’ e-B¢@]1/2 = 1 43]
General case Br'Q’ \1/2 [41] Irz=— + (e+B9(0 —g+1)
w0 > ¢(0) >1/8 cos-1[Q’ e-B#©®]1/2— ) x [0<x<aol % Br’
2 o is computed from:
where: 2\~
Q' = e+l — 1/28 xo = |—— cos-1[Q’ exp{—1/2[1+ B¢ (0)1} +
¢(x) = 1/ expl— (k)1/2(x—X0) ] [Xo<x<c0]  [42] Br'Q’

two special cases arise in the application of the ap-
proximate method. For case (a), when ¢(x,) =1/g=
#(0) > 0, the linear rate law is a good approximation
everywhere in the electrode, and integration of Eq.
[22] for p(x) = ¢(x) leads to Eq. [39] and [40] of
Table V for the potential distribution and the polariza-
tion curve in this region.

For case (b), when o > ¢(0) > ¢(x,) =1/8, the
potential distribution functions and the polarization
curve are given by Eq. [41], [42], and [43] of Table V.
The distribution of Eq. [41] holds in the region
0 < x < X,, while Eq. [42] gives the distribution in the
region x, < & < oo. The parameter x, may be computed
from the relation given in Table V as a function of ¢(0).
Once x, is known, Eq. [41] and [42] are used to cal-
culate ¢(x) at any point in the electrode. An approxi-
mate polarization curve may be calculated by use of
Eq. [40] and [43], or the exact polarization curve may
be computed by use of Eq. [24].

Discussion

A family of polarization curves for the finite porous
electrode is shown in Fig. 3. These curves were com-
puted for the case of the symmetrical rate law
(8= 1/2) by use of Eq. [13] and [16] in Tables I and
II and tables of the Jacobian elliptic functions (35).
The solid line in Fig. 3 is the polarization curve of
finite porous electrodes when the reaction is distrib-
uted uniformly throughout the electrode; it is identical
to the polarization curve of a planar electrode of the
same surface area. As the resistance parameter ()
increases, the potential and current distributions be-

10,000

6 8 10
$(0) AND ¢(1)

Fig. 3. Polarization curves for the finite porous electrode as a
function of the resistance parameter, x, for the case of the sym-
metrical rate law (8 = 1/2). Curves A-E plot ¢(0) vs. I; curves
A-D’ plot ¢(1) vs. I; dashed lines are extrapolations of the Tafel
lines.

{(1-Q'e-p4®) (1—Q’e-1) }1/2]

come increasingly nonuniform at constant total cur-
rent (I). For sufficiently large «, the polarization curve
consists of a single Tafel line of slope, d¢ (0) /dInI=2/p,
and ¢(1) is quite small compared to ¢(0). For suffi-
ciently small «, two Tafel lines may be observed in the
polarization curve of the finite porous electrode. At
small currents, ¢(0) is not much different from ¢ (1),
the reaction distribution is essentially uniform, and
the polarization behavior of a planar electrode is ob-
tained. At large currents, ¢(0) eventually becomes
large compared to ¢ (1), the reaction distribution be-
comes highly nonuniform, and a typical porous elec-
trode polarization curve is obtained. The dashed lines
in Fig. 3 correspond to Eq. [11]. At large I, ¢(1) ap-
proaches a limiting value which depends only on «. The
value of this limiting potential is determined by the
equation, u, = K, where K (k) is the complete elliptic
integral of the first kind (34) and u, is defined in Eq.
[13] of Table I for & = 0. Curves similar to those in
Fig. 3 are discussed by Winsel (19).

The distribution of potential and current in the
finite electrode as a function of the polarization is
shown in Fig. 4 and 5 for the case of symmetrical rate
law (8= 1/2) and « = 1. The parameter ¢ of Fig. 4 is
a relative potential function which is useful for plot-
ting potential distributions on a convenient scale. For
small currents, the relative potential distribution is
essentially independent of I (cf. curve A). This limit-
ing potential distribution occurs when the linear rate
law is a good approximation, and an expression for the
limiting distribution is given by Eq. [44], which is
obtained from Eq. [32] of

3 (8) —o(1) cosh[(k)1/2(1—%)]—1

P = =

¢(0) —¢(1) cosh[(x)1/2] —1
Table IV. With increasing current, the potential dis-
tribution becomes more nonuniform. The relative re-
action rate function, p(&)/p(0) = j(E)/j(0), of Fig. 5

[44]
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Fig. 4. Plot of the relative potential function, ®, against &
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Fig. 6. Comparison of exact and approximate methods for the
calculation of polarization curves of the finite porous electrode.
Solid lines are the exact solutions; dotted lines are the approximate
solutions; dashed lines are extrapolations of the Tafel lines.

also shows a limiting behavior for small polarization.
Equation [45] is an expression for this limiting be-
havior. The

p(B) cosh[(x)1/2(1—E)]
p(0) cosh[ (x)1/2]

distributions of Fig. 4 and 5 correspond to points on
curves C and C’ of Fig. 3. Polarization curves and
potential and current distributions in the case of g =
1/3 and 2/3 are quite similar to those shown in Fig. 3-5.

A comparison of polarization curves for the finite
electrode calculated by use of both exact and approxi-
mate methods is shown in Fig. 6. The solid lines are
exact solutions computed from Eq. [16], [17], and [18]
of Table II for x = 1. Sections AB, AB’, and AB” of
the approximate solutions were calculated from Eq.
[33] of Table IV; points B, B’, and B” correspond to
the condition ¢(0) = 1/8. Sections BC, B’C’, and B”C”
were calculated with Eq. [38] of Table IV and repre-
sent the transition region between operation of the en-
tire electrode with a linear reaction rate law and
operation with an exponential law. Sections CD, C'D’,
and C”D” were calculated from Eq, [35] of Table IV;
points C, C, and C” correspond to the condition,
¢(1) = 1/8. The correspondence between exact and

[45]
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Fig. 7. Potential distribution in the finite porous electrode as a
function of the transfer coefficient (8) at constant current (I).
Solid lines are calculated with exact equations, open circles with
approximate method.

approximate solutions decreases in the sequence:
AB'C'D’, ABCD, AB”C"D”. Reference to Fig. 2 shows
that this sequence might have been anticipated from
the relative behavior of the exact and approximate
rate laws. The major effect of the assumption of a dis-
continuous rate law as an approximation to the more
exact law is exhibited in the calculation of the po-
larization curve of the finite electrode. As shown below,
the effect of the discontinuity in the rate law is aver-
aged out over the length of the electrode, and exact and
approximate methods for the calculation of potential
and current distributions agree well.

Potential and reaction rate distributions in the finite
electrode, computed by use of both exact and approxi-
mate methods, are shown in Fig. 7 and 8 as a func-
tion of the transfer coefficient. Curves A, B, and C in
Fig. 7 and 8 were calculated from Eq. [14], [13], and
[15] of Table I, with x =1 and I = 100; the open cir-
cles were calculated from Eq. [34] of the approximate
method. The agreement between exact and approxi-
mate methods is very good. Since the total current (I)
is constant, the reaction rate curves of Fig. 8 intersect.

LSl T S e N SR

LOG p(€)

0 1 § e | 1 4 I} 1 1
02 03 04 05 06 07 08 09 1.0

3

Fig. 8. Reaction distribution in the finite porous electrode as a
function of the transfer coefficient (8) ot constant current (/).
Solid lines are calculated with exact equations, open circles with
approximate method.
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Fig. 9. Potential distribution in the semi-infinite porous electrode
as a function of the transfer coefficient (8) at constant current
(I’). Solid lines are calculated with exact equations, open circles
with approximate method; filled circles denote xo, where ¢(x,) =
1/8 and the rate law changes from p(x) = exp [¢(x)] to p(x)
= ¢(x).

Potential distributions for the semi-infinite elec-
trode are shown in Fig. 9 as a function of the transfer
coefficient for the parameters « =1 and I’ = 100. The
exact distributions were calculated from Eq. [27] to
[31] of Table III. Values of incomplete elliptic integrals
of the third kind occurring in Eq. [30] and [31] were
computed by use of tables (36). The approximate dis-
tributions were calculated by use of Eq. [41] and [42]
of Table V. The locus of the point x, was calculated in
each case from the formula in Table V. Since x, repre-
sents the transition point between linear and expo-
nential rate laws, it is a useful measure of the degree
of penetration of the reaction into the porous electrode.
As for the case of the finite electrode, the agreement
between exact and approximate methods is good. The
best agreement is found for the case of the symmetrical
rate law (8 = 1/2). The distributions of reaction rates
corresponding to the potential distributions of Fig. 9
are similar in form to those of Fig. 8.

In contrast to the calculation of polarization curves
for the finite electrode (cf. Fig. 6), calculation of the
potential profile using the approximate method pro-
posed here shows little effect of the assumption of a
discontinuous rate law. Furthermore, as shown in Fig.
7-9, both exact and approximate methods provide es-
sentially the same distributions. Figures 7 and 9 show
that the potential distribution in porous electrodes is
a rather sensitive function of the value of the transfer
coefficient in the reaction rate law. Although the
exact solutions reported above should be useful for
computational purposes in special cases, their utility
is somewhat limited for arbitrary values of the trans-
fer coefficient which are likely to occur with practical
porous electrodes. The approximate method outlined
above then affords a much easier and still relatively
exact technique for the calculation of polarization be-
havior and potential and current distributions in
porous electrodes under pure activation control.
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SYMBOLS

A Average cross-sectional area of elec-
trolyte in porous electrode, cm2

cn(u, k) Jacobian elliptic function, cosine am-
plitude u

dn(u, k) Jacobian elliptic function, delta am-
plitude u

f, fo Functions occurring in exact treat-

- ment of semi-infinite electrode for

. B = 1/4 or 3/4; defined in Table III

i Total current of porous electrode,

. amp

1o Total exchange current of finite po-
rous electrode, amp

I Dimensionless reduced total current
of finite electrode; I = i/i0 = i/Sljo

r Reduced total current of semi-infinite

. X electrode; I’ = i/Sj,, cm

j(E),ji(x) Current density of electrochemical
reactions occurring at the interface
between solid and liquid phases in
finite and semi-infinite porous elec-

. trodes, respectively, amp/cm?

Jo Exchange current density of porous
electrode, amp/cm?

k Modulus of Jacobian elliptic func-
tions and integrals

Kk’ Complementary modulus;
k' = (1—k2)1/2

K Complete elliptic integral of the first
kind

T Length of finite porous electrode, cm

QR,Q Dimensionless integration constants
occurring in the approximate treat-
ments of finite and semi-infinite elec-
trodes, respectively; defined in Tables
IV and V

RT/F Thermal volt equivalent, volts

sd (u, k) sd(u, k) = sn(u, k)/dn(u, k)

sn(u, k) Jacobian elliptic function, sine am-
plitude u

S Surface area of porous electrode per
unit length, cm

tn(u, k) tn(u, k) = sn(u, k) /cn(u, k)
Incomplete elliptic integral of the first
kind

Uo Value of u when & = 0Oor x = 0

x Distance parameter of semi-infinite
porous electrode, cm

Xo Point of transition between linear and
exponential rate laws in approximate
treatment of semi-infinite electrode,
cm

Y Convenient functions used in exact

treatments of finite and semi-infinite
porous electrodes

o Parameter occurring in exact treat-
ment of semi-infinite electrodes for
B = 1/4 or 3/4; defined in Table III

B Transfer coefficient of the anodic reac-
tion (0<B<1)
L% Parameter occurring in exact treat-

ment of finite electrode for g = 1/3;
defined in Table I

d Parameter occurring in exact treat-
ment of finite electrode for g =2/3;
defined in Table I

n(E), n(x) 1 (8) =A¢ (E) —Ago; n(x) =A¢ (x) —Ago;
overpotential in finite and semi-in-
finite electrodes, respectively, volts

K, K k = (1lF)/(¢ART); « = (joSF)/

(aART) resistance parameters occur-
ring in treatment of finite and semi-
infinite electrodes, respectively
(¢’ = cm~—2)
" Parameter occurring in exact treat-
ment of semi-infinite electrodes for
B = 1/4 or 3/4; defined in Table III
E Dimensionless distance parameter of
finite porous electrodes
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a0

Point of transition between linear and
exponential rate laws in approximate
treatment of finite electrode
n{u,a?/(a?—1)} Legendre’s incomplete elliptic integral

of the third kind; occurs in Eq. [30]
and [31] of Table IIT

p(8),p(x) p(8) = §(E)/jo; p(x) = j(x)/jo; di-
mensionless reduced reaction rates in
finite and semi-infinite electrodes, re-
spectively.

4 Specific conductance of solution,
ohm~—1cm—1

oM. Potential of the metallic phase of po-

rous electrodes, here assumed con-

stant, volts

Potential of the solution phase of

finite and semi-infinite porous elec-

trodes, respectively, volts

¢(8) = Fn(E)/RT; ¢(x) = Fn(x)/RT;

dimensionless reduced overpotentials

in finite and semi-infinite electrodes,

respectively

¢(0) Dimensionless reduced overpotential
atE=0orx=0

¢ (1) Dtirgnensionless reduced overpotential
a

¢ (Eo), ¢ (x0) ¢(Eo) = ¢(x0) = 1/B; dimensionless

reduced potentlal of transition be-

tween linear and exponential rate

laws in approximate treatments of

finite and semi-infinite electrodes, re-

spectively

Ap (8) =¢pm—o¢s(E) ;40 () =¢M—os(x) ;

interfacial potentlal difference in fi-

nite and semi-infinite porous elec-

trodes, respectively, volts

#s(8), ¢s(x)

¢ (8),¢(x)

A¢ (8), A ()

Ao Rever51ble interfacial potential differ-
ence, VO
& b= [¢(E)—¢(1)]/[¢(0)—¢(1)], rela-
tive potential function
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Transport Numbers in Pure Molten AgNO. and AgClI
by a Simplified Weighing Method

Paul Duby! and Herbert H. Kellogg

Department of Mineral Engineering, Columbia University, New York, New York

ABSTRACT

A very simple technique is described for measuring transport numbers in
pure fused salts. The transport of matter due to ionic electromigration is
determined by recording continuously during electrolysis, the weight change
of a movable half-cell, which consists merely of a vertical tube closed at its
lower end by a coarse-fritted Pyrex plug. A small but significant decrease
of the silver transport number with increasing temperature is found in both

molten AgNO; and AgCl.

A number of techniques have been used for meas-
uring transport numbers in pure molten salts. Most of
these techniques have been criticized because of ex-
perimental limitations. More recently, the principle of
the measurement itself has been questioned, and
doubts have been expressed about the concept of the

1 Present address: School of Metallurgical Engineering, University
of Pennsylvania, Philadelphia, Pa.

transport number (1). Devising new independent
methods of measurements has therefore a twofold
purpose. First, it will make possible the selection of
the most appropriate technique in each case, and it will
improve the reliability of presently available data.
Second, each new measurement brings more facts to
support theories about the experimental significance of
the transport number concept.
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The present paper describes a very simple technique
for measuring transport numbers, which is directly de-
rived from the weighing method previously reported
by the authors (2,3). Both techniques are based on
the measurement of the equivalent mass transport due
to electromigration. The first one records the displace-
ment of the center of gravity of a horizontal cell when
the electrical current passes through it. The second
one measures directly the weight change of one elec-
trode compartment while the electrolysis proceeds.
This is done by suspending a half-cell from a recording
balance so that it dips into the vessel containing the
melt and the other electrode.

This simplified weighing technique does not yield
results with as high precision as the more elaborate
one, but in this respect it is still as good or better as
recently reported radiotracer experiments (4). The
apparatus is quite simple and the procedure is very
fast. It is recommended for rapid measurement of
transport numbers within a few per cent.

Let us consider a molten salt MX, being electro-
lyzed between two electrodes of the metal M, separated
by a porous membrane which defines the two elec-
trode compartments. An equivalent mass M; is trans-
ferred per faraday from the anode toward the cathode

M; = Tm My — Tx Mx [1]

where My, Mx are the equivalent masses of compo-
nents M and X, and Tu, Tx are the transport numbers
measured with respect to the porous plug.

A volume change of the melt in the electrode com-
partments also takes place. It produces a level differ-
ence between the electrode compartments, from which
a mechanical flow results. It has been shown (3) that
the total rate of weight change due to both the electro-
migration and the return flow is a function of time,

d I I
—W(t) = M;—g— (V. Ve) — 1—e—at 2
% (t) th (Ve + e)FPQ( e—at)  [2]

where W(t) is the weight of the moving half-cell; I,
the electrical current; F, the faraday constant; g, the
gravitation constant; V; and V., the volume changes
due to electromigration and to the electrode reaction;
p, the density of the melt; a, a time constant which
defines the rate of hydraulic flow through the porous
membrane; t, the time.
For the system described above

Vi+ Ve=Tx Vux — Vm° [3]

where Vux is the equivalent volume of the salt and
Ve is the equivalent volume of the metal in the elec-
trode.

The rate of weight change per unit of electric cur-
rent depends only on the transport number and the
hydraulic characteristics of the plug. If the duration
of the run is small compared with 1/a, the second
term vanishes in Eq. [2] and the initial weight change
is a direct measurement of the equivalent mass trans-
port and hence the transport number

M + M.
Ty = __eix_ [4]
Mwm + Mx

With coarse fritted disks, 1/a is rather small and the
last term of Eq. [2] cannot be neglected. The magni-
tude of this term can be evaluated from a measure-
ment of the time constant, a. In the experiments re-
ported below, the measured weight change was always
corrected in this manner in order to compute the
equivalent mass transport. This correction amounted to
about 0.01 on the transport number.

Experimental
The apparatus is represented on Fig. 1 The electrol-
ysis cell consists of a 30 mm-diameter Pyrex vessel
containing the molten salt. Inside hangs the movable
half cell. The latter consists merely of a 8 mm-diameter
Pyrex tube closed at its bottom by a coarse porosity
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ELECTROLYSIS
CIRCUIT

MWEIGHT
RECORDER

Fig. 1. Diagrammatic sketch of apparatus. 1, movable half-cell
with porous membrane; 2, silver electrodes in molten salt; 3, silver
electrodes in aqueous silver nitrate solution; 4, mercury contacts;
5, furnace; 6, ch I-alumel th ple; 7, heat and draft
shields (not completely shown).

fritted plug. The two electrodes are made of silver
wire (% in. diameter). One hangs inside the half-cell,
the other is exterior to it and is formed into a loop at
the bottom of the outer vessel. A thermocouple, pro-
tected by a Pyrex tubing also dips into the melt.

The cell is contained in a small resistance furnace
with a viewport, so that the free motion of the half-cell
can be observed. The temperature is controlled by a
proportional controller, receiving its signal from a
thermocouple located under the cell. The temperature
is constant to about 2°C over a length of 4 cm around
the porous membrane.

The movable electrode compartment hangs from the
left pan of an Ainsworth semimicro recording balance.
The fine michrome suspension wire (B 4+ S No. 36)
also serves to carry the electrical current to the elec-
trode.

With such an experimental set-up, the force acting
on the balance, F, equals the weight of the half-cell,
W, minus the buoyancy, B, plus the resultant of sur-
face tension forces, S. If one assumes that the surface
tension forces remain constant, then a change of
weight of the half-cell, AW, produces a displacement
of the left pan AX, and accordingly a change of buoy-
ancy, AB. The resulting change of the force acting on
the balance is, AF, given by

AF — AW — AB = AW — pgAAX [5]

where A is the cross-section of the movable electrode
compartment. If k is the proportionality constant of the
automatic balance mechanism which relates AX to AF,
then
AW
AF = — [6]
14 kApg

In the conditions of our experiments the expression
1 4 kApg is approximately equal to 20, which means
that the sensitivity of our apparatus is reduced to about
1/20 the nominal sensitivity of the balance. One divi-
sion of the chart (1/10 in.) represents accordingly 2 mg
instead of the nominal 0.1 mg.

A first series of measurements were made with the
apparatus as described so far. The system was cali-
brated by changing weights on the right pan. Allow-
ing for some oscillation of the balance, which was
probably due to thermal convection currents above
the cell, the readability was found equal to half a divi-
sion or 1 mg. The reproducibility of the calibration,
however, was uneven and seemed to depend on the
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speed with which the weights were applied. This was
attributed to a change of the surface tension forces on
the movable half cell as a function of the speed or
acceleration of its motion. To take care of that, another
calibration procedure was adapted, as follows:

From the right pan of the balance hangs a piece of
silver wire (% in. diameter) dipping into an aqueous
solution of 10% silver nitrate. A second silver elec-
trode is fixed into the vessel containing the solution so
that the whole cell constitutes a silver coulometer. The
calibration of the balance is done by passing a known
electrical current through the coulometer in order to
cause a rate of weight change roughly equal to the
expected rate of weight change due to electrolysis of
the molten salt. In this maner, the very same displace-
ment occurs during the calibration and the actual run.

By this method the rate of weight change is, indeed,
calibrated. The measurement is then merely the com-
parison of two slopes on the weight vs. time plot re-
corded by the balance: one for current through the
cell, the other for curernt through the coulometer.

The same apparatus can be used also as a zero-
method, by passing simultaneously two different cur-
rent intensities through the cell and through the
coulometer and varying one of them until the balance
beam is maintained in equilibrium. The result is then
computed from the ratio of electrical currents. This
method has also been applied successfully.

Results and Discussion

The experimental procedure is very similar to the
one used by Harrington and Sundheim (5) to measure
leakage rates through porous diaphragms in order to
evaluate their possible use for transport experiments.
We have, however, improved this technique in two
ways. First, the use of a recording balance makes the
experiment easier and more reliable. Second, the use
of the silver coulometer improves the calibration since
it makes possible the actual calibration of the rates of
weight change.

Measurements have been made first with molten
silver nitrate in order to evaluate the technique by
comparison with the results obtained with the hori-
zontal cell. Figure 2 shows all the data. They are
somewhat more scattered than the other ones but the
general agreement is quite good. The two values ob-
tained by Laity and Duke with their bubble cell (6)
are also indicated. The following temperature de-
pendence has been obtained by the least square tech-
nique

Tag = 0.798 — 5.6 10—% (6 — 200)

with a standard deviation 0.006.

A series of measurements have been made with
molten AgCl. Figure 3 shows the results. A small but
significant temperature dependence is found. It is very
similar to the one observed for silver nitrate. The
best line obtained by a least square calculation is

4
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Fig. 2. T e d d of transport in molten

silver nitrate. AgNOg O, verhcal half-cell; e, horizontal cell (3);
[, Laity and Duke (6).
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Fig. 3. Temperature dependence of transport number in molten
silver chloride.

Tag = 0.682—4.8 104 (¢ — 500)

with a standard deviation 0.016. The two other meas-
urements of transport number in molten silver chloride,
which we know of, disagree among themselves and
with our results. We have so far no explanation for
those differences. First, Duke and co-workers (7)
found Tc1 =0, and accordingly Tag =1, in the 500°-
600°C temperature range, by means of a radiotracer
technique in a Pyrex cell. It must be recalled, how-
ever, that Lunden (8) concludes from his own ex-
perience with the radiotracer technique that “it seems
wise always to check the results by using both anion
and cation tracers.” Accordingly, Duke and co-workers’
value should eventually be checked by a more
thorough investigation. Second, Murguliscu and Marta
(9) found an average value of Tag = 0.54 by weighing
the anodic compartment after passing the current.
Their results. however, are scattered between a lower
value 0.45 and an upper one 0.68. Taking this scattering
into account, those data seem no longer very different
from ours.

Summarizing, this simplified weighing method gives
quick and reproducible transport number measure-
ments. The slight temperature dependences of trans-
port numbers in both silver nitrate and silver chloride
appear significant. It is to be compared with the de-
pendence on temperature found by Fisher and Klemms
(10) for zinc chloride and thallium chloride and the
one already reported (3) for lead bromide.
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Technical Notes

Some Observations on the High-Temperature
Oxidation of Lanthanum

W. L. Phillips

Engineering Materials Laboratory, Engineering Research Division, Engineering Department,

E. I. du Pont de Nemours & Company, Inc., Wilmington, Delaware

Loriers (1) showed that lanthanum is attacked by
dry air until a constant weight increase of 0.45 mg/cm?
was reached after 25 min at 300°C. More recently
Vorres and Eyring (2) reported that this element oxi-
dizes in a parabolic manner. Above 300°C lanthanum
transforms from hcp (hexagonal-close-packed) to fce
(face-centered-cubic) . The volume ratio of the oxide to
the fcc phase is 1.11 (3).

Testing was carried out in an Ainsworth aperiodic
milligram analytical balance. The balance was modi-
fied to accommodate a 12-in. long sapphire rod sup-
porting a zirconia crucible in a vertical furnace (4).
Samples of 99.5% pure lanthanum were purchased
from the American Chemical and Potash Company.
Since lanthanum oxidizes readily at room temperature,
the paraffin-protected ingots were cut under oil into
samples approximately 0.1 x 0.2 x 1 cm. Each sample
was then dried under vacuum at 100°C for 5 hr prior to
oxidation. Density measurements showed that the
samples were 100% dense. The lack of oxidation before
testing was indicated by the absence of white LayOs.
The time of transfer from the vacuum chamber to the
oxidation apparatus was ~ 25 sec.

Representative weight-gain vs. time plots for lan-
thanum at 700°C are shown in Fig. 1. The initial linear
weight gain is constant at the same rate in repetitive
tests. At times varying from 750 to 1200 sec, the weight
gain discontinuously jumps to a constant value of
32+ 1.0 mg/cm2. Figure 2 is a plot of the weight gain
vs. time for samples tested at temperatures of 600°
to 850°C. In the temperature range of 600°-700°C, the
samples obeyed a single linear law until a time vary-
ing from 810 to 2150 sec when the weight gain jumped
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Fig. 1. Weight gain vs. time for lanthanum oxidized at 700°C:

e, No. 1; X, No. 2; O, No. 3; A, No. 4.
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Fig. 2. Weight gain vs. time for lanthanum oxidized at the
temperatures indicated: O, 600°C; X, 700°C; A, 800°C; [J,
850°C.

to 32 = 1 mg/cm2. Above 700°C two distinct linear re-
gions were observed. In the times investigated, 2400
sec, no discontinuities were observed until the samples
reached a weight gain of 32 + 1.0 mg/cm2. At this
weight no further gain was observed. The initial
linear-weight-gain constant reached a maximum at
810°C. Figure 3 is a plot of the initial linear-weight-
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Fig. 3. Initial linear scaling rate constant vs. reciprocal absolute
temperature.
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gain constant in the temperature range of 600°-810°C
as a function of reciprocal absolute temperature. The
activation energy was ~ 32.8 kcal/mole. X-ray exam-
ination indicated that LayO3 was the only oxidation
product at all temperatures.

These results demonstrate that lanthanum oxidizes
linearly in the temperature range of 600°-850°C. This
is in disagreement with the results of Vorres and Eyr-
ing (2). No reason is advanced for this discrepancy.

The weight gain of the samples used in the present
investigation, if all the lanthanum were oxidized to
lanthanum oxide, would be ~ 35 mg/cm2. This agrees
within experimental limits with the observed value of
32 mg/cm2. Loriers used samples which, if completely
oxidized, would gain 0.42 mg/cma2. This is also in agree-
ment with the observed value of 0.45 mg/cm2. These
observations and x-ray data indicate that lanthanum
oxidizes completely to lanthanum oxide by either a
continuous or discontinuous mechanism.

The observation of a discontinuity in the weight-
gain-vs.-time plots and the decrease in the initial rate
as the temperature increases has been observed in

HIGH-TEMPERATURE OXIDATION OF La
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columbium by Kolski (5). The discontinuity is much
sharper in lanthanum. Although the phenomena ob-
served in the two metals may be related, normal
metallographic practices are unsuitable for studying
lanthanum because of its instability even at room
temperature.

Manuscript received April 15, 1964.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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Diffusion of Oxygen in Hafnium

J. P. Pemsler
Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts

Some years ago I first reported on the determination
of the diffusion coefficient of oxygen in hafnium (1).
The technique was one used previously to measure
the diffusion of oxygen in zirconium (2) and consisted
of observations of the dissolution rate of anodically
deposited interference colored oxide films. At the
time of the hafnium study no data were available
regarding the hafnium-oxygen phase diagram, and
since calculations based on this technique required a
knowledge of the solubility limit of oxygen in haf-
nium, the diffusion coefficient was reported for each
of three assumed solubility limits. Since this publi-
cation there have been three papers by other authors
concerned with this subject. Gadd and Evans (3)
report measurements of the diffusion coefficient of
oxygen in hafnium in the temperature range 700°-
1200°C based on microhardness measurements made on
oxidized samples. Wallwork and Smeltzer (4) report
values for the diffusion coefficient at temperatures of
800° and 950°C based on microhardness indentations
on oxidized samples and calculated on the basis of a
theory involving a steady-state solution for the oxy-
gen gradient in the metal phase during linear oxida-
tion. Rudy and Stecher (5) in a determination of the
hafnium-oxygen phase diagram report a value of the
solubility limit of oxygen in hafnium as 20.5 at. % at
1350°C and almost independent of temperature.

In recent studies I have shown that the concen-
tration gradient of oxygen beneath the oxide/metal
interface in oxidized samples of zirconium (6) and
hafnium (7) can be accurately predicted by a theo-
retical expression involving diffusivity, time, and ox-
ide thickness. This enables the diffusivity of oxygen in
the metal to be calculated when the other parameters
are accurately known. In addition, the depth of pene-
tration of oxygen was found to increase with time
during protective oxidation and, on the onset of linear
oxidation, begins to decrease. Zones of constant hard-
ness at high oxygen concentration probably due to
ordered hafnium-oxygen alloys were reported.

It is the pufpose of this communication to review the
data concerning the diffusion of oxygen in hafnium in
the light of the subsequent publications and some addi-
tional studies carried out in this Laboratory.

Experimental and Results

In conjunction with the aforementioned study (7)
the diffusion coefficient of oxygen in hafnium was re-

determined by the anodization technique, this time
performing measurements within a single grain of
hafnium to avoid the necessity of estimating average
colors, and hence average thicknesses, of interference
films on a large number of grains in a polycrystalline
sample. The new measurements were performed at
575°, 614°, and 655°C. The diffusion coefficient D may
be expressed as

(x)2
T ap
where b satisfies the equation
b(l4erfb) —— 2 b2
mo\/m

Here in time, t, there is a displacement of the oxide/
metal boundary, a’, which is related to the observed
decrease AL in thickness of oxide film by the follow-
ing expression involving the respective molecular
volumes
A%
_ Hf saturated AL

Vo2

The quantity C, is the difference between the saturated
concentration, Cs, and initial concentration of oxy-
gen in the metal, and m, represents the weight of oxy-
gen removed from the HfO; consumed in the genera-
tion of unit volume of saturated hafnium (HfOggss).
Values for the constants used are pHfOp = 10.13 g/cm3
(8), pHf saturated estimated as 13.29 g/cm3, Cs = 0.300
g/cm3  (5), m,=2.03 g/cm3, a2’ =0.661 AL, and

= 0.0764.

In order to determine whether extrapolation of the
low-temperature diffusion data to high temperatures
is justified, 34 in. diameter hafnium spheres were ox-
idized at 950°C for 111 hr and 1050°C for 64 hr. The
sample was sectioned through the center, polished
metallographically, and photographed at 400X and
800X magnifications at each of sixteen equidistant
positions around the perimeter. The thickness of
the oxide was determined with a planimeter and
used to calculate the total quantity of oxygen con-
tained in the oxide scale. This value when sub-
tracted from the total weight gain gives the quan-
tity of oxygen in solution in the metal substrate. In
the case under consideration about 50% of the oxygen
absorbed was contained in the metal substrate. These
data were then used to calculate the diffusion coeffi-
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Fig. 1. Temperature dependence of the diffusion coefficient of
oxygen in hafnium. Open triangle, Gadd and Evans (3); Open
square, Wallwork and Smeltzer (4); Open circle, Pemsler (1);
Open diamond, this work, anodic d ion; Solid p gon, this
work, weight gain.

cient of oxygen in hafnium at 950° and 1050°C accord-
ing to equations derived previously (6, 7).

Results of the investigations to date are summarized
in Fig. 1.

The excellent agreement of the point at 950° and
1050°C with an extrapolation of the low-temperature
data indicates that hafnium, like zirconium, conforms
to an Arrhenius plot over many decades in values of
the diffusion coefficient. A least square solution of
the data from anodic dissolution measurements gives
a value for the diffusion coefficient as
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D = 0.660 exp [—50, 820 = 240/RT]

A variation in the diffusion coefficient of a factor of
about two among the differently oriented grains was
reported in my initial study (1). A more precise re-
determination indicates that the variation with ori-
entation is a factor of about 1.4 and that in a poly-
crystalline sample relatively few grains show this
extreme; the large majority vary by & factor of no
more that 1.1. Studies on single crystal material are
planned to further clarify the orientation dependence.

Discussion

The work of Gadd and Evans may be criticized from
several viewpoints. First, their oxidations were car-
ried out in air so that in addition to the development
of a hafnium-oxygen gradient in the metal they must
have had a superimposed hafnium-nitrogen gradient.
Although the diffusion of nitrogen in hafnium is un-
doubtedly much slower than that of oxygen, it would
be expected to penetrate to a significant depth at the
temperatures of their investigation. In addition, the
anomalous microhardness of concentrated hafnium-
oxygen alloys were not taken into account.

Since Wallwork and Smeltzer worked in pure oxy-
gen and obtained microhardness readings as an average
of five hardness scans, their data may represent ade-
quate approximations to the diffusion gradient. How-
ever, I am in disagreement with their interpretation
of a steady-state gradient during the course of linear
oxidation, and the disagreement between our dif-
fusion coefficients may be ascribed to these differences
in interpretation.

Manuscript received May 18, 1964.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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Growth of As.O. on GaAs

M. E. Straumanis and C. D. Kim

Department of Metallurgical Engineering, School of Mines and Metallurgy,
University of Missouri at Rolla, Rolla, Missouri

It was frequently observed that on polished sec-
tions of GaAs, if etched with diluted HNOjz (1:10
by volume), crystallites (not etch pits) were pro-
duced. These crystallites were a product of growth
because of their slight elevation above the surface of
GaAs. The same observation was made by Yeh and
Blakeslee (1).

If GaAs is etched with concentrated HNOgs, the
process of growth of the salt-like compound is very
fast, as the surface becomes whitish dull in a short
time. The microscope revealed clearly that on the sur-
face of the GaAs a deposit is formed, with the black
matrix of the arsenide still shining through (Fig. 1).
By careful scratching of the surface with a blade tiny
amounts of a white substance could be removed, of
which very good x-ray powder patterns were ob-
tained. They turned out to be clear patterns of As;Os.
Evidently the latter was formed by oxidation of As
with HNOj, while the Ga(NO3)s went into solution

v w
Fig. 1. GaAs etched with concentrated HNOj3; white deposit
on the black matrix. Magnification 60X.
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GROWTH OF As,O; ON GaAs

Fig. 2. As2O3 platelets, formed on GaAs in 3 hr, 10% HNOs3,
lateral illumination. Magnification 60X.

Fig. 3. AS)O; platelets, 10x thick, [110] and [001] perpendicular
to the GaAs surface, vertical illumination, 10% HNOj;. Magnifica-
tion 320X.

2As + 2HNO3 = Asy03 + H20 + 2NO

Since the solubility of AssO; in water is not very
good (2.1g in 100 ml of HO at 25°C), the oxide crys-
tallized out on the surface of GaAs.

The process of AsyOz crystallization was much
slower in dilute HNO3 (1:10). But in such a case thin,
crystal platelets on the GaAs surface (Fig. 2) were
formed. The orientation of these crystals, as can be
seen, is at random (1), on the large monocrystalline
grains of GaAs. However, many of them, if observed
under a larger magnification, appeared as beautiful
platelets having two preferred orientations: with the
direction [110] or [001] nearly perpendicular to the
GaAs surface (Fig. 3), while their orientation in the
surface itself was random. The rhomb-shaped crystals
appeared most frequently.

If instead of HNOgs, aqua regia (HNO3 : HC1 = 1:3)
is used, in about 20 min very beautiful thick As»Ojs
crystals, sticking well to the GaAs surface are obtained
(Fig. 4).

All these crystals were combinations of cubic,
rhombic, and octahedral planes [the latter are typical
for As;O3 (2)], with two preferred orientations rela-
tively to the substrate, as already mentioned (see Fig.
3). The growth of such crystals is explained on Fig.

Fig. 4. AsyO3 crystals on GaAs. Steps are discernible on the
planes; etchant: aqua regia. Magnification 580X.

ool

I
< IC_ Il | i)
v 257 7% 2
Fig. 5. Schematized growth of AsyOg crystals on GaAs: a, top
view; b, front view.

5a and b. First, thin crystal platelets are formed (Fig.
3) with the direction [110] approximately perpendicu-
lar to the dissolving GaAs surface, and the [001] in
the surface. Then the same kind of layers with the
same orientation grow on each other stepwise, as can
be seen from Fig. 4 and is shown schematically in
Fig. 5. The angles of the rhomb-shaped crystals (Fig.
3 and 4), as drawn in Fig. 5a, are close to the theo-
retical angles between two (111) planes and between
the (100) and (111) planes. Of course, it cannot be
said whether or not the square on Fig. 3 is a cube
plane or a top view of an octahedron. An ideal cubo-
octahedron in two projections is shown on Fig. 5.
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Silicon Phosphide Precipitates in Diffused Silicon

P. F. Schmidt and R. Stickler

Westinghouse Research and Development Center,
Pittsburgh, Pennsylvania

The presence of a silicon phosphide phase in the
surface layers of heavily phosphorus-diffused silicon
was suggested by the results of tracer experiments.
Investigation of suitably thinned silicon specimens
then led to the direct observation of the precipitate
by transmission electron microscopy, and to its crystal-
lographic identification by means of electron diffrac-

tion.
Tracer Work

The occurrence of a steep spike in the phosphorus
concentration at the Si/SiO, interface, extending into
the silicon for a distance of only 1-2,000A, as detected
by tracer techniques has been reported before (1).
Figure 1 shows the profile of such a spike, obtained
by step-wise dissolution of the phosphorus-doped an-
odic oxide film which had been used as the diffusion
source (1), subsequent multiple anodization of the
silicon, and dissolution of the anodically formed oxide
in HF between each step. The sloping of the phos-
phorus concentration in the oxide from left to right is
due to the fact that the doped oxide was not protected
by a nondoped SiO; layer, and that the diffusion was
carried out in a sealed quartz tube. Under these con-
ditions initially a large quantity of phosphorus was
lost from the doped anodic oxide to the surroundings,
but did not diffuse deeply into the quartz walls be-
cause of the density of the latter. During the later
stages of these long-time diffusion runs the oxide be-
came depleted of phosphorus, and eventually some of
the phosphorus from the walls diffused back into the
anodic oxide. The activity of the P32 contained in the
silicon layer which was converted to oxide by anodiza-
tion, was determined after evaporating the HF solu-
tion to dryness in a Teflon tray. The reproducibility of
the magnitude of the spike as determined in this fash-
ion was poor, whereas the adjoining portion of the
diffusion profile could be reproduced quite accurately
from run to run. This fact suggested that the phos-
phorus in the region of the spike might be present
either as elemental phosphorus, precipitated at dislo-
cations, or as silicon phosphide. The existence of a
silicon phosphide phase (and its gettering properties
for gold), has been suggested by Kooi (2).

In the tracer experiments reported here the P-32
tagged silicon wafers were counted: (a) after anodiza-
tion in the radioactive solution; (b) after diffusion;
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Fig. 1. (left) Phosphorous concentration profile in anodic oxide
source after diffusion; (right) phosphorous concentration profile
in silicon after diffusion from anodic SiO2(P) source; parameter:
diffusion time at 1175°C.

(c) after stripping of the original oxide; (d) after
anodization in nontracer solution (pyrophosphoric acid
in tetrahydrofurfuryl alcohol); (e) after stripping of
the oxide formed by anodization. In addition, the ac-
tivity of the HF used for stripping the oxide was also
determined. It was found that the activity lost from
the system when stripping the oxide in HF could be
accounted for by the activity of the HF solution, within
the somewhat high limit of error of determining the
activity in the tray; apparently the distribution of the
residue in the tray is not uniform, leading to uncer-
tainties in the analysis.

A large loss of activity from the silicon samples oc-
curred during the first anodizing step, i.e., the phos-
phorus contained in the surface layer of the silicon was
not all incorporated into the oxide, but was largely
lost to the anodizing solution. Table I presents the
normalized count from two wafers during the various
steps described above. The anodization was to 200v at
constant current only. On less highly doped silicon,
this voltage would correspond to a surface layer of
silicon of 332A + 5% converted to oxide. In the present
case, due to the heavy loss of phosphorus originally
contained in the silicon, the increment could be some-
what larger than 332A.

It is noteworthy that the phosphorus surface con-
centration, determined after the first anodization from
junction depth and sheet resistance, assuming an erfc
distribution and using Irvin’s data (3), was only
5.2 x 1019/cc on one sample (see Table I).

The assumption of very heavy doping of the outer-
most layers of the silicon is in agreement with infra-
red transmission measurements performed on another
set of phosphorus diffused wafers. After stripping the
original anodic oxide source, these wafers showed a
strong structureless absorption, increasing approxi-
mately with the square of the wavelength in the region
between 2 and 9u. The strong absorption disappeared
completely after the first three anodizations.

The outstanding feature in Table I is the large
drop in activity after the anodization step. It is, how-
ever, not entirely clear whether any phosphorus is
also leached out of the silicon itself when the oxide
source is dissolved in HF. The shape of the phosphorus
diffusion profile in the oxide (Fig. 1) suggests that
this should only be a second order effect, if present
at all. The observed behavior, loss of phosphorus
from the silicon during anodization, but no or little
loss during removal of the oxide in cold HF, is in
agreement with the reported chemical properties of

Table I. Normalized count above background from 2 phosphorus-32
diffused silicon wafers
(a) Diffused for 54 min at 1050°C in sealed quartz tube with
argon backfilling;

(b) Diffused for 14 min at 1250°C in sealed quartz tube with
argon backfilling.

1 2 3 4 5
After
After anodization After

After anodization After stripping in nontracer stripping
in tracer solution diffusion original oxide solution anodic oxide
(a) 226 163 100 36.4 33.5

(b) 201 126 100 52.1 44.6

Sheet resistance

after step 5, Phosphorus surface
ohms/square Junction depth, x conc. assuming erfc
(a) 29 1.07 1.2 x 10®/cc
(b) 18 3.47 5.2 X 101%/cc
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Fig. 2. SiP precipitates in (110) oriented silicon. Transmission
electron micrograph.

silicon phosphide (4). SiP is rather resistant to cold
dilute acids, whereas its anodization behavior may
be expected to be similar to that of (p-type) silicon
carbide. Anodization of silicon carbide results in the
formation of a dense oxide film, composed presumably
entirely of SiO; (5).

In order to differentiate between a silicon phosphide
phase and elemental phosphorus precipitated at dis-
locations, the diffused silicon wafers were stripped of
the original oxide and were then examined by elec-
tron microscopy in transmission.

Electron Microscopic Work

For the examination by direct transmission in the
electron microscope, portions of the Si-wafer must
be prepared to be transparent to the electron beam
(less than 1u for Si). Small pieces of the Si-wafer
were thinned in the central portion by a chemical jet
polishing technique (6). By thinning the wafer from
one side only, a surface layer approximately 1z thick
can be examined, while carefully timed polishing from
the top side and final thinning from the other side
allows the examination of layers approximately 1u
thick at any desired distance from the surface (accu-
rate to within =+ 1u).

The examination of the surface layer of the p-dif-
fused Si-wafers revealed the presence of numerous
rod-shapd particles (Fig. 2) oriented along <110>
directions, as determined by electron diffraction. Se-
lected area electron diffraction yielded patterns con-
sisting of the reflections from the particle superim-
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posed on that of the <110> pattern of the Si-matrix.
The electron diffraction pattern of the particle could
be indexed according to structure data reported by
Schubert et al. (7) for SiAs which is isomorphous
with SiP. A detailed report on the structure of SiP
and SiAs determined by x-ray diffraction and electron
diffraction will be published elsewhere (8), it is briefly
summarized here. Contrary to the monoclinic struc-
ture of SiAs suggested by Schubert (7) the results of
our investigation indicate that SiP has an orthorhombic
structure (a = 6.90, b = 9.40, ¢ = 7.68). It precipi-
tates in the Si-matrix with following orientation re-
lationship

[010]sip//[111]si
[001]sip//[110]si

Precipitates, however, could not be detected at other
levels below the surface of the Si in accordance with
the tracer studies. Thus, the transmission electron mi-
croscope observation gives proof of the presence of
SiP in the outer regions of the diffused wafer, ex-
plaining the anomalous diffusion profile revealed by
the tracer experiments. It should be noted that the ob-
servations reported here do not exclude the simultane-
ous presence of phosphorus precipitated in other forms.
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The Effect of Lithium lon on the Mechanism of the
Polarographic Reduction of Benzil in Dimethylformamide

Robert H. Philp, Jr.,! Thomas Layloff, and Ralph N. Adams

Department of Chemistry, The University of Kansas, Lawrence, Kansas

The polarographic reduction of benzil in dimethyl-
formamide (DMF') proceeds via a reversible one elec-
tron transfer at ca. —1.0v vs. SCE followed by an ir-
reversible one electron transfer at ca. —1.6v vs. SCE
with tetrabutylammonium iodide as the supporting
electrolyte (1). The cyclic voltammetry of benzil in
DMF with 0.1M tetraethylammonium perchlorate
(TEAP) proceeds in a similar fashion at a hanging
mercury drop (Fig. 1). The primary reduction wave
is found to have |Ep anodic — Ep cnthod‘cl = 59 mv which

1Present address: Department of Chemistry, University of
South Carolina, Columbia, South Carolina.

is in good agreement with the theoretical value of
58/n mv given by Matsuda and Ayabe for a reversible
one electron process (2). An irreversible second re-
duction wave is observed at —1.6v vs. SCE. The one
electron transfer step of the primary reduction wave
was verified by obtaining the Electron Paramagnetic
Resonance (EPR) spectrum of benzil (Fig. 2) by ap-
plying a potential just beyond the primary wave em-
ploying standard electrochemical in situ generation
techniques (3). The coupling constants obtained were
a, = ap = 1.03 gauss and am = 0.35 gauss which is in
good agreement with the coupling constants found by
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Fig. 1. 10—3M benzil with 0.1 TEAP in DMF

Luckhurst and Orgel via sodium and potassium re-
duction in tetrahydrofuran (4).

The cyclic polarogram of benzil in the presence of
0.05M lithium perchlorate with 0.IM TEAP in DMF
proceeds via a quasi-reversible electrode reaction at
a potential corresponding to the primary reduction
wave with no lithium ion present. This reduction ap-
pears to involve the transfer of two electrons since
ip (LiClOy4) /i, (TEAP) = 2.03 and can proceed either
by two consecutive one electron transfers occurring in
rapid succession or a one-step two-electron transfer.
No EPR spectrum could be obtained with this system
by applying a potential just beyond the reduction
wave. Thus the EPR experiment did not clarify the
electron transfer mechanism of this reaction. In view
of the work of Bauld and references therein (5) we
suggest the following mechanism

|
¢—c—c— ——> ¢~c_c— —

where the follow up reaction of the benzil radical is
too fast to obtain its EPR spectrum.
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A Correlation of Electrochemical Oxidation Potential

of Organic Compounds with Photoionization Potential
W. C. Neikam, Glenn R. Dimeler, and M. M. Desmond

Sun Oil Company, Marcus Hook, Pennsylvania

In studies of electrochemical oxidation of organic
substances by polarographic techniques, it has been
found in previous work from this laboratory (1) that
there is an indication of a linear relation between the
half wave potential, Ej/scox), for oxidation of seven
mono- and dinuclear aromatic hydrocarbons, and their
ionization potential determined spectroscopically. This
relation has been confirmed and extended to include
five other hydrocarbon compounds in a more recent
paper using photoionization and electron impact ion-
ization potentials (2). Theoretical relations between

Ei1/2¢0x) and the energy of the highest occupied molec-
ular orbital have been proposed by Hoijtink (3). The
energy factors determining Ey/acoxy for a single elec-
tron reaction such as R »> O* 4 e involving a mole-
cule R and its resulting oxidized ionic form O+ will
be given by an equation of the form

El/2(ox) =al +AEsolv.— ﬁEA‘—'

TAS° RT fo+ Dg
~——In——— 4+ C
F F fr Do+
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The energy terms are: (i) the ionization potential I
modified by a factor « to apply to ionization at the
electrode-solution interface, i.e., it corrects I for ef-
fects of adsorption on the electrode and the presence
of solvent; (ii) the change of heat of solvation AEsey.
between R and Ot expressed as a potential; (iii) the
electron affinity EA of the metal m, (i.e., the negative
of the relevant work function) modified by a coeffi-
cient 8 to apply to the electrode-solution interface
where EA may be perturbed by the effect of the sol-
vent and by oxide film formation; (iv) the term AS®
is the sum of entropy changes associated with change
of solvation of R to Ot and effects associated with the
temperature dependence of EA due to adsorbed species
(mainly solvent) at the metal surface; (v) the log-
arithmic term involves the activity coefficient f and
diffusion coefficient D of reduced and oxidized spe-
cies in the reaction; (vi) the constant C is determined
by the potential of the reference electrode used in the
evaluation of Ejy/2¢ox).

In a series of electrochemical oxidations for a range
of compounds, changes in the AS° terms and activity
coefficient ratio will be expectéd to be small compared
with changes in I. These terms may hence be grouped
with C as a combined constant C’ and Ej1/2¢0x) may be
written

El/Z(ox) =al + AEsolv. —ﬁEA + c
Hence, for a given electrode metal where SEA may
be assumed constant, Ej/2¢oxy Will be proportional to I
and will involve any change in solvation energy
AEg,y. involved in the reaction R - Ot + em.

In the present paper, the above relations are tested
for a series of 23 widely different compounds includ-
ing both aromatic hydrocarbons and their halogen de-
rivatives, together with olefins. The relation is ex-
tended to cover, in addition, E1/2(ox) data for 12 poly-
cyclic hydrocarbons in relation to ionization potential
obtained from charge transfer spectra and absorption
spectra.

Experimental
The Ej/scoxy data reported here were measured in
0.50N NaClOg, 0.10N AgClO4.3 CH3CN (4) acetonitrile
solution against a Ag, Agt+ reference electrode. The
anode was a platinum wire, 0.50 cm in length and 0.08
cm in diameter, rotated at 600 rpm. The repeatability

e | 1 1 1 1 1 1 1
060 080 100 120 140 160 180 200

Eypox(V)

Fig. 1. Plot of photoi ial (ev) against E1/2(0x)
(v) vs. the Ag, 0.IN Ag™ reference electrode: O. ref. (5), (6);
o, ref. (4), (9). Numbers refer to compounds listed in Table I.
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Table I. Oxidation potentials and photoionization potentials
for organic compounds

I, ev
E1/a0x),v photo-
No. in Fig. 1 Organic compound vs. Ag, Ag+ ionization
1 2-Methylnaphthalene 1.22 7.95
1.15¢
1-Methylnaphthalene 1.24 7.96
1.13¢
3 Naphthalene 1.34 8.12
1.240
1.31%
4 1,2,4-Trimethylbenzene 1.41 8.27
5 1,3,5-Trimethylbenzene 1.51 8.39
1.50¢
6 p-Xylene 1.56 8.445
1.47¢
7 o-Xylene 1.57 8.56
1.59¢
8 m-Xylene 1.58 8.57
1.61¢
9 p-Bromotoluene 1.72 8.67
10 p-Chlorotoluene 1.76 8.69
11 Iodobenzene 1.77 8.73
12 2,3-Dimethyl-1,3-butadiene 1.83 8.72
13 2-Methyl-1,3-butadiene 1.84 8.87
14 t-Butylbenzene 1.87 8.67
15 Isopropylbenzene 1.87 8.69
16 Cyclohexene 1.89 8.94
17 Ethylbenzene 1.96 8.754
18 n-Propylbenzene 1.97 8.72
19 2-Methyl-1-butene 1.97 9.12
20 Toluene 1.98 8.82
1.68¢
1.93%
21 Bromobenzene 1.98 8.98
22 1,3-Butadiene 2.03 9.07
23 Chlorobenzene 2.07 9.07

a Data of ref.(2).
b Data of ref. (4).
¢ Data of ref. (5).
@ Data of ref. (6) .

of Ejsx) values on a Sargent Model XXI polaro-
graph was within 0.02v. Corrections for the resistance
of the solution was found to be negligible. The con-
centration of the organic depolarizer was 1.00 mM in
all cases. Further details have been described in a
previous article from this laboratory (1) and by
Lund (4).
Results and Discussion

In Fig. 1 is shown a plot of photoionization poten-
tial (5, 6) vs. E1/2(0x) for the 23 compounds of Table
I! (open circles). Also plotted in Fig. 1 (closed cir-
cles) is the experimental data from Table II for 12
compounds whose ionization potentials have been de-

1The numerical data used in constructing Fig. 1 are recorded in
Table I to provide a record for other workers in this fi

Table Il. Comparison of | calculated polarographically with |
calculated from charge transfer spectra and from absorption spectra

Iev
charge I, ev, I, ev, El/ﬂ(ox), v
No. of Organic transfer adsorption polar-
Fig. 1 compound spectra spectra ographic Ag, Ag~
24 Tetracene 6.980 6.94 7.15 0.54¢
0.471
25 Perylene 7.13¢ 7.10 7.17 0.55¢.1
26 Anthracene 7.42% 7.42 7.52 0.84¢
0.791
0.837
27 Pyrene 7.50° 7.70 7.55 0.86¢.1
28 1,2-Benzan-
thracene 7.55? 7.52 1.57 0.88e.7
29 Coronene 7.634 7.64 7.63 0.93e.1
30 Chrysene 7.71% 7.82 7.88 1.13¢
1.057
1.100
31 Hexamethyl-
benzene 7.954 — 7.92 1.16¢
32 Phenanthrene 8.11¢ 8.07 8.01 1.23¢
1.207
33 Triphenylene 7.954 — 8.04 1.25¢.1
34 1,2,4,5-Tetra-
methylbenzene 8.354 — 8.09 1.299
35 Styrene 8.537 — 8.34 1.50¢

e From the data of ref. (8).

b Average value of the data from ref. (9-11).

¢ Average value of data from ref. (9-12).

4 Data of ref. (9).

¢ Data of ref. (4). These data and that from this laboratory
were used to calculate I.
! Data of ref. (2).

¢ Data from this laboratory.
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termined from charge transfer spectra. Included in
Table I and Table II are the values of Ei/scox) Ob-
tained by Pysh and Yang, and by Lund. The agree-
ment is not as good as is expected considering the
precision with which polarograph oxidation potentials
can be obtained. The Ej/2cox) values obtained in this
laboratory utilized the same reference electrode and
electrolyte concentration as was used by Lund. Pysh
and Yang used 2M NaClOy electrolyte solution rather
than the 0.5M solution used in this laboratory and by
Lund.

However, experiments conducted in this laboratory,
in efforts to duplicate Pysh and Yang’s work, with 2M
NaClO4 but using the Ag, Ag+ reference gave the
same results as in 0.5M NaClO4. The source of dis-
crepancy must be with the reference electrode used.
Pysh and Yang used an aqueous calomel electrode
with a KC1 agar bridge to the electrolyte solution. It
has been our experience that this reference causes
considerable experimental difficulty in obtaining
Ei/sc0x) values apparently due to salt precipitation at
the agar acetonitrile interface and contamination of
the electrolyte solution with water from the agar
bridge. The Ag, Ag* reference used in this laboratory,
and by Lund, avoids difficulties due to junctions or
contamination by water. It has the added advantage
that it may be made quite large and placed very near
the working electrode thus avoiding large corrections
for IR drop across the test solution. For these reasons,
we believe it is much to be preferred over aqueous
references, and we suggest that results obtained with
the Ag, Agt reference are more reliable.

The data reported by Pysh and Yang for p-xylene,
toluene, and the naphthalenes differ substantially from
those from this laboratory and that reported by
Lund; we have tried to resolve this difficulty by care-
ful repetition of experiments with American Petro-
leum Institute standards. We can discover no experi-
mental basis for doubting the validity of our results
and the discrepancy must lie in the choice of reference
electrode. In this regard, it should be noted, however,
that the values obtained by Pysh and Yang for tolu-
ene and p-xylene are nearer those expected, from a
M.O. consideration of the inductive effect of the
methyl group, than are ours.

The least squares equation based on the data repre-
sented by the 23 open circles in Fig. 1 is

E12/¢ox) = 0.8271 —5.40v

The values of I predicted by the above equation for
the hydrocarbons of Table II are compared with ex-
perimental values in Table II; the agreement is good.

The value of the constant 5.40v in the above empiri-
cal equation should involve the work function of plat-
inum. The corresponding constant for oxidation at a
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palladium anode obtained on 16 compounds at this
metal is 5.04v. This value differs from that for the
platinum electrode by 0.36v which is in good agree-
ment with the difference of the average values of the
electron work function for platinum, [5.29 (7)] and
palladium [4.82 (7)] viz., 0.47v.

The fact that a very satisfactory straight line is
obtained (Fig. 1) must indicate that.either (i) the
AEgoy. — TAS®sov. (i.e., the free energy change in
solvation of R as it is oxidized to Ot) term is con-
stant for the whole series of compounds and largely
independent of their structure. This implies that ion-
ization produces a localized charge which interacts
with solvent with a constant energy independent of
the structure of the whole ion, the remainder of which
is then solvated with the same energy as that of the
neutral reduced form R. In the solvent used this local-
ized charge is probably an ion pair involving interac-
tion with the anion of the electrolyte. The behavior
observed indicates that effects associated with delo-
calization of the charge on the ion (which would be
specific for the various molecules involved in the
series) are not significant or (ii) the solvation free
energy from AEg,y,. — TAS®slyv. changes in proportion
to the value of I (2) and is thus included in the value
of the proportionality constant 0.827.

As long as a unit electric charge is involved, it does
not seem that the latter supposition would be the rea-
son for the behavior observed so that the explanation
suggested in (i) must be preferred.
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A Technique for Studying Oxygen Diffusion and Locating Oxide
Inclusions in Metals by Using the Proton Radioactivation of
Oxygen-18

Ralph H. Condit and J. Birch Holt

Lawrence Radiation Laboratory, University of California, Livermore, California

Numerous techniques have been described for the
activation analysis of oxygen (1). In view of the im-
portance of oxygen diffusion in many materials and
effects of oxygen on the properties of metals, we have
been adapting these activation techniques along with
autoradiographic methods to locate oxygen, particu-
larly the oxygen-18 tracer. The most generally applic-
able procedure appears to be that which starts with

the proton bombardment of a specimen, wherein the
018 (p, n) F!8 reaction gives fluorine-18. This emits a
0.6 Mev positron and has a half-life of 112 min. Since
oxygen-18 is present in 0.2% concentration in normal
oxygen, oxide inclusions may be identified in a metal-
lographic section. Also, the use of enriched oxygen-18
together with this activation procedure allows the
study of grain boundary and volume diffusion in the
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same way as is frequently done using radioactive
tracers. Some of the factors of importance in these
types of procedures have been discussed in studies of
photosynthesis (2) and in the measurement of the
thickness of oxide layers on metals (3).

In our procedure we bombard the specimen with
2.7 Mev protons. The reaction is endothermic with a
Q of —2.45 Mev (4). Under these conditions, the recoil
in most solids will be less than 0.1z (5). For the pur-
poses of this experiment, therefore, it may be stated
that the activity is produced in the same place as the
inclusion or the tracer. The neutrons from this reac-
tion will have energies up to 130 kev. Neutrons may
also be produced by proton reactions with other ele-
ments in a specimen, and these may have higher ener-
gies. The additional activation which these neutrons
induce in most specimens will be less than a few per
cent of the reactions generating them, and the amount
of this second-step activation can be minimized by
using relatively thin specimens, a few millimeters
being a convenient size in many studies. If a specimen
is not chemically homogeneous, this activation may
not be uniform, and in such cases a control experi-
ment would be required. A zirconium foil partly oxi-
dized in oxygen-18 and placed over the specimen can
serve as a convenient neutron source while shielding
it from the proton beam.

The protons will activate other elements than the
oxygen, but a large fraction of these will yield half-
lives short compared with the fluorine-18, and these
can be permitted to die out before starting an auto-
radiograph exposure. Other products will have a suffi-
ciently long half-life that their specific activity will
be well below that of the fluorine. In addition, the nu-
clear coulomb repulsion of an incoming proton in-
creases with atomic number, and the cross section for
pn and p,y reactions of a 2.7 Mev beam will begin
dropping off rapidly above atomic number 40 (6). The
degree to which specific elements will obscure the
activity due to oxygen activation is currently being
investigated. On the basis of literature references [see
ref. (3)] and our measurements it is clear that the
following elements will cause little if any interference:
Be, C, N, F, Mg, Na, Al, Si, P, K, Mn, Co, As, Y, Nb,
and those elements above atomic number 50. A few
parts per million of oxygen in the presence of these
elements or their compounds should be detectable.
Others in which some background activity will be
generated are: Cr, Fe, Cu, Zr, Rb, and Pd. More seri-
ous difficulty will be encountered with Li, B, Ca, Ti,
Ni, Ge, Sr, Zn, Cd, Se, and Ag listing them in approxi-
mate order of decreasing ease of activation. It might
be noted that the energy spread of the available proton
beam may vary from one laboratory to another, and
the amount of unwanted activation due to the high
energy tail on the distribution may differ.

A principal experimental consideration on the use
of this technique is the problem of specimen heating
in the vacuum of an ion accelerator. For example, a
typical 5 wa proton beam put 14w of energy into the
sample. It must be ascertained that the diffusion of
oxygen during this heating will be negligible. Another
difficulty in studies of very small amounts of oxygen
in a metal arises from the fact that residual air in the
target chamber may react with the hot surface to form
a small additional oxide layer.

One reason for using a 2.7 Mev beam is that this
energy is low enough to minimize unwanted activa-
tion. Another is that while it is only 0.11 Mev above
the reaction threshold of 2.59 Mev for the oxygen acti-
vation this energy spread includes the first resonance
peak at about 2.65 Mev with a cross section of about
40 millibarns (7-8). The essential point is that protons
impinging on a typical solid will lose this excess en-
ergy after passing about 5x into it, and the activation
will be confined to this surface region. Thus, even
though the fluorine-18 positrons might have a range
up to 0.1 cm, the surface features of oxygen distribu-
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tion can be fairly well resolved by autoradiograph
film without interference from subsurface activity. In
order to take advantage of the fact that this active
layer is about 5g, the film used should have an emul-
sion of similar thickness, and such stripping films are
commercially available.

A diffusion specimen may be beveled in the manner
of Kurtz et al. (9, 10) before irradiation, and from
the distribution of activity along the surface cut at a
small angle to the original diffusion interface the
oxygen penetration profile may be determined. We
are using this procedure to study the grain boundary
diffusion of oxygen, and Fig. 1 is an autoradiograph
which illustrates the type of result which may be ob-
tained. It was taken on a magnesium oxide bicrystal
in which the boundary is roughly a 10° tilt boundary
superimposed on a 15° twist. The specimen was an-
nealed in 60% oxygen-18 at 1610°C for 17 hr. The ir-
radiated region is not completely circular, since two
collimator shields in the cyclotron beam were not in
perfect alignment. The important features of the auto-
radiograph are the beveled portion in which the grain
boundary may be seen, the initial surface below this
in the picture and the initial surface in the bottom
portion which has a partial cover of platinum. This
platinum deposits on the surface during the high-
temperature anneal as a result of the usual small
amount of vaporization of the platinum crucible in
which the specimen was supported. It does not seem
to inhibit the exchange of oxygen between the gas
and the magnesium oxide. The bevel angle is 0.23° so
that on the irradiated spot having a radius of 0.5 cm
the new surface at the edge is about 20« below the
original surface. Thermal grooving at the grain bound-
ary which may have occurred during the high-temper-
ature anneal was less than 1u, so the darkening along
it must be due to oxygen diffusion. On the basis of
single crystal oxygen exchange measurements (11) the
mean penetration of oxygen into the bulk of the
specimen should be about 2x. A microdensitometric
inspection of the autoradiograph indicates penetration
of oxygen at the grain boundary to the full 20x depth
with the likelihood that it went yet deeper. This acti-
vation technique is being applied to further study of
diffusion.
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grain boundary.
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The Phase Diagram of Cobalt Monoxide at High Temperatures

Bertina Fisher and D. S. Tannhauser

Department of Physics, Technion-Israel Institute of Technology, Haifa, Israel

In the course of measuring the electrical properties
of CoO, we determined the phase diagram, i.e., the
region of existence of the material and the dependence
of the ratio Co/O on temperature and pressure, in the
range 920 < T < 1350°C and the range of pressures
10—12 = P(0Og) = 1 atm. This was done by a combina-
tion of gravimetric and electrical measurements. The
results are described by the parameter x in the for-
mula CoOj+,, and appear in Fig. 3 in the form T =
f[P(Og2)] at x = constant.

Two samples of cobalt metal sheet (Johnson-Mat-
they spectrographically standardized, 0.1 mm thick)
were suspended in the furnace on platinum wires at-
tached by spotwelding. One sample with four wires
was used for electrical measurements, the other one
was hung by a single wire from a balance with a
sensitivity of about 0.05 mg. The two samples were
very close to each other, and a Pt/PtRh thermocouple
measured their temperature. A mixture of either Oy
and COy or CO; and CO flowed through the furnace,
and the partial pressures of oxygen were calculated
from the equilibrium constants given by Kassel (1).
Oxidation to equilibrium was complete in less than 10
min at 1350°C, and the samples kept their shape. The
upper limit of the working range was given by the
start of rapid evaporation of both platinum and cobalt-
monoxide, and the lower limit by the long time the
sample took to reach equilibrium below 900°C. The
weight of the metallic cobalt in the weighing sample
was determined accurately on a microbalance and was
about 1000 mg, so that a change of 3 x 10— in x could
be detected.

Figure 1 shows the relation between x and the con-
ductance = = 1/R at various temperatures; it is seen
to be linear over most of the range. Since the balance
used for weighing in the furnace had a small range
and could therefore only measure changes in x, we
determined the zero point on the abscissa, i.e., the
point of stoichiometric weight, by extrapolating the
straight portion of the = vs. x plot to zero conductance.
This zero point was checked independently by the
quenching in air of some samples which were oxidized
in P(Os) = 1 atm at various temperatures, and by
direct weighing on a microbalance of the total oxygen
uptake during oxidation. The agreement was better
than 5 x 10—4 in x. Values of x in Fig. 1 appear in Fig.
3 as lines of constant composition for x = 2 - 10—3,

The curves for x < 2 - 10—3 were determined as fol-
lows: the plot of log = vs. log P(O2) (Fig. 2) gave two
distinct regions, region A with slope 1/4 at higher
oxygen pressures, corresponding essentially to the
range x > 1 - 1073, and region B with slope 1/6 at

=(ohm-1)
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Fig. 1. Conductance vs. excess oxygen in cobalt monoxide. x is
defined by the formula CoOj+x; A is the region of log = = 1/4
[log P(O2)] -+ const; B is the region of log = = 1/6
[log P(O2)] 4 const (see Fig. 2). Symbols, T, °C: Open circle,
1347; half dark circle, 1285; open triangle, 1191; 4, 1129; X,
1094; dark circle, 1035; dark triangle, 986.

lower pressures. To explain this behavior we shall as-
sume that the dominant defects in the lattice are metal
vacancies which can be singly and doubly ionized.
Following the terminology of Kroeger and Vink (2)
we can write

[Vm] ( AHy )
——= Ky = = Kx
P(0Op)1/2 e=h kT K ey
P [Vm'] ( Ey )
=K ———— ) =K 2
Vol 10 €Xp T 1 [2]
p [Vm"] ( Ey )
s e K —_——) =
Vol 20 €Xp T Ks [3]
[VM'] 4 2[Vn"] =p [4]
[Vm] + [VM'] + [VM"] = [5]

where [Vy] is the molar fraction of un-ionized vacan-
cies in the lattice, [Vy’] is the molar fraction of singly
ionized wvacancies, [Vm”] is the molar fraction of
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log,, P(O2)

Fig. 3. Phase boundary Co-CoO and lines of constant composition
of CoOi+x in the range of temperatures 920°-1350°C. The
pressure is measured in atmospheres; -, points on the phase

boundary in the p work; A, points on the phase boundary

logarithm of partial pressure of oxygen at various peratures;
the conductance is measured in ohm—1 and the pressure in atmos-

given in the literature (4); [, point on the boundary CoO-Co304;
d iti — — —, compositions calculated

pheres. The brackets indicate the range where P(O2) may
a large error because of the finite purity of CO2 and the high

mixing ratios in this range.

doubly ionized vacancies, p is the molar fraction of
free holes and Ky K; Ka are equilibrium constants
which depend on the temperature in the manner in-
dicated. Equation [5] is exact only for small molar
fractions. These equations give, when [Vn'] >> [Vm”]

= = Cuep = Cue (KxK1)1/2 P(Op)1/4 [6]

and when [Vy”] >> [Vu']

= = Cuep = Cue (2Kx K1 K3)1/3 P(Og)1/6 [71
where x is the mobility, e is the elctronic charge, and
the constant C contains the geometry of the sample
as well as the conversion factor from molar fraction
to the number of charge carriers per cms3,

When x is independent of the concentrations we
get two linear ranges of log = = f[log P(Og)] with
slopes of 1/4 and 1/6, i.e., the observed behavior.

The linear relation between = and x in range A of
Fig. 1 shows that [Vm] << [VM'], and therefore ac-
cording to Eq. [4] and [5] p = x and = = Cuex. At
the highest values of oxygen pressure x rises faster
than =, this indicating that we are getting into the
range where [Vy] and [Vy'] are of the same order of
magnitude, In range B the slope of = = 2Cuex vs. x
should be twice as large as in range A, but this range
is so short in terms of x that the difference in slopes
is not noticeable.

Figure 1 shows that Cre, which is given by the slope
of = ws. x, is practically independent of temperature
in the range of temperatures studied. Taking an aver-
age value of Cue we can then calculate p from the
curves of Fig. 2, and from that the molar fraction of

" asu P
ducte +

boundary between regi

-

from
A and B (see Fig. 2).

metal vacancies x = p or x = %p, respectively. Re-
- 103, It

sults appear in Fig. 3 as curves for x < 2
should be noted that we have neglected [Vu] in this

range, this being permitted because [Vum] < p already

in most of range A, and [Vy] decreases much faster

with P(O;) than p. Naturally the curves for lowest x

rely on the assumption that the intrinsic defect struc-

ture is negligible, i.e., that no oxygen vacancies appear

at these values of x. The analysis of the results as-

sumes that the mobility is independent of charge car-

rier concentration. This seems to be a reasonable as-
sumption since otherwise the dependence of the con-

ductance on P(Oz) would not give straight lines on a
log-log plot.

The results agree with previous measurements of
Carter and Richardson (3) at P(O2) = 1 atm and
P(03) = 0.005 atm within their limit of error.

The phase boundary between the CoO and Co
phases was determined essentially by the sudden break
in the conductance at the boundary. It agrees with
results given in “Cobalt monograph” (4). Only one
point on the CoO-Co3O4 boundary could be deter-
mined, since Co3O4 is not stable in P(Og2) < 1 atm
above 920°C. The point agrees with the literature (5).

A full account of the electrical properties of CoO

will be published later.

Manuscript received Jan. 27, 1964; revised manu-
script received June 15, 1964. This work constitutes
part of the thesis to be submitted by one of the
authors (B.F.) to the Senate of the Technion in partial
fulfillment of the requirements for the D.Sc. degree.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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Thin Silicon Film Growth on Polycrystalline Alumina Ceramic

V. Y. Doo

Components Division, International Business Machines Corporation, Poughkeepsie, New York

Epitaxial growth of thin films by vapor deposition
on a single crystal substrate of the same material has
been carried out on various semiconductor materials,
such as germanium, silicon, gallium arsenide, silicon
carbide, etc. In those cases where the single crystal
substrate material differed from the film material and
their physical properties such as the crystal structure,
lattice parameter, coefficient of expansion, etc., were
compatible, successful epitaxial growth has been re-
ported, e.g., GaAs on Ge and GaP on GaAs (1, 2). How-
ever, when the substrates were of polycrystalline mate-
rial which differed from the film material to be grown
and their physical properties were grossly different,
it was rather difficult, if not impossible, to grow large
crystal films.

Epitaxial growth of silicon on silicon substrate has
been in production during the last few years. How-
ever, the growth of large crystal silicon film on
polycrystalline alumina substrate has involved great
difficulties. Rasmanis (3) reported that large-grain sili-

Fig. 1. Polycrystalline silicon film grown on 96% Al>O3 ceramic,

silicon crystallites of 1-3x diameter. Magnification 520X.

Fig. 2. Laue back-reflection x-ray pattern of polycrystalline silicon

film shown in Fig. 1. Crystallites are randomly oriented.

con films have been grown on alumina substrates
which were coated with a glassy layer prior to the
film growth. The purpose of this paper is to report a
different technique to grow large-grain silicon films
on alumina.

Experiment and Results

The substrate material was mostly of 96% AlsO3
and some 99% AlyO; alumina ceramic slides, about
1% x 1% x 40 in./1000 in dimensions. These ceramic slides
were rather porous and their grain size was about 1lu
in diameter. A thin film of silicon, (approximately
12-15x thick) was deposited on the substrate by the
reduction of silicon tetrachloride by hydrogen at ele-
vated temperature. The as-grown silicon film is shown
in Fig. 1. The grain size of the silicon film was about
the same as that of the substrate. The x-ray Laue
back-reflection pattern showed that the silicon crys-
tals were randomly oriented and their size was quite
uniform (Fig. 2).

Annealing at temperatures near the melting point
of silicon or at the incipient fusion temperature
caused limited grain growth. Figures 3 to 5 show

Fig. 3 Polycrystalline silicon film annealed 30 min at about

5°.10°C below the melting point of silicon. Magnification 520X.

Fig. 4. Same as Fig. 3. except the annealing temperature was
very close to, or at, the incipient fusion point. Magnification 520X.
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Fig. 5. Same as Fig. 3, except the annealing temperature was at
the incipient fusion point. Magnification 520X.

Fig. 6. Film crystals grown by the melt-regrowth method, near
the border of molten zone. Magnification 37X.

the silicon film after 30 min annealing at a few degrees
below the melting point of silicon, very close to the
incipient fusion temperature, and at the incipient
fusion temperature, respectively. It is apparent that
only the region annealed at the incipient fusion tem-
perature had some degree of growth (from 1u to about
10-25) . The region annealed only a few degrees below
the melting point of silicon shows very little grain
growth. For practical purposes, however, even grains
annealed at the incipient fusion temperature are too
small to have much value in device application.

A melting and regrowth technique was used to ob-
tain large grain silicon films. A polycrystalline silicon
film of about 12-15x thick was first deposited on the
alumina substrate. It was followed by heating to about
5°-15°C above the melting point of silicon until a large
part of the silicon film was completely melted. Then
the temperature was rapidly lowered to about 30°-50°C
below the melting point until the molten silicon film
was crystallized, and finally, the sample was slowly
brought down to room temperature. Figure 6 shows the
regrown silicon crystals near the border of the molten
zone. Since the neighboring unmelted crystallites could
act as the nuclei in regrowth, some of the grains were
relatively . small. However, further away from the
border, much larger crystals were observed. Figure 7
shows part of a large silicon crystal. Many crystals of
about 500x x 3000« have been observed. Figure 8 shows
the x-ray Laue back-reflection pattern of a large sili-
con crystal. The orientation of this crystal was [201].
All the silicon films grown on alumina substrate by the
melt-regrowth technique were p-type and the re-
sistivity of the film grown on the 96% Al;O3 substrate
was ranged from 0.0005-0.009 ohm-cm, and that on
the 99% Al,O; substrate was about 0.05-0.10 ohm-cm.
The samples were then cleaned by light acid etch
and subsequently used as the substrate for epitaxial
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growth. About 5 to 8u silicon film was grown on the
large grain silicon substrate by the conventional vapor
growth technique (the reduction of SiCly by hydrogen
at elevated temperature). No dopant was intentionally
added to the epitaxial film. The epitaxial film remained
p-type, and the surface resistivity of the films grown
on 96% AlyO; ceramic was about 0.03-0.07 ohm-cm and
that on 99% Al,O3 was about 0.5-1.0 ohm-cm.

A p-n junction was formed in the epitaxial films by
phosphorus diffusion. It was followed by masking and
mesa etch. Figure 9 shows a single crystal mesa, whose
dimension is about 250 x 375u. Figure 10 shows an-
other mesa, which has a line cutting across the mesa.

5. - i .

Fig. 7. Same as Fig. 6 except it is about 6-7 mm away from the
border of molten zone. Magnification 37X.

Fig. 8. Laue back-reflection x-ray paottern of a large crystal.
Presence of some substructure is indicated and the misorientation
is not more than a few minutes.

5 sk (v e~y

Fig. 9. Single crystal mesa after melt-regrowth, epitaxial growth,
phosphorus diffusion, and mesa etch. Magnification 97X.
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Fig. 10. Same as Fig. 9. The oriented surface defects indicate
very small misorientation across the small angle boundary. Mag-
nification 97X.
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Fig. 11. Forward and reverse bias characteristics of diode made
from the silicon film grown on alumina ceramic.

The line appears to be a grain boundary. However, the
oriented surface defects observed on both sides of
the line indicate that the crystal orientation of one
side is not much different from the other. The x-ray
pattern shown in Fig. 8 does indicate the presence of
some substructures. The misorientation among the sub-
structures is no more than a few minutes.

The electric characteristics of the mesa diodes were
measured by point contact-probe which was linked to
a micromanipulator. The typical I-V relation of the
diodes grown on 96% Al;O3 ceramic under both for-
ward and reverse bias is shown in Fig. 11. The
high forward-voltage drop is caused primarily by the
contact resistance. The reverse bias breakdown voltage
is about 7v in Fig. 11. The breakdown voltages of other
diodes made on the sample ranged from 6 to 10v. Even
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though the substrate silicon film was highly contami-
nated during the melt-regrowth process, the diode
made from the epitaxial film grown on it showed sharp
breakdown. Also, the current leakage is quite low (in
the order of 10—8 amp). The breakdown voltage of the
diodes made from the epitaxial films grown on the 99%
Al;O3 ceramic was in the range of 100-150v.

Discussion

As mentioned earlier, the coefficient of expansion of
silicon is greatly different from that of alumina, being
about a factor of 2.5 smaller than that of alumina.
When two different materials in juxtaposition which
differ greatly in coefficient of expansion go through
large temperature changes severe stress developed at
the interface could cause the cracking of the weaker
material. However, no cracks have ever been observed
on the silicon films grown on alumina substrates. This
indicated that between the silicon and alumina, some
materials of intermediate coefficient of expansion could
be present. At the temperatures above 1400°C, it
would not be unexpected that the molten silicon might
attack the AlyO3 to form a thin film of possibly
Al Ox-Si Oy, where x and y are arbitrary constants.
This postulation is based on the high electronegativity
of silicon over aluminum. This new film situated be-
tween Al;O3; and silicon might act as a buffer zone
which is the analogue of the graded seal in the Pyrex-
quartz seal.

The resistivity of the silicon epitaxial films grown
on 96% and 99% AlsO3 without intentional doping was
0.03-0.07, and 0.5-1.0 ohm-cm (p-type), respectively.
It is believed that epitaxial films of various resistivity
could be grown on the alumina substrates by adjust-
ing the film thickness and external doping. As has been
experienced in growing epitaxial films on heavily
doped substrates, the surface resistivity of the film in
case of no external doping is a function of the film
thickness, i.e., the thicker the film the higher the re-
sistivity. By introducing proper amounts of dopant into
the growth chamber, one should be able to compensate
or reinforce the impurities from the substrate material.

Manuscript received Feb. 21, 1964.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1965 JOURNAL.
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Brief Commumnication

(i

Radiotracer Studies on the Incorporation of
Phosphorus in Epitaxially Grown Silicon

S. Nakanuma

Semiconductor Division, Nippon Electric Company, Kawasaki, Japan

The incorporation of phosphorus into silicon epi-
taxial films grown by the hydrogen reduction of sili-
con tetrachloride has been reported by Theuerer (1),
Corrigan (2), and Nuttall (3). The radio isotope tracer
technique was applied to obtain information about the
transfer of phosphorus from gas phase to solid phase
and the ratio of Hall mobility to conductivity mobility,
uH/ue, which is an important parameter in the determi-
nation of impurity concentrations in semiconductors
from the Hall coefficient Ry. That is

Ru= ._( i ) 1
He ne
but little experimental data exist for this ratio for
phosphorus in silicon.

The radioactive phosphorus trichloride used as the
dopant in this experiment was synthesized by the car-
bon reduction of phosphoric acid, which contained
B-emitting phosphorus P32, to yellow phosphorus in a
nitrogen stream, followed by chlorination and re-
duction to phosphorus trichloride. Using silicon tetra-
chloride doped with the radioactive phosphorus tri-
chloride, silicon epitaxial films were grown at 1250°C
with a hydrogen flow of 1 1/min at a mole fraction of
0.02. The films were about 30x thick.

Phosphorus concentrations in the films were deter-
mined from the measurements of volume, and activity
by a gas flow counter, which gives a high geometrical
efficiency. The self-absorption effect was neglected in
these experiments, because the energy of g particles
from P32 is high enough to penetrate through the
epitaxial films. Phosphorus concentration in the gas
phase was calculated from Raoult’s law and the pre-
liminary determination of phosphorus concentration in
the silicon tetrachloride solutions. Hall samples were
prepared by the evaporation of Au containing Sb for
ohmic contacts and mesa-etch as shown in Fig. 1. The
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EVAPORATED
ELECTRODE

N-TYPE EPITAXIAL FILM

P-TYPE SUBSTRATE

Fig. 1. Hall sample
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Fig. 3. The ratio of Hall mobility to conductivity mobility

measurements of Hall coefficient and conductivit'y
were made over a temperature range from 77° and
300°K under a magnetic field of 5350 gauss.

Figure 2 shows the phosphorus concentration in the
epitaxially grown silicon films as a function of that in
gas phase. The dashed line is the curve calculated
assuming a transfer ratio of unity as defined by the
following formula

. (P atoms/Si atoms) in solid
transfer ratio =

(P atoms/Si atoms) in gas

The transfer ratio remains constant at about 0.8 over
the range of phosphorus-silicon atom ratio in the gas
phase between 10—8-10—%, but a relatively large de-
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crease in this ratio is observed at higher concentrations.
This might be due to the effect of repulsive forces be-
tween phosphorus in the gas phase and that adsorbed
on the growing surface, or the effect of having reached
the solubility limit of phosphorus in silicon.

Figure 3 shows the ratio of Hall mobility to con-
ductivity mobility as a function of phosphorus con-
centration at 300°K. The theoretical treatment of this
ratio in semiconductors has been discussed by several
authors (4) and gives a ratio greater than unity in
the nondegenerate case and a ratio of unity in the de-
generate case. This is in good agreement with the
present results. The Hall mobilities observed are close
to the values reported by Morin and Maita (5). It is
concluded from these results that the phosphorus
atoms in silicon epitaxial films grown by the hydrogen
reduction of silicon tetrachloride doped with phos-
phorus trichloride are incorporated substitutionally in
the silicon lattice in spite of much lower growth tem-
perature than from a melt; that is, there is no exist-
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ence of electrically inactive phosphorus atoms in these
films up to phosphorus concentrations of 3 x 1019 at./cc.
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FUTURE MEETINGS OF

The Electrochemical Society

Q)
©

* Kk *
Washington, D. C., October 11, 12, 13, 14, and 15, 1964

Headquarters at the Sheraton-Park Hotel

Sessions will be scheduled on Batteries (including Round Table Discussion
on Sealed Storage Batteries and, also, a Joint Symposium on Fuel Cells),
Corrosion (including Symposia on Properties of Oxide Corrosion Products and, also,

Metallurgical Factors Affecting the Corrosion Processes), Electrodeposition
(including a Joint Symposium with Theoretical Electrochemistry Division on

Mechanisms of Electrodeposition), Electronics (including Semiconductors),
and Electrothermics and Metallurgy (including Symposium on Liquid Metal

Corrosion and Phenomena jointly with the Corrosion Division
and a symposium on Electron Microprobe)

* * %
San Francisco, Calif., May 9, 10, 11, 12, and 13, 1965

Headquarters at the Sheraton Palace

Sessions probably will be scheduled on Electric Insulation, Electronics

(including Lumi 1ce and S ductors and a Symposium on
Optical Masers), Electro-Organic (including a Symposium on Industrial
Organic Chemistry and a Symposium on Elucidation of Electro-

Organic Electrode Processes jointly with the Theoretical Electrochemistry
Division), Electrothermics and Metallurgy (including joint
Symposium on Molten Salts jointly with the Theoretical
Electrochemistry Division and, also, a Symposium on Strengthening
Mechanisms in N tallics), Industrial Electrolytic (including a
Symposium on Electrolytic Diaphragms and Battery Separators
jointly with the Battery Division and, also, a Symposium on the Production
of Chlorine without Caustics)

* * %
Buffalo, N. Y., October 10, 11, 12, 13, and 14, 1965
Headquarters at the Statler-Hilton Hotel
*x % %
Cleveland, Ohio, May 1, 2, 3, 4, and 5, 1966
Headquarters at the Sheraton-Cleveland Hotel
* * %

Papers are now being solicited for the meeting to be held in San Francisco, Calif., May 9, 10,
11, 12, and 13, 1965. Triplicate copies of the usual 75-word abstract, as well as of an extended
abstract of 500-1000 words (see notice on page 242C of this issue), are due at Society Head-
quarters, 30 East 42 St, New York, N. Y, 10017, not later than December 15, 1964 in
order to be included in the program. Please indicate on 75-word abstract for which Division’s
symposium the paper is to be scheduled, and underline the name of the author who will present the
paper. No paper will be placed on the program unless one of the authors, or a qualified person desig-
nated by the authors, has agreed to present it in person, Clearance for presentation of a paper at the
meeting should be obtained before the abstract is submitted. An author who wishes his paper con-
sidered for publication in the JourNAL or ELECTROCHEMICAL TECHNOLOGY should send triplicate copies
of the manuscript to the Managing Editor of the appropriate publication, 30 East 42 St., New York,
N. Y., 10017. Concerning papers to be published in the JourNAL, see notice on per page charge on

spage 247C of this issue.

Presentation of a paper at a technical meeting of the Society does not guarantee publication in
the JourNAL or in ELEcTRoCHEMICAL TECHNOLOGY. However, all papers so presented become the
property of The Electrochemical Society, and may not be published elsewhere, either in whole or in
part, unless permission for release is requested of and granted by the Editor. Papers already published
elsewhere, or submitted for publication elsewhere, are not acceptable for oral presentation except on
invitation by a Divisional program Chairman.
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Extended Abstract Book Publication Program
for the Society’s 1965 Spring Meeting in San Francisco, Calif.

The Board of Directors has provided that the National Office shall assist Divisions with the mechanics of
publishing Extended Abstracts for sessions involving 15 or more papers at our National Meetings.

The Divisions will handle the technical editing of the abstracts following which the Society Office will arrange
for the printing and distribution of the books, thus relieving Division representatives of this responsibility.
Each Division program will be the subject of a separate Extended Abstract Book.

This means that each author who submits a paper for presentation at our meeting should do three things:

1—Submit three copies of the usual 75-word abstract of the paper for publica-
tion in the printed program of the meeting;

2—Simultaneously submit three copies of an extended abstract of the paper of
500-1000 words; and

3—Send the 75-word abstract and the 500-1000-word extended abstract to Soci-
ety Headquarters, 30 East 42 St.,, New York, N. Y., 10017, not later than
December 15, 1964.

The Extended Abstract Books will be published by photo-offset reproduction from typewritten copy sub-
mitted by the author. Special care should therefore be given to the following typing instructions so as to es-
tablish uniformity in printing:

1—Abstracts are to be 500-1000 words in length.

2—Use white bond paper, size 8% x 11 inches.

3—Abstracts should be typed SINGLE space.

4—Use 1% inch margins at the top and bottom and at the sides of each page.

5—All copy, including figures, symbols, and corrections, should be in black ink.

6—Figures should be pasted in within the typing dimensions indicated. Captions
should be typed not wider than figure dimensions and pasted in proper place

in the abstract. Figure captions should appear at bottom of figure. Table
titles should appear at top of tables.

7—Wherever possible, avoid use of halftones.

8—Title of paper should be in capital letters. Author(s) name and affiliation
should be typed immediately below. It is not necessary in the heading or
body to designate paper as “Extended Abstract,” or quote the Divisional
Symposium involved.

9—Mail to Society Headquarters unfolded.

Members and JOURNAL subscribers will receive notice of Extended Abstracts Books to be scheduled for pub-
lication. The notices will be accompanied by order blanks for the copies desired. Orders should be submitted
with remittance. The advance orders will be necessary for estimating numbers of books to be printed and will
be mailed to purchasers prior to the San Francisco meeting. Some extra copies will be available at the meeting
but the advance-paid order is the only way to be assured of getting copies.
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Current Affairs

Candidates for ECS Offices
. .. Nominated as Officers for 1965

Ernest B. Yeager
Presidential Candidate

~ Ernest B. Yeag-
er, professor of
- chemistry at West-
ern Reserve Uni-
- versity, Cleveland,
~ was born in Or-
_ange, N. J., in
1924. He received

his B.A. degree
| (summa cum

laude) from New
Jersey State College at Montclair in
1945, his M.S. from Western Reserve
University in 1946, and his Ph.D.
in Physical Chemistry from the
same University in 1948. While a
graduate student at Western Reserve
University, he held a Coffin Fellow-
ship (General Electric).

After receiving his Ph.D. degree,
Dr. Yeager stayed on as an instruc-
tor in the Dept. of Chemistry at
Western Reserve. He became an as-
sistant professor in 1951, an asso-
ciate professor in 1953, and a profes-
sor in 1957. During the 1964-1965
academic year Dr. Yeager is serv-
ing as Chairman of the Dept. of
Chemistry at Western Reserve. Dr.
Yeager is also director of the Ultra-
sonics Research Lab. and chairman
of the Frontiers in Chemistry lec-
ture series at the University.

His research interests include the
properties of electrolytes, electrode
kinetics, applications for ultrasonic
techniques in physical chemistry,
and emission spectroscopy. He and
his graduate students at the Uni-
versity are credited with the initial
development of the sodium amal-
gam-oxygen fuel cell. In addition to
many published articles in elec-
trochemistry and ultrasonics, Dr.
Yeager is editor of The Electro-
chemical Society Monograph on
“Electrode Processes” (John Wiley
& Sons, Inc., 1961).

In 1954, Dr. Yeager received the
Technical Award of the Cleveland
Technical Societies Council, in 1956
the Biennial Award of the Acoustical
Society of America for his research
on ultrasonics, .and in 1959 the An-
nual Award of the Chemical Pro-
fessions in Cleveland.

Dr. Yeager has been active as a
member of The Electrochemical So-
ciety since 1949. He served as Vice-
Chairman of the Theoretical Elec-
trochemistry Division from 1953 to

1954, and Chairman from 1955 to
1957. In addition, Dr. Yeager was
Vice-Chairman of the Cleveland
Section of the Society from 1953 to
1954, and Chairman from 1954 to
1955. He was elected Vice-President
of the Society in 1962.

Other societies in which Dr.
Yeager has been active include the
Acoustical Society of America,
of which he is a Fellow and Coun-
cil Member, Sigma Xi, the Optical
Society of America, the Society for
Applied Spectroscopy (past chair-
man of the Cleveland Section), the
American Chemical Society, and
the American Association of Uni-
versity Professors. He has presented
lectures before 45 local sections of
the American Chemical Society. Dr.
Yeager also has been active on vari-
ous Government committees, in-
cluding the Committee on Under-
sea Warfare and the Primary Bat-
tery Panel of the National Academy
of Sciences.

Ivor E. Campbell
Vice-Presidential Candidate

Ivor E. Camp-
bell is President
of the United Met-
allurgical Corp.
at Berkeley, Calif.
He was born in
Kenton, Ohio, in
1919, and received
his undergraduate
training in chem-
istry and mathe-
matics at Evansville College in
Evansville, Ind., and his graduate
training at the Ohio State Univer-
sity, from which he received his
Ph.D. degree in Organic Chemistry
in 1943. In 1963 he was awarded
an honorary Dr. of Science degree
by Evansville College.

Dr. Campbell joined the staff of
the Battelle Memorial Institute in
1943 as a research chemist, became
assistant supervisor of the Division
of Nonferrous Metallurgy and from
1950 to 1959 was chief of the Divi-
sion of Inorganic Chemistry and
Chemical Engineering at Battelle.
In 1959 Dr. Campbell left Battelle
to become director of research and
development of the National Steel
Corp. at Weirton, W. Va., which
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Here are brief biographical
sketches and photographs of the
candidates recommended for the
1965 national election of the Society.

Ballots will be mailed from the
office of the Executive Secretary in
October 1964.

Offices not affected by this elec-
tion are those of the two other Vice-
Presidents, Harold J. Read and
Harry C. Gatos, and Treasurer,
Ralph A. Schaefer.

position he held until assuming his
present position in 1963.

He is the author of over 40 papers
in various scientific and trade journ-
als. His papers deal principally with
physical chemistry, vapor plating,
preparation of high-purity metals,
and super refractories. He is co-
author of The Electrochemical So-
ciety’s monograph ‘“Vapor Plating”
published in 1955, and editor of
“High Temperature Technology”
published in 1956.

Dr. Campbell joined The Electro-
chemical Society in 1944. He served
as Secretary-Treasurer of the Elec-
trothermics Metallurgy Division
from 1949 to 1953, Chairman of the
Division from 1953 to 1955, and as
a member of the Executive Com-
mittee of the Division from 1955 to
1957. He was Chairman of the By-
laws Committee of the Society in
1954 and 1955, and Chairman of the
Becket Memorial Award Commit-
tee in 1956.

Dr. Campbell has been Secretary
of The Electrochemical Society since
January of 1959.

Paul Delahay

Vice-Presidential Candidate

Paul Delahay
was born in the
Netherlands and
received his edu-
cation in Belgium
and in the United
States. He holds a
B.S. degree in en-
gineering (Brus-
sels), M.S. degrees
in electrical engi-
neering and chemistry (Liége, Brus-
sels) and a Ph.D. degree in chem-
istry from the University of Oregon.
He was an instructor in chemistry
at the University of Brussels in
1945-1946. He came to the United
States in 1946 and remained at the
University of Oregon until 1949 at
which time he joined Louisiana
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State University as assistant pro-
fessor. He has been Boyd Professor
at this institution since 1956.

Paul Delahay is the author of
three books and more than 100 re-
search papers in the field of electro-
chemistry. Translations of his books
have appeared in Russian, Japanese,
Korean, Spanish, and Italian. His
last book, “Double Layer and Elec-
trode Kinetics,” is now in press. He
is coeditor of the “Advances in Elec-
trochemistry and Electrochemical
Engineering” with Professor C. W.
Tobias of the University of Cali-
fornia, Berkeley.

His work was recognized by the
Turner Prize of The Electrochemical
Society (1951), the Award in Pure
Chemistry of the American Chem-
ical Society (1955), the Southwest
Award of the American Chemical
Society (1959), and the Univer-
sity Medal of the University of Brus-
sels (1963). He was a Guggenheim
Fellow at Cambridge University in
1955 and Fulbright Professor at the
University of Paris during 1962-63.

Dr. Delahay is a member of the
editorial board of The Journal of the
American Chemical Society and the
Journal of Electroanalytical Chem-
istry. He is a member of the Ana-
lytical Chemistry Division of the
International Union of Pure and Ap-
plied Chemistry and a past pres-
ident of the Commission on Electro-
chemical Data of that organization.
He is at present a member of the
Analytical Chemistry Committee of
the National Research Council. He
has been active in The Electrochem-
ical Society and particularly in the
Theoretical Electrochemistry Divi-
sion as Secretary, Vice-Chairman,
and Chairman of the Division. In
the latter capacity, he organized the
highly successful symposium on
electrode processes at the 1959
Philadelphia meeting of the Society.
He has been a frequent lecturer at
American and European univer-
sities and international conferences
(IUPAC, CITCE, etc.). He was a
national lecturer for the Society of
Sigma XI in 1958.

Charles W. Tobias
Vice-Presidential Candidate

Charles W. To-
bias, professor of
Chemical Engi-
neering at the Uni-
versity of Cali-
fornia in Berkeley,
was born in Hun-
gary in 1920. Fol-
lowing high school
and graduation
from the Munici-
pal Conservatory of Music, he re-
ceived his Chemical Engineer’s Dip-
loma from the University of Techni-
cal Sciences (Miiegyetem) in Buda-
pest. Interrupted by one year of
military service with the Army En-
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gineers, he was employed by the
radio tube division of the United
Incandescent Lamp and Electrical
Co., Ltd., between 1942-1947, and
held a demonstrator’s appointment
in the Institute of Physical Chemistry
under Professor Néray-Szabo dur-
ing 1945-1946. After obtaining the
doctoral degree (major subject:
Physical Chemistry) in 1946, he
came to the United States in mid-
1947 on a fellowship appointment.
From July 1947 to the present he
has been a member of the faculty
of the College of Chemistry in Berk-
eley, where he was appointed to full
professorship in 1960. While on
leave during the year 1958-1959, he
was a professor in the Miller Insti-
tute for Basic Research. Since 1955
he has been a member of the staff
of the Lawrence Radiation Labora-
tory, and affiliated with its Inorganic
Materials Research Div. since 1962.

Dr. Tobias’ early research interest
in electrodeposition and electro-
phoresis were broadened to the gen-
eral area of scale dependent pro-
cesses associated with electrode
systems. His publications are con-
cerned primarily with ionic trans-
port by diffusion, migration and
convection, exact solutions of po-
tential and current distribution
problems, conductance in hetero-
geneous media, quantitative descrip-
tion of processes in porous elec-
trodes. In more recent years he and
his coworkers have undertaken the
exploration of electrochemical pro-
perties of certain nonaqueous sol-
vents, including carbonate esters
and liquid ammonia. Dr. Tobias
teaches undergraduate courses in
Thermodynamics, Unit Operations,
and he developed a graduate course
treating the design and scale up of
electrochemical processes.

Dr. Tobias joined The Electro-
chemical Society in 1948, a year in
which he participated in the found-
ing of the San Francisco Section.
He served as Vice-Chairman and
Chairman of this Section in 1953-56.
He was a member of the Executive
Committee, Vice-Chairman and
Chairman of the Theoretical Divi-
sion of the Society in 1955-1961.
Over the past decade he served on
the following committees: Ways
and Means, Nominations, Honors
and Awards, Summer Session Award,
and Palladium Medal Award.

Since 1954 Dr. Tobias has served
as Theoretical Divisional Editor for
the JOURNAL OF THE ELECTROCHEMICAL
SOCIETY.

With Dr. Paul Delahay, Dr. Tobias
is coeditor of the “Advances in
Electrochemistry and Electrochem-
ical Engineering” series, in which
volumes IV and V are at present un-
der preparation.

Dr. Tobias organized the Sym-
posium on Electrochemical Engi-
neering, Electrochemical Society
(Chicago, May 1960) and a similar
symposium sponsored by the AIChE
(San Francisco, 1959). He served
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as chairman and keynote speaker on
many other occasions.

Dr. Tobias is a member of the ACS,
AIChE, CITCE, Sigma Xi, and Alpha
Chi Sigma. He is a member of the
advisory board of Stiles Hall, the
University YMCA in Berkeley.

Richard F. Bechtold

Secretarial Candidate

Richard F. Bech-
told was born in
Roslyn, Wash., in
1923. He was edu-
cated at the Uni-
versity of Wash-
ington in Seattle,
graduating in 1945
with a B.S. degree
in Chemical En-
gineering.

Mr. Bechtold’s present position is
that of manager of inorganic chem-
icals products in the Chemicals
Dept. of the Dow Chemical Co.
In this capacity, he works with
the production, research, develop-
ment, and sales groups on all in-
organic products, which include
all of Dow’s electrochemical pro-
ducts. He began his professional
career, following graduation, at
Dow’s Pittsburg, Calif., plant in
1945. His initial position was that
of technical assistant in the Electro-
chemical Production area. Subse-
quently, he became assistant super-
intendent in 1951 and superintendent
in 1953. His work was concerned
with all of the various areas of ac-
tivity connected with the production
of chlorine, caustic soda, caustic po-
tash, and ammonia. He was directly
involved in the research and de-
velopment activities concerning elec-
trochemistry. In 1961, he transfer-
red to Midland, Mich., to assume his
present position.

Mr. Bechtold’s activities in The
Electrochemical Society began in
1948 at the time the San Francisco
Section was formed. He served for
several years as the original Secre-
tary-Treasurer of the Section and,
subsequently became Vice-Chair-
man and Chairman and Representa-
tive to the Council of Local Sections.
He is, at present, Representative of
the Council of Local Sections for
the Midland Section of the Society.
He was General Chairman of the
San Francisco Meeting of the So-
ciety held in 1956. Mr. Bechtold has
served as Secretary-Treasurer, Vice
Chairman, and Chairman of the In-
dustrial Electrolytic Division. On
the Council of Local Sections, he has
been Secretary, Vice-Chairman, and
Chairman, and is currently a repre-
sentative on the Board of Directors
for this group. He has also served on
the Finance Committee for the So-
ciety and is at present on the Ways
and Means Committee.
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F. G. Will to Receive Battery Division Research Award for 1963-1964

The Battery Division has selected
Dr. Fritz G. Will of the Research
Lab., General Electric Co., Schenec-
tady, N. Y., to receive its Research
Award for 1964. The selection of Dr.
Will was based on the pair of papers
entitled “Electrochemical Oxidation
of Hydrogen on Partially Immersed
Platinum Electrodes, I. Experiments
and Interpretation and II. Theoreti-
cal Treatment,” which appeared in
the February 1963 JOURNAL, pp. 145-
160. The award will be presented to
Dr. Will at the Battery Division
luncheon and Dbiennial business
meeting to be held on Tuesday Oc-
tober 13, 1964, during the Fall Meet-
ing of the Society in Washington,
D.C.

Dr. Will was born in Breslau,
Germany in 1931. He received his
B.S. degree in 1953, M.S. degree in
Physics in 1957, and his Ph.D. degree
in Electrochemistry in 1959, all from
the Institute of Technology, Munich,
Germany. His Ph.D. thesis was en-
titled “Investigation of Adsorption
Phenomena on Noble Metal Elec-
trodes by a New Nonstationary
Method.” While with the Electro-
chemistry Dept. of the Institute of
Technology, Dr. Will worked on
projects supported by the Badische
Soda & Anilin Fabrik and the
Deutsche Forschungs Gemeinshaft, a
national institute devoted to the
support of university research, and
for the U.S. Air Force Research and
Development Center (Brussels).
The work included the design and
set up of electronic instrumentation
and electrochemical investigations,
including the study of hydrogen and
oxygen adsorption on noble metal
surfaces by a new method.

Dr. Will came to the United
States in September of 1959 and be-
came a research scientist in the

Electrical Engineering Dept. of the
U.S. Army Engineer Research and
Development Labs. at Fort Belvoir,
Virginia, where he reviewed and
evaluated proposals and reports of
contracts on fuel cell research. In
May 1960, he joined the Research
Lab. of General Electric Co. as a
physical chemist and is at present
working on the effects of surface
structure on chemisorption, mechan-
isms of gas diffusion electrodes, and
solions.

Fritz G. Will

Dr. Will is the author or coauthor
of about a dozen papers, mainly
dealing with modern instrumenta-
tion and methods for studying and
interpreting electrode reactions and
with the mechanisms of gas diffusion
electrodes. The papers have been
published in the Zeitschrift fuer
Elektrochemie or its successor, the

‘Berichte der Bunsengesellschaft fiir

Physikalische Chemie and the Jour-
nal of the Electrochemical Society.
Dr. Will has been a member of The
Electrochemical Society since 1961
and is a member of the Deutsche

Bunsengesellschaft  fiir  Elektro-
chemie.

He is married to the former
Hertha M. Dirkl and they have three
children, one son and two daughters.

The Research Award of the Bat-
tery Division was established in
1958 for the purpose of stimulating
battery research and encouraging
the preparation of high-quality pa-
pers for the Journal of The Electro-
chemical Society and now extended
to include Electrochemical Technol-
ogy. It is expected that a selection
will be made every two years of an
author, or authors, of a paper relat-
ing to electrochemical cells or bat-
teries which has been published in
either of the Society’s journals. The
paper is selected primarily on the
basis of scientific merit and impor-
tance, the originality of concept
and experimental approach, thor-
oughness of experiments, logic of
conclusions, and clarity of presen-
tation. The Research Award consists
of a scroll to the author of the
chosen paper, along with a check
which may be used by the recipient
to prepay his membership in the So-
ciety and subscription to the JOURNAL
for life. Joint authors of a selected
paper each receive a scroll and a
check for $100.

A Research Award winner is
chosen by a committee appointed by
the Battery Division Chairman. The
selection is approved by the Battery
Division Executive Committee and
the recommendation is submitted to
the Society’s Board of Directors for
final approval. The Award Commit-
tee who selected the fourth recipient
of the Battery Division Research
Award consisted of J. J. Coleman,
A. G. Hellfritsch, P. C. Milner, W. C.
Vosburgh, and E. J. Ritchie, Chair-
man.

Division News

Electrodeposition Division
The following candidates are
slated for the fall election to be
voted on at the Washington Meet-
ing of the Society.
Chairman—Dan Trivich, 16204
Northlawn, Detroit 21, Mich.
Vice-Chairman—E. J.  Smith,
Coated Products, National Steel
Corp., Weirton, W. Va.
Secretary-Treasurer—J. Petrocelli,
Engineering Dept., Ford Motor
Co., Detroit, Mich.
Members at Large—Fielding Og-
burn, National Bureau of Stand-

ards, Connecticut and Van Ness,
Washington, D. C.; I. W. Wolf,
Ampex Corp.,, 401 Broadway,
Redwood City, Calif.

D. Gardner Foulke, Chairman
Nominating Committee

Notice to DBG Subscribers

The Society has been inform-
ed by the Deutsche Bunsen-
Gesellschaft Society (DBG)
that the subscription price to
members and subscribers re-
ceiving their Journal will be
increased to $15.00 effective
January 1, 1965.

Personals

William E. Blodgett was appointed
manager, materials and process de-
velopment, at the Louisville, Ky.,
laboratories of the Plumbing and
Heating Division of American-
Standard, it was announced.

Richard E. Grace has been ap-
pointed to the position of interim
head of the School of Metallurgical
Engineering at Purdue University.

John M. Robertson has been ap-
pointed chief ceramic engineer at
the Louisville, Ky., laboratories of
the Plumbing and Heating Division
of American-Standard, it has been
announced recently.
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Notice to Journal
Subscribers

Your subscription to the
JourNAL of The Electrochemi-
cal Society will expire on
December 31, 1964. Avoid
missing any issue. Send us
your remittance in the amount
of $24.00 immediately upon re-
ceipt of your subscription re-
newal bill to insure proper
handling of your subscription.
(Subscribers located outside
the Continental United States
must add $1.50 to the subscrip-
tion price for postage ($25.50),
and payment must be made by
Money Order or New York
draft, not local check.) A sub-
scription renewal bill has been
mailed to all subscribers.

Because of the increasing
number of pages published
each year, the Bound Volume
of the 1965 JourNAL will be
bound in two parts: Part One,
January-June; Part Two, July-
December. The two parts of
the volume will not be sold
separately. The bound volume
can be obtained at the pre-
publication price of $12.00 by
adding this amount to your re-
mittance. No orders will be ac-
cepted at this rate after De-
cember 1, 1964, when the price
will be increased to $18.00
subject to prior acceptance.
The bound volume is not of-
fered independently of your
JoURNAL subscription.

Worden Waring, formerly man-
ager of the Chemistry Dept. at
Fairchild Semiconductor’s Research
and Development Labs., has joined
the Attending Staff Association at
Rancho Los Amigos Hospital in
Downey, Calif. Dr. Waring is direc-
tor of a project on the use of the
electrical activity of muscles as con-
trol signals for powered devices to
aid disabled patients.

John H. Zauner has been elected
vice-president of the Perkin-Elmer
Corp., Norwalk, Conn., and head of
its Instrument Group. Mr. Zauner
will be responsible for the com-
pany’s domestic and international
commercial analytical instrument
operations.

Obituary

Frederick F. Schuetz
Frederick F. Schuetz of 525 Pros-
pect St., Maplewood, N. J., a retired
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Electrochemical Symposium

The Industrial Electrolytic and
Battery Divisions of the Society are
jointly sponsoring a symposium on
“Electrolytic Diaphragms and Bat-
tery Separators” for the 1965 Spring
Meeting to be held in San Francisco,
May 9-13, 1965.

Communications and inquiries re-

garding this symposium should be
addressed to: Dr. Robert E. Mere-
dith, Department of Chemical En-
gineering, Oregon State University,
Corvallis, Oregon.

Electroorganic Symposia

The Electro-Organic Division is
planning two symposia for the 1965
Spring Meeting of the Society in
San Francisco. One of these on
“Elucidation of Organic Electrode
Processes” is jointly sponsored with
the Theoretical Electrochemistry Di-
vision. All papers will be given by
invited speakers and the program
will be announced later. Dr. Philip
Elving, University of Michigan, Ann

Arbor, Mich. is Chairman of the
symposium.

The second is entitled “Industrial
Electroorganic Chemistry” and the
Chairman is Dr. Manuel M. Baizer,
Monsanto Chemical Co., 800 N.
Lindbergh Boulevard, St. Louis,
Mo., 63166. Speakers have been in-
vited but others interested in par-
ticipation should contact Dr. Baizer.

Papers Solicited for Symposium on Molten Salts for
Spring 1965 Meeting

A Symposium on Molten Salts
is being organized jointly by the
Electrothermics and Metallurgy Di-
vision and the Theoretical Electro-
chemistry Division. The symposium
will be a part of the Spring Meeting
of The Electrochemical Society to be
held in San Francisco, Calif.

Papers are solicited from re-
search workers active in various
phases of molten salt chemistry. It is
hoped that research in both the fun-
damental and applied aspects will be
discussed at the symposium. Ques-

tions concerning the symposium and
the appropriateness of a particular
paper should be addressed to D.
Cubicciotti, Stanford Research In-
stitute, Menlo Park, Calif.

Three copies of the usual 75-word
abstract and three copies of an ex-
tended 500-1000 word abstract are
due at Society Headquarters, 30 East
42 St., New York, N. Y. 10017, not
later than December 15, 1964. (See
general notice 242C in this issue con-
cerning Extended Abstract Book
Publication Program.)

Symposium on Production of Chlorine without Caustic for
Spring 1965 Meeting

A Symposium in the Production
of Chlorine without Caustic is being
organized by the Industrial Electro-
lytic Division. This symposium will
be part of the Spring Meeting of the
Society to be held in San Francisco,
Calif., May 9-13, 1965.

Papers are solicited from research,
development, engineering, and pro-
duction workers active on the gen-
eral area of direct and indirect elec-
trolysis of hydrochloric acid and
chemical processes producing chlor-
ine without caustic. It is hoped that
papers on theoretical and practical
aspects will be presented at the

symposium. Questions concerning the
symposium and appropriateness of a
particular paper should be addressed
to Dr. Morris P. Grotheer, Hooker
Chemical Corp., P.O. Box 344,
Niagara Falls, N. Y. 14302.

Three copies of the usual 75-word
abstract and three copies of an ex-
tended 500-1000 word abstract are
due at The Electrochemical Society,
Inc., 30 East 42 St., New York, N. Y.
10017, not later than December 15,
1964. (See general notice on page
242C of this issue concerning Ex-
tended Abstract Program.)



Vol. 111, No. 10

patent attorney, died at his home on
July 19, 1964. He was 82.

He had been a patent attorney
since 1906 maintaining an office in
the Woolworth Bldg. in New York
for the last 20 years. He retired from
business last year.

He was a member of The Electro-
chemical Society, the New York
Patent Lawyers Association, the
American Association for the Ad-
vancement of Science, the American
Society of Mechanical Engineers,
and was an associate member of the
American Institute of Electrical
Engineers.

Book Reviews

“Compound Semiconductors. Vol. I.
Preparation of III-V Compounds,”
Edited by R. D. Willardson and
H. L. Goering. Published by Rein-
hold Publishing Corp., N. Y., 1962,
533 pages; $25.00.

This work is an excellent source
and reference book for those who
have been engaged in research and
development in this field. It is also a
very useful introductory book, pro-
viding a general background to engi-
neers and scientists with no previous
experience in III-V compound semi-
conductor material technology. The
authors have approached the subject
with the idea of enabling the reader
to perform purifications, syntheses,
and single-crystal growth of these
materials. The emphasis is on the ex-
perimental aspect, discussing the de-
sign, construction, and use of the
system appropriate to his problem.
However, there are chapters devoted
to the discussion of basic theory
pertinent particularly to III-V com-
pound semiconductors such as chem-
ical bonding and surface structures.

This book, by covering the various
material technological and scientific
aspects of III-V compound semicon-
ductors, tries to present an integral
picture. Section I discusses crystal
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Notice to ECT
Subscribers

Nonmember subscriptions to
ELECTROCHEMICAL TECHNOLOGY
will expire on December 31,
1964. Avoid missing any issue.
Send us your remittance in
the amount of $15.00 immedi-
ately upon receipt of your
ECT subscription renewal bill
to insure proper handling of
your subscription. (Subscribers
outside of the Continental
United States must add $1.00
to the subscription price for
postage.)

The 1965 bound volumes of
ELECTROCHEMICAL TECHNOLOGY
can be obtained at the pre-
publication price of $4.00 by
adding this amount to your re-
mittance. However, no orders
will be accepted at this rate
after December 1, 1964, when
the price will be increased to
$6.00 subject to prior accep-
tance. Bound volumes are not
offered independently of your
ECT subscription.

structure and bonding, including a
chapter on cleavage studies which
has not received its share of atten-
tion in most material publications.
Section II deals with purification of
the elements. A minor problem here
is the missing information on purity
of some of the elements. Section III
is a review of techniques useful for
the detection of trace impurities, im-
plying that the importance of both
chemical and electrical (more or less
empirical) methods for the deter-
mination of purity level. Section IV
describes extensively preparative
methods for known III-V compound
semiconductors. The presentation
varies because technology associated
with a certain number of these com-
pounds has lagged behind, due to
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lack of practical interest. In several
chapters, single-crystal growth tech-
niques were briefly described. Here,
some discussion on the tolerable de-
gree of stoichiometry achieved is de-
sirable. Section V presents single
crystal growth techniques with em-
phasis on growth from melt. Section
VI discusses thin film formation
techniques. In these two sections,
somehow, epitaxial film growth from
the vapor phase by transfer has not
been mentioned, except in the brief
introductory comment. This is an
area of interest, particularly in
growth of epitaxial films, on foreign
substrates and growth of films of
mixtures of III-V semiconductors.
Sections VII and VIII give some in-
sight of solid state diffusion and im-
purity segregation in these materi-
als. Section IX is a thorough and
authoritative presentation of surface
problems and phenomena on typical
III-V  semiconducting compounds.
Section X is a discussion of experi-
mental techniques and results on
thermodynamic properties of these
materials obtained by means of
phase diagram, mass spectrometric,
and calorimetric investigations. An
extensive bibliography of publica-
tions in this area up to 1960 con-
cludes the book. More recent refer-
ences (up to 1961) in the footnotes
provide additional source of infor-
mation. Lacking here is a discussion
of structural perfection of single
crystals of these compounds and
means for observation and measure-
ments of these defects. Hopefully,
these will be included in the subse-
quent volumes of this work.

This massive and comprehensive
volume is undoubtedly of compelling
interest to any one engaged in work
in this field and is a necessary addi-
tion to the library of engineering
schools and many industries. The
need for such a book is apparent be-
cause of the enormous amount of
work which has been done in the

Increased costs of publication have
made it necessary for The Electro-
chemical Society to institute a per
page charge for publication in the
JOURNAL.

At the Meeting of the Board of
Directors held in New York on Sep-
tember 29, 1963 a charge of $35.00
per printed page was established by
the Board of Directors, on recom-

Page Charge Adopted for the JOURNAL

mendation of the Publication and
Finance Committees, for papers pub-
lished in the Journar. This action
becomes effective for papers received
after February 1, 1964.

A 10% reduction in the page
charge will apply to papers authored
by one or more members of The
Electrochemical Society and/or by
one or more employees of Patron or

chemical Society.

Sustaining Members of the Society.

Papers are accepted for publica-
tion on the basis of merit by estab-
lished practices of review. Accept-
ance of future papers for publication
will not be dependent on payment of
this invoice. Where funds are not
available for payment of this charge
it will be waived by The Electro-
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Notice to Members
Re Voting Ballot

You will soon receive your
official voting ballot from So-
ciety Headquarters. Please re-
turn it by December 15 so that
your vote can be included in
the final election count.

last few years and the increasing im-
portance of these compounds. It is a
timely publication. However, by its
own nature, in a few years, it will
be superseded or perhaps better still,
augmented by similar works or a
new edition.
Pei Wang
Sylvania Electric Products

“Modern Polarographic Methods,”
by Helmuth Schmidt and Mark
von Stackelberg. Translated from
the German by R. E. W. Maddison.
Published by Academic Press,
New York and London, 1963. 93
pages; $5.50.

This book is a lucid introduction
into the recently developed instru-
mental methods related to conven-
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Symposium on Strengthening Mechanisms in Nonmetallics
Planned for Spring 1965 Meeting

Announcement is made by Chair-
man William E. Kuhn, of the Elec-
trothermics and Metallurgy Division,
that symposia plans for the Society’s
San Francisco, Calif.,, Meeting to
be held May 9-13, 1965 include
Strengthening Mechanisms in Non-
metallics.

Papers are now solicited for pres-
entation at this symposium. Mater-
ials of interest should include inter-
metallic compounds, oxides, car-
bides, nitrides, silicides, and the
like. Strengthening mechanisms may
be dispersed phases, porosity control,
grain size control, thermal treat-
ments, short fiber reinforcement,
anisotropic effects, surface effects,

tional polarography. Without over-
loading the reader with mathematics
the writers succeed in clearly ex-
plaining the underlying principles,
the potentialities, and practical limi-
tations of the various methods.

The treatment includes: differ-
ential (page 2), derivative (page 5),
and strobe (page 4) polarography;
oscillographic polarography with
either controlled current (page 9)

ELECTROCHEMIST, PhD

The expanding Capacitor Division of General Instru-
ment Corporation requires a PhD with at least five years
experience in electrochemistry. He will head a research
and development team in the capacitor field.

A solid theoretical foundation in electrochemistry, in-
genuity, drive and the ability to work with minimal

supervision are essential.

Above average earnings, excellent working conditions
and a solid future in a well equipped facility are offered.
To apply, write details of your experience to:

Dr. Earl Thomas, Jr.
General Instrument Corporation
655 Madison Avenue
New York, N. Y. 10021

An Equal Opportunity Emplover

and nonstoichiometry. Papers con-
cerning both low and high temper-
ature studies are invited.

Three copies of a/75-word abstract,
as well as of an extended abstract of
500-1000 words are due at The Elec-
trochemical Society, 30 East 42 St.,
New York, N. Y. 10017 not later
than December 15, 1965. (See notice
on page 242C of this issue.)

Inquiries and suggestions should
be sent to Symposium Chairman,
James H. Healy, Spindletop Re-
search, Inc., Ironwork Pike, Lexing-
ton, Ky. 40505. If you are consider-
ing submitting a paper for this sym-
posium, it would be helpful if you
notify him as soon as possible.

or potential (page 12); ac (page 22)
and ac bridge (page 5), polarog-
raphy; square wave (page 7), pulse
(page 8), and radiofrequency polar-
ography (page 10).

As one rarely completely agrees
with all the statements in a text, I
would like to make a few minor
criticisms which however, do not de-
tract anything from the overall im-
pression of the book.

It is stated several times (pages
13, 17, 18, and 25) that in conven-
tional polarography the mean cur-
rent only is measured, which means
that heavy damping is applied. This
is unnecessary and actually very dis-
advantageous. In fact, the use of
maximally undamped polarograms,
in conjunction with some means of
mechanical drop detachment, has all
the advantages of strobe polarogra-
phy (plus a few more: adsorption
waves e.g., can easily be distinguish-
ed from the shape of the current-
voltage curve of a single drop) and
does not necessitate the rather elab-
orate equipment of strobe polaro-
graph.

The analytical difficulties and in-
adequacy of ac polarography are
very well explained (although there
is a confusing error on page 36, line
8 from the top, where “peak” should
be replaced by “wave”). However, I
regret the statement (page 51) that
“there is a wide field of application
in the investigation of electrode re-
actions.” In this respect I think the
method is even less satisfactory and
cannot compete with impedance
measurements.

In the section on ac bridge polar-
ography a recent phase-sensitive de-
tector circuit is explained at length.
Unfortunately no mention is made of
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the Cambridge Univector, which
however is erroneously cited as be-
ing an ordinary ac polarograph
(page 57). Although this attachment
unit presumably is not quite as satis-
factory as the bridge technique, it
lacks the major disadvantages of ac
polarography, was developed much
earlier, can be used in conjunction
with any conventional polarograph
and has been on the European mar-
ket for years.

It is a pity that the terms “revers-
ible” and “irreversible” are used
freely without any definition of their
notion in the context (with the ex-
ception of page 38, where an incor-
rect one is given). This may be a
little confusing since the time scales
of the various methods are not the
same at all, consequently a reaction
which behaves “reversibly” with a
slow method may behave quite “ir-
reversibly” with a fast one.

There are many enjoyable features
in the book: the emphasis is on main
principles, the reasoning in general
is very clear, a consistent distinction
is made between accuracy, sensitiv-
ity, resolvability, and separability.
Simple diagrams illustrate the work-
ing principles. Much of the informa-
tion given in the book could before
only be found, at the cost of much
time, scattered all over literature.

The translation is good; the Ger-
man origin of the book only shows
in the symbols used in the figures
and formulae, as they sometimes fol-
low German usage, sometimes Eng-
lish, e.g., U, V, and E are used in-
discriminately for potential. The
literature is covered up to about
1960.
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This is a highly recommended
book, which gives a concise, read-
able, and critical treatment of the
subject matter.

R. de Levie
Louisiana State University

Announcements
from Publishers

“Corrosion of Refractories by Lith-
ium,” Report ORNL-3551,* $2.00.

“Salt Fog Tests of Magnesium Al-
loys,” Report AD 600 029,* $1.00.

“Recent Soviet Studies in Corro-
sion,” Report AD 600 784,* $5.00.

“Literature Search on Fretting Cor-
rosion,” Report AD 430 908,*
$2.25.

“Thermal Energy Storage,” Report
AD 431 201,* $3.00.

“Cell Equalization Techniques,” Re-
port AD 427 070,* $1.00.

“Alkaline Battery Evaluation,” Re-
port AD 429 135,* $5.00.

“Silver Transport Mechanism,” Re-
port AD 421 049,* $1.50.

“A Silver-Zinc Secondary Battery
Study,” Report AD 422 077,*
$2.25.
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“Mercury Cell Battery Investiga-
tion,” Report AD 430 404,* $1.75.

“Thin Film Gallium Arsenide
Study,” Report AD 428 634,* $1.75.

“Dendritic Silicon Solar Cell Panel,”
Report AD 429 136,* $2.25.

“Cadmium-Sulfide Front Wall Solar
Cell,” Report AD 423 684,* $1.75.

“Additives for Nickel Plating Solu-
tions,” Report AD 424 466,* 75
cents.

“Thermocouples for Measuring Boil-
ing Surface Temperatures,” Re-
port IS 810,* $1.50.

“New Oxidants and Their Mecha-
nisms,” Report AD 431 871,* 75
cents.

“Diaphragms for Sulphate Cycle
Electrolytic Cells,” Report AD
421 167,* 50 cents.

“Hydrogen Sources for Fuel Cells,”
Report AD 424 580,* 75 cents.
“Ultrasonic Wave Propagation Mod-
els,” Report HW-78701,* $1.25.
“Cadmium Oxides as Coatings,” Re-

port AD 423 682,* 50 cents.

“Control of Stress Corrosion Crack-
ing,” Report AD 432 320,* 50 cents.

“A Stannate-Pyrophosphate Solu-
tion,” Report AD 427 131,* 50
cents.

* Order from Office of Technical Services,
Business and Defense Services Administra-
tion, U. S. Dept. of Commerce, Washington
25, D. C.

electro-
chemists

for independent research

... in diversified areas including fuel cells,
industrial electrochemistry, electrode re-
search and electro-organic chemistry.

These are select openings in Kellogg’s
R & D laboratory located in central New
Jersey offering excellent opportunity for
scientific growth and advancement to the

right men.

They require a BS, MS or PhD in physical
chemistry and 0 to 5 years experience.
Electrochemical experience is desirable
but not essential for this work.

Write in confidence to Mr. R. L. Stacom.

The M. W. KELLOGG Co.

711 Third Ave., New York 17, N. Y.

An Equal Opportunity Employer
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millionth
of an inch

Your profits depend on meeting tight specifica-
tions, maintaining quality control and reducing
rejects. Can you afford to guess at plating thick-
ness when it is so easy to measure and be sure?

UNITRON'S PL-MEC PLATER'S MICROSCOPE sub-
stitutes facts for uncertainty. The plated deposit is
observed through a Filar Micrometer Eyepiece
and measurements are read directly from a
micrometer drum. This compact microscope is
easy to use, portable around the shop and has a
built-in light source. It also doubles as a metal-
lurgical microscope for examining grain structure
etc. at magnifications of 25X-1500X. Permanent
photographic records may be made using an
occessory 35mm. camera attachment and provide

luable legal pi ion for sub actors.

UNITRON'S PLATER'S MICROSCOPE will save its
initial cost many times over. Prove this for

yourself —as so many firms in the plating
industry have done—by requesting o FREE
10 DAY TRIAL in your own plant. There is no cost
and no obligation.

ove: Accessory camera atlachment.
Left: Observing the plated deposit,
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As above with built-in
camera attachment, but
without 35mm. camera

back: $540

$46 Model PL-MEC
complete with

all optics and standard

accessories

THE TREND IS TO UNITRON

INSTRUMENT COMPANY e MICROSCOPE SALES DIV.
66 NEEDHAM ST, NEWTON HIGHLANDS 61, MASS.

Please rush UNITRON's Microscope Catalog 86-C

Company.
Address.
City. State.
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