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e RUTRE MERTINGS |
S FUTURE MEETINGS

SEATTLE, WASHINGTON—MAY 21, 22, 23, 24, 25, & 26, 1978
Headquarters at The Olympic
Final program published in March 1978 issue of This Journal. If you would like a copy of the advance

program booklet and other informaticn pertaining to this meeting, please write: Seattle Meeting, The Elec-
trochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540.

PITTSBURGH, PENNSYLVANIA—OCTOBER 15, 16, 17, 18, 19, & 20, 1978
Headquarters at the Pittsburgh Hilton

The detailed Call for Papers published in December 1977-April 1978 issues of This Journal. Final pro-
gram published in August 1978 issue of This Journal.

Planned symposia for the Pittsburgh Meeting include the following Divisions, Groups, and subjects:
Battery—Battery Design and Optimization, Organic and Inorganic Separators, General Session; Battery and
Energy Technology Group—Batteries Systems for Vehicle Prcpulsion; Corrosion—Atmospheric Corrosion,
Fundamental Aspects of Cathedic Protecticn, General Sessicn; Dielectrics and Insulation—Double Dielec-
tric Interfaces; Dielectrics and Insulation and Electronics—Fiber Optics: Materials and Devices; Electro-
deposition—Engineering Topics in Electrodeposition, General Session; Electronics—Very Large Scale Inte-
gration (VLSI), Semiconductors General Sessions, General Materials and Processes General Session; Elec-
tronics, Corrosion, and Dielectrics and Insulation—Corrosion of Electronic Materials; Electronics, Dielec-
trics and Insulation, and Electrothermics and Metallurgy—Growth and Evaluation of Materials Prepared by
Low Pressure CVD; Electrothermics and Metallurgy—Fine Particles; Electrothermics and Metallurgy and
Energy Technology Group—Materials for High Temperature Gas-Cooled Nuclear Energy Conversion (Fission
and Fusion Reactors); Energy Technology Group—General Session; Energy Technology Group and Corrosion—
Electrochemical Phenomena in Solar Heating and Cooling, Photothermal, and Ocean Thermal Energy Con-
version Systems; Energy Technology Group and Battery—Phosphoric Acid Fuel Cell Technology; Industrial
Electrolytic—Electrochemical Methods in Extractive Metallurgy; and Physical Electrochemistry—Second In-
ternational Symposium on Molten Salts.

BOSTON, MASSACHUSETTS—MAY 6, 7, 8, 9, 10, & 11, 1979
Headquarters at the Sheraton Boston Hotel

The detailed Call for Papers pubiished in July-November 1978 issues of This Journal. Final program
published in March 1979 issue of This Journal.

Planned symposia for the Boston Meeting include the following Divisions, Group, Subcommittee, and
subjects:
Battery, Corrosion, Electrothermics and Metallurgy, and Energy Technology Group—High Temperature Fuel
Cell Materials; Corrosion—General Session; Dielectrics and Insulation—Thin Film Ferroelectric Materials;
Dielectrics and Insulation and Electronics—Display Technolcgy, Low Temperature Processing, Materials
Interactions in Packaging Technology; Dielectrics and Insulation, Electronics, and Electrothermics and Met-
allurgy—Laser Process Technology; Dielectrics and Insulation, Electrothermics and Metallurgy, and Energy
Technology Group—Photovoltaic, Photothermal, and Hybrid Energy Systems and Devices; Electronics—lon
Implantation, Molecular Beam Epitaxy, Process Device Modeling, Semiconductors General Sessions, Phos-
phor Efficiency and Saturation, X-Ray Phosphors and Radiography, Luminescence General Session, Gen-
eral Materials and Processes General Session; Electrothermics and Metallurgy—Refractory Composites; Elec-
trothermics and Metallurgy and Energy Technology Group—Characterization of Coal Combustion Products;
Energy Technology Group—Future Energy Sources, General Session; Energy Technology Group and Industrial
Electrolytic—Conservation of Electricity; Energy Technology Group and Organic and Biological Electrochem-
istry—Energy Conversion and Storage in Biological Systems; Industrial Electrolytic—Engineering Analysis,
Fused Salt Technology, General Session; Physical Electrochemistry—lon Exchange, Recent Advances in Elec-
trode Kinetics; New Technology Subcommittee and Corrosion—Electrochemical Aspects of Ocean Resource
Utilization; New Technology Subcommittee, Corrosion, Dielectrics and Insulation, and Electronics—Sen-
sors in Biological Systems; and New Technology Subcommittee and Electrothermics and Metallurgy—Super-
conductor Materials.

LOS ANGELES, CALIFORNIA—OCTOBER 14, 15, 16, 17, 18, & 19, 1979
Headquarters at the Los Angeles Bonaventure

The detailed Call for Papers published in December 1978-April 1979 issues of This Journal. Final pro-
gram published in August 1979 issue of This Journal.

Planned symposia for the Los Angeles Meeting include the following Divisions, Group, Subcommittee,
and subjects:
Battery—Ambient Temperature Lithium Batteries, Lead Acid-New Developments, Power Sources for Bio-
medical Implantable Applications, General Session; Battery, Electrothermics and Metallurgy, and Energy
Technology Group—Hybrid Electrochemical Propulsion Systems; Corrosion—Corrosion of Amorphous Metal
Surfaces, Electrochemistry of Hot Corrosion; Dielectrics and Insulation, Electrodeposition, and Electron-
ics—Patterning Technology; Dielectrics and Insulation and Electronics—Applications of Glasses in IC Tech-
nolcgy, Degradation Mechanisms in Electronic Devices, New Processing Techniques, Silicon on Sapphire
and Dielectric Isolation, Thin Films of Tunneling Dimensions; Dielectrics and Insulation, Electronics, and
Electrothermics and Metallurgy—Seventh International Conference on Chemical Vapor Deposition; Elec-
trodeposition—General Session; Electronics—Business Trends in the Electronics Industry, Gettering, Mag-
neto-Optical Materials, Processing of Optical Imaging Devices, Semiconductors General Sessions, General
Materials and Processes General Session; Electronics and Electrothermics and Metallurgy—Contact Mate-
rials and High Conductivity Interconnects; Electronics, Electrothermics and Metallurgy, and Energy Tech-
nology Group—Silicon Crystal Growth; Electrothermics and Metallurgy—Halide Lamp Science and Technol-
ogy, High Temperature Chemistry; Electrothermics and Metallurgy and Energy Technology Group—Photo-
thermal and Geothermal Energy Systems; and New Technology Subcommittee and Corrosion—Amorphous
Metals, Marine Electrochemistry.

———-- . ——  — —— — ——————————————~— |




ELECTROCHEMICAL
PREPARATIVE AND
ANALYTICAL

These are. ..

THE ADVANCED
ALTERNATIVES

And we challenge you to compare the features, performance and value
of these fine new instruments.

¢ Cells for preparative organic chemistry ¢ Multi-channel Scanners

® Electrometers/Ammeters * Signal Function Generators
® Corrosion Testing Equipment ® Polarographs

¢ Analog/Digital Integrators * Potentiostats/Galvanostats

For a copy of the current catalog describing these and other instruments, please write,
or call Dr. Dennis Crouse at 617-661-8080.

% ECO Incorporated

FIFTY-SIX ROGERS STREET
CAMBRIDGE, MA 02142
Tel. 617-661-8080

TWX 710-320-6937
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EXTENDED ABSTRACTS

Extended Abstracts of the Society’s Spring Meeting in Seattle, Washington (Volume 78-1) are available from Society Head-
quarters at $10 per copy.

Extended Abstracts of other Society Meetings (Spring and Fall) are also available in limited numbers at $10 per copy.

To order the Extended Abstracts, please specify which volume and forward with full payment to The Electrochemical So-
ciety, Inc., P.O. Box 2071, Princeton, N.J. 08540.

——NEW SOCIETY PROCEEDINGS VOLUMES ——

New proceedings volumes containing papers from several symposia/conferences will be published in 1978,

Proceedings of the Symposium on High Temperature Metal Halide Chemistry
A 1977 symposium Available April 1978 $17.00

Proceedings of the Symposium on Thin Film Phenomena: Interfaces and Interactions
A 1977 symposium Available April 1978 $14.00

Proceedings of the Symposium on Industrial Water Electrolysis
A 1978 symposium Available summer 1978 $12.00

Proceedings of the Topical Conference on Characterization Techniques for Semiconductor Materials and Science

A 1978 symposium Available summer 1978 $16.00

Proceedings of the Eighth International Conference on Electron and lon Beam Science and Technology
A 1978 symposium Available fall 1978 $20.00

Proceedings of the Fourth International Symposium on Passivity
A 1977 symposium (Hardbound) Available late 1978 $45.00

Proceedings of the 28th Power Sources Symposium
A 1978 symposium (Hardbound) Available late 1978 $25.00

To order, forward full payment to The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540

212C



What’s a “Corrodaputer”?
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A system that uncomplicates your most complex corrosion measurements!

® Potentiodynamic polarizations

® Corrosion behavior diagrams

® Tafel plots

® Polarization resistance measurements
® Galvanic corrosion

The Model 350 Corrosion Measurement System

has a built-in microcomputer that does it
all for you!

MICROCOMPUTER POWER . . .

...GETS YOU STARTED

The microcomputer guides you through the instrument set
up and tells you if you've made any invalid choices. It then
runs the experiment and monitors and stores the incoming
data.

...PLAYS IT BACK FOR YOU

Next it plays the properly scaled curve back for you on the
built-in recorder and calculates things like current density,
Tafel constants, corrosion rates and even current integrals.
If that weren’t enough the microcomputer also symbolizes
the chart paper with the necessary information so you get a
permanently labeled record of the experiment.

... EXPANDS YOUR CAPABILITY

If you like, you can then re-examine selected portions of
the stored scan to get a scale-expanded replay of the stored
data. Replay the data as many times as you wish, examin-
ing different portions of the
curve each time.

The implications of all this
are that now, in one experi-
ment, you can get poten-
tiodynamic polarization in-
formation for passivation
tendencies, as well as Tafel
and polarization resistance
plots for corrosion rates,
using a single specimen.
Think of the savings in
time and effort that can be
made!

A commitment to better corrosion measurements
EG&G Princeton Applied Research is committed to provid-
ing the necessary instrumentation and support to help you
make better electrochemical corrosion measurements. We
have pioneered the use of incorporated microprocessors in
to instruments and the Model 350 builds on this extensive
background. Our staff of application chemists and field sup-
port specialists are always available for telephone consulta-
tion. In addition, our corrosion short courses and corrosion
application notes can get you started in this field quickly,
easily and painlessly. For more information on the Model
350 Corrosion Measurement System, write or call Princeton
Applied Research Corporation, P. O. Box 2565, Princeton,
New Jersey 08540; phone: 609/452-2111.

PRINCETON APPLIED RESEARCH

AN JLEG:G COMPANY .,
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The Electrical Conductivity of [3-PbF,

Wei-Chou Fang*:! and Robert A. Rapp**
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210

ABSTRACT

The electrolytic properties of pure g-PbF; were studied by a-c conductivity
measurements and Hebb-Wagner d-c polarization experiments as a function
of fluorine pressure and temperature. The partial ionic and electronic con-
ductivities of p-PbF; were determined over a range of fluorine pressure and
temperature. Because of the introduction of p-type electronic conduction, the
electrolytic domain of g-PbF; is truncated at high values of Prs, with Pry =
10-2! atm at 492°C. At low Prs, predominant ionic conduction extends to Prs

for the coexistence of Pb and PbFs.

The electrolytic properties of nominally pure and
doped g-PbFs and «-PbF,; have been extensively in-
vestigated recently (1-16). Bonne and Schoonman
(13) calculated the temperature dependences of the
concentrations and mobilities of the interstitial fluoride
ions and anion vacancies based on their a-c conduc-
tivity measurements of pure and doped p-PbF; and
existing literature data. Their results indicated that
interstitial fluoride ions are the principal mobile
species in pure g-PbF; for temperatures greater than
300°C. Hebb-Wagner polarization experiments have
also been conducted by many authors to elucidate the
electronic conductivity in PbF,. Kennedy et al. (4) re-
ported that the electronic conductivity of pure g-PbFs
at 150°C was p-type. At 25°C Kennedy and Miles (12)
could not specify whether the electronic current in
p-PbF> was carried by electrons or holes. Benz (10)
found that pure g-PbF; was essentially an n-type con-
ductor from 400° to 600°C. Schoonman et al. (8) also
found an n-type conductor for pure p-PbF single
crystal from 52° to 137°C. Joshi and Liang (9) reported
that «-PbF; is a p-type conductor.

Both o-PbF; and g-PbFy are known to be predomi-
nant ionic conductors. To elucidate the ionic domain
(17, 18) of PbF,, the determination of the range of
log Pr, beyond which electronic conduction becomes
appreciable is studied here. Previous studies did not
include several well-defined fluorine activities in con-
ductivity studies on PbFs. The present study consists
of measurements of the total a-c conductivity, together
with the measurements of the partial conductivity for
electrons and electron holes as a function of fluorine
activity. These results define the limits for the electro-
lytic domain for PbF,. Hebb-Wagner polarization
studies of g-PbF, also clarify the controversial results
regarding n-type conduction as the predominant elec-
tronic conduction mode.

D-C Polarization Study
The Hebb-Wagner d-c polarization experiment (19)
was adopted for the present study of g-PbF,. Consider
the d-c polarization cell
PbF, 'reversible (Me/MeFy)
electrode

inert
electrode

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.
1 Present address: General Electric Research and Development
Center, Schenectady, New York 12391. .
Key words: solid electrolytes, conduction, electrolytic domain.
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A reversible electrode consisting of a more noble metal
(Me) coexisting with its fluoride (MeF;) provides a
fixed and known Pg, on one side of the cell. On the
other side, a pure noble metal with low solubility for
fluorine serves as an inert blocking electrode. The cell
is subjected to various d-c potentials below the decom-
position potential of PbFs. If the right-hand reversible
electrode is made negative, under the steady-state
condition the ionic current is blocked and the steady-
state polarization current i, is then carried exclusively
by electrons and electron holes according to the equa-
tion
RT

FL

{0g° [exp (u) — 1]
+00° [1 —exp(—u)1} [1]

where L is the cell constant (thickness/area), ge° and
oe° are, respectively, the partial electron hole and
electronic conductivities at the equilibrium fluorine
activity of the reversible electrode and u = EF/RT,
where E is the applied voltage, F is Faraday’s constant,
and R and T have their usual meaning. The details of
the theory have been given elsewhere (19-21).

If the polarity of the applied voltage for cell (I) is
reversed (positive reversible electrode), an equation
similar to Eq. [1] can also be derived. The usual ap-
proach in polarization experiments by all the authors,
except Patterson et al. (21), has been to assume the
validity of Eq. [1] and then evaluate either 0e° OF dg°
according to limiting cases given by Wagner (19, 20).

If the electrolyte is a predominant p-type electronic
conductor, and exp(u) >> 1, the equation for the cur-
rent reduces to

i, =g+ ig =

fo =15 = 0° €Xp (u) [2]

FL
An exponentially increasing current will be observed
with increasing potential in a plot of i, vs. E, while a
linear relationship will be observed in a plot of log
(FL/RT)i, vs. E. The value for the electron hole con-
ductivity ¢ can then be calculated from the intercept
of the latter plot.

If the electrolyte exhibits predominant n-type elec-
tronic conduction, Eq. [1] reduces to

~ RT
ig = ——o00° [l — exp(—u)]

FL ol

1&
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Fig. 1. Calculated i-£ curves according to Eq. [1]. L =
02cm™1, T = 400°C.

In plots of i, vs. E, with increasing voltage, the current
increases and tends to the saturation value. From the
plot of log (FL/RT)i, vs. E, the electronic conductivity
can be calculated from the plateau current value which
is oo°.

Under certain conditions, the analysis of limiting
cases can result in an erroneous conclusion. Figure 1
illustrates i-E plots for the complete Eq. [1] for three
limiting cases. Each plot exhibits an apparent expo-
nential curve when the applied voltage is above some
value. Obviously, the decision between p- or n-type
behavior based on the shape of the experimental plot
is not reliable. An improved technique for analyzing
polarization data was presented by Patterson et al.
(21). Both sides of Eq. [1] may be divided by [1 — exp
(—u)] or by [exp(u)— 1] to obtain

X RT
i/[1 —exp(—u)] = [0o° exp(u) 4 00°] [4]

FL

or

RT
i./[exp(u) — 1] = L [0o° + co° exp(—u)] [5]

According to Eq. [5], a plot of i./[exp(u) — 1] vs.

RT
exp (—u) should give a straight line of slope % ae°

RT
and intercept o g5°. Analogous equations can be ob-

tained for a positive reversible electrode. Thus the
values of both ¢,° and se° can be simultaneously ob-
tained from a single experimental run. The d-c polari-
zation data in the present study were treated accord-
ing to this method.

Experimental materials and procedures—Cubic g-
PbF; was made by heating the orthorhombic o-PbF,
(99.99% pure) to over 500°C prior to each experimen-
tal run.

A-c conductivity measurements.—The various fluorine
activities for a-c conductivity measurements were es-
tablished through the double cell electrochemical ar-
rangement shown in Fig. 2. The cell was comprised of
two symmetrical cells with perforated platinum foils
as fluorine gas electrodes contacting PbF,. Reference
electrodes were prepared from nickel-nickel fluoride-
calcium fluoride mixtures in a volume ratio of approxi-
mately 6:2.5:2 and pressed in a 1.3 cm diam steel die.
The calcium fluoride was added to eliminate electrode
polarization. The electrolyte CaF; was prepared from
pressed ultrapure calcium fluoride powder. The fluo-
rine activity Pr, at the platinum foils was fixed by
the applied voltage E according to the relation

. 2EF
Pry = Pry® (Ni/NiF3) exp ﬁ [6]

where Pr,° is the equilibrium fluorine pressure of the
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Fig. 2. Experimental cell to study the electrical conductivity of
PbF2.

reference electrode. Preliminary experiments showed
that the actual Pr, at the platinum electrodes was a
linear function of the current through the cells which
was monitored by a Keithley 153 microammeter. The
current indicated the existence of a small steady-state
fluorine ion discharge at the Pt/CaF: interface. This
discharge resulted from fluorine escape through the
bond between the CaF; electrolyte and the platinum
foil. Because of the linear relation between the actual
P, and the cell current, a knowledge of the actual Pp,
at the platinum foils was possible. The applied voltages
were provided from two potentiostats which were
separately supplied with power to avoid an electrical
ground loop between the two instruments. Measure-
ments of the a-c conductivity at a frequency of 1592
Hz were made by the Wayne-Kerr Low Universal
Bridge B211 which balances the sample conductance
and capacitance against standards. When the conduct-
ance of a specimen was higher than 0.1 @-! cm~1! a
Wayne-Kerr Low Impedance Adaptor Q211 was used
in conjunction with the bridge.

Hebb-Wagner d-c polarization measurements.—Figure
3 shows the cell arrangement for d-c polarization mea-
surements. The reversible electrodes used for this cell
were prepared from two-phase equilibrium mixtures
of Cu/CuF; and Ni/NiFs. Again, some CaF; was added
to these mixtures to prevent polarization of the re-
versible electrode. The blocking electrode consisted of
a Pt foil about 0.003 cm thick pressed against a vapor-
deposited Au layer.

When Cu/CuF; mixtures were used as reversible
electrodes at positive polarity, the applied voltages
were kept below 640 mV (the difference in the stan-
dard Gibbs energies of formation for 8-PbF; and CuFy)
to avoid the decomposition of PbF;. On the other hand,
for positive polarity at the blocking electrode, the ap-
plied voltage could be any value which would avoid
excessive Fy vapor generation (about 2.0V).

VACUUM DEPOSITED Au LAYER
(BLOCKING ELECTRODE)

Pt FOIL

Pt FOIL—e

POTENTIOSTAT

Fig. 3. Cell arrangement for d-c polarization studies of 8-PbF.
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If Ni/NiF; electrodes are used at positive polarity,
the permissible experimental voltage range is too
small. Therefore, negative Ni/NiF, electrodes are pre-
ferred to allow a large applied voltage range (about
2.4V). The steady-state polarization currents were in-
decendent of the argon flow rate in the system and
were stable over long periods of time.

Results and Discussion

A-c conductivity measurements.—The results of a-c
total conductivity measurements are plotted in Fig. 4
as a function of fluorine pressure at various tempera-
tures. By careful examination, there is a very small
positive slope for each line. But essentially, the a-c
conductivity of g-PbF; is independent of fluorine pres-
sure, indicating that g-PbF; is a predominant ionic con-
ductor over a wide range of fluorine activity.

D-c polarization measurements.—The converted plot
of data for the cell

6Ni/NiF; | PbF; | Aug [11]

according to Eq. [5] is shown in Fig. 5. The values for
o6’ and gy° were obtained from the slope and inter-
cept of the plot, respectively, as already discussed.

The curve shown in Fig. 5 is not a perfectly straight
line as was expected, but exhibits an increasing slope
with the increasing voltage. Taking the maximum and
the minimum values of slope gives

0e° = 3.12-4.15 X 10-6~1cm~!
correspondingly
05° = 2.14-1.04 X 10-80-1cm—!

for Pgy,° for coexistence of Ni and NiF,. This result
indicates that ¢e° >> ¢¢°; in other words, pure g-PbF;
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Fig. 4. Fluorine pressure dependence of total conductivity for

B-PbF2 at 330°-600°C. Open and closed circles represent duplicated
runs.
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Fig. 5. Converted data plot for d-c polarization measurements
with the cell © Ni/NiF; | 8-PbFs | Aucd at 492°C.
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is an n-type conductor at the equilibrium fluorine ac-
tivity for Ni/NiFs.

To obtain the polarization data for g-PbF; at the
equilibrium fluorine activity of Cu/CuF}, cell [III]
was used. Positive polarity was applied at the blocking

electrode
6Cu/CuF; | PbF; | Au®d [III]

Unfortunately, some difficulties arose with this cell.
Nonreproducible currents of the order of 1 xA were
observed at applied voltages below 0.4V. Further, this
cell required 1-1.5 days to reach a steady-state current.
As a result, cell [III] with reverse polarity was used.
As mentioned earlier, the maximum voltage for cell
[AII] with opposite polarity is only 640 mV, since
higher voltages threaten the decomposition of the lead
fluoride. On the other hand, potentials below 0.4V re-
sult in very small nonreproducible currents. Because
of these two limitations, the voltage range between 0.4
and 0.6V was investigated. A converted plot of data
for two such runs is shown in Fig. 6. The analysis
yields for run No. 1

ge® = 1.89-3.81 X 10-2Q~!cm—1!
oe® = 4.33-3.72 X 10-5 0~ cm—1

and for run No. 2
og° = 6.39-6.61 X 10-9Q~1cm~!

0e° = 6.93-6.84 X 10-50~1cm—!

The values of se° and ¢° show that g-PbF; is a
p-type conductor in equilibrium with Cu/CuFs. There-
fore, the fluorine activity at which the transition of
p-type to n-type takes place falls between Pgy° (Ni/
NiFy) and Pg,® (Cu/CuFy).

Figure 7 is a plot of log ¢ vs. log P, for pure g-PbFj;
the slopes of log ¢¢° and log ¢e° vs. log Pr, ap-
proach, respectively, 0.5 and —0.5 at 492°C. These
are the slopes expected from a Kroger-Vink diagram
for Fi and V' defects in absolutely pure PbFy, as well
as in a doped crystal where an impurity fixes the de-
fect concentration. Since ¢¢° and ¢e¢° are negligible
compared to gionic, the total a-c conductivity is essen-
tially equal to sionic. Combining the results for ¢¢°, 0o°,
and oionic allows an estimation of the fluorine partial
pressure Py and P¢ at which ¢ = ojonic and se =
oionic at the temperature 492°C. For the condition ¢y =
Gionicy Po €quals 1.0 X 10~2! atm. The Pp, for the con-
dition where oo = ojonic is far below the Pg, for PbF;
decomposition and is therefore of no physical sig-
nificance.

Only two different reference electrodes with differ-
ing values of Pr, were used to determine the slopes in

T L] T T T T T

801~ @aulPbR|CusCuR®
492°C

Im/l—exp (-u)

30 1 1 1 1 1 L ! 12

10 20 30 40 50 6.0 7.0 80 90
exp (u)x10®

Fig. 6. Converted data for d-c polarization measurements with
the cell © Au | PbFy | Cu/CuFy @ at 492°C.



necessary and interesting. Data for ¢¢° and ¢¢° and
B-PbF; in equilibrium with Pb from these recalcula-
tions (4, 8, 10, 12) are plotted as a function of tempera-
ture in Fig. 8, extrapolation of the present experimen-
tal results for ¢,° and oe° from Fig. 7 are also shown
on the same plot. Figure 8 shows reasonable agreement
among different authors and the present study. Data
for ¢¢° and ¢e° from Joshi and Liang (9) are not in-
cluded in Fig. 8 because their results were for a-PbFs.
Figure 8 shows that g-PbF; is an n-type conductor in
equilibrium with Pb over the temperature range 25°-
600°C. This conclusion incorporates the controversial
results on polarization experiments from various
authors. The improved method for interpreting con-
verted d-c polarization data of Patterson et al. was
useful in determining both ¢,° and se° in this study.
Comparison of electronic conductivities is shown in
Table I. The set of values with an asterisk represents
the values of s° and o¢¢° that fit best in Eq. [4] or [5].
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8-10, 12). Recalculation of the experimental data of 0 | 2 3
previous studies according to Eq. [4] and [5] becomes 1000 /T( K)

Fig. 8. Plot of log o° and log 0e° in equilibrium with lead as @
function of temperature for 8-PbFs.

Obviously, opposite conclusions are then sometimes
obtained from the simple limiting graphical interpre-
tation and from the improved, converted interpretation
of Patterson et al.

Conclusions

The a-c conductivity of pure g-PbF; has been found
to be essentially independent of P, This pressure in-
dependence indicates that g-PbF; is an ionic conductor
over the experimental ranges of Pr, and temperature.

The measurements of electronic conduction of pure
B-PbF, in the d-c polarization experiment indicates a
Py, ~1/2 dependence for o4, and a Pp,~1/2 dependence
for ¢, in accordance with a simple Kroger-Vink dia-
gram for g-PbF;. Recalculation of data from previous

Table I. Review of the literature data and present results for Pb halide conductivity in equilibrium with Pb

(%) Proposed & * s Present o ° o °
Temper- by orig. ® ) calcu- ] (]
Material ature authors (21 cm)-t (Q-cm)-1 lation (Q-cm)-1 (Q-cm)-1 Ref.
B-PbF3 25 —_ - —_ n-type 2.05 x 10-1* 3.75 x 10-10* 12
~3.76 x 10-% ~1 x 10-%
B-PbF3 150 p-type 3.3 x 10-1 —_— n-type 1.85 x 10-a¢ 4.89 x 10-7* 4
~1.39 x 10-%* ~9.96 x 10-°*
B-PbFa 400 n-type — 2.1 x 102 n-type 7.37 x 10-7 3.84 x 10-5 10
~2.15 x 10-12* ~1.93 x 10-3¢
500 n-type —_ 5.5 x 10-2 n-type 4.8 x 10-° 1.19 x 10—+ 10
~2.0 x 10-1¢ ~4.97 x 10-3*
600 n-type —_ 7.7 x 10 n-type 1.7 x 10-5 4.70 x 10-+ 10
~2.62 x 10-°* ~7.92 x 10-3*
a-PbFs 127 p-type 1.72 x 10-2 — n-type 1.43 x 10~ 5.5 x 10-10 9
~1.4 x 10-2¢ ~1.5 x 10-8¢
259 -type 1.82 x 10-1 —_ n-type 4,06 x 10-2 1.22 x 10-8 9
R ~L71 x 10-13¢ ~5.2 x 10-%*
287 -type 8.60 x 10-1 —_ n-type 1.76 x 10-10 1.13 x 10-° 9
2 P ~8.12 x 10-12* ~4.43 x 10-%*
Pure 8-PbFa 492 (present estimates) n-type ~2.5 x 10-°* 2.86 x 10-5*
-PbF: 2 n-t —_— 4.7 x 10-° n-type 3.6 x 10-* 2.2 x 10-18 8
RRTRELES 5 ype ~47 X 10~ ~6.1 x 10-2

*Valuesof ¢ * and o e’ best fitted to Eq. [4] and [5].
®
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d-c polarization measurements for «-PbF; and 8-PbFg
from various authors, along with the ¢, and ¢ from
the present study, gives the following conclusion:
a-PbF; and g-PbF; are n-type conductors in equilib-
rium with Pb. P-type electronic conduction becomes
important at high Pg,, with Pg ~ 1.0 X 10-2! atm at
492°C. The Patterson method was also applied to re-
calculate d-c polarization data existing in the litera-
ture for PbBr, and PbCl;. The results indicate that
both PbCl; and PbBr; are n-type conductors in equi-
librium with Pb,
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Lithium Dimethyl Sulfite Graphite Cell

Sanjay L. Deshpande*! and Douglas N. Bennion*
Chemical, Nuclear, and Thermal Engineering Department, University of California, Los Angeles, California 90024

ABSTRACT

Reactions occurring at the positive and negative electrodes and in the
solution phase of cells of the type Li/LiClO;, DMSU/graphite have been
studied. Discharge capability of 36 hr at a current density of 2 mA/cm?2 has
been achieved. Discharge potential was about 3.00V measured vs. a lithium
wire reference electrode. Coulombic efficiency was 100% at 2 mA/cm? but
dropped rapidly at higher current densities. Charging potentials increased
and discharge potentials decreased at higher current densities. Performance of
the cell was poor when propylene carbonate was substituted for dimethyl-
sulfite (DMSU) and LiBF4. Changes in the positive electrode materials did
not alter performance very much as long as graphite was present.

Lithium is attractive as a possible negative battery
electrode because of its strong reducing potential and
low equivalent weight. As a secondary or recharge-
able electrode, lithium must operate in an aprotic
solution. A major problem in developing room tem-
perature, lithium storage batteries has been finding a
suitable positive electrode which is compatible with
the lithium negative electrode and the aprotic, elec-
trolytic solution. A summary of various lithium battery
systems has been presented elsewhere (1).

A possible battery system using a lithium negative
electrode, LiClO4-dimethylsulfite (DMSU) electrolytic
solution, and a graphite positive electrode has been
reported on previously (2-4). It was proposed (2) that
a lamellar compound of graphite formed at the posi-

* Electrochemical Society Active Member.

! Present address: Honeywell Power Sources Center, Horsham,
Pennsylvania 19044.

Key words: nonaqueous solvents, dimethyl sulfite, lithium per-
chlorate, intercalation, radical cations.

tive electrode as a product of the charge storage
mechanism

nC + LiClOy = Lit+ 4 C; ClO4 + e~

Some later results (4) suggested that the above
reaction is not the dominant reaction and that the
solvent, DMSU, is involved more directly in the
electrochemical reaction. This paper is intended to
determine more clearly the positive electrode reaction
and the limits of operating capability when used in
a Li/LiClO4, DMSU/C secondary battery system.

Experimental
The electrolytic solutions were prepared by vacuum
distilling the solvents and vacuum drying the salts.
Further drying was achieved by stirring solvents
and solutions with lithium chips followed by filtering.
Lithium chips were covered with a white deposit as
a result of the drying. The stir-and-filter operation
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was repeated to expose fresh lithium to the water
in the solvent and the solution. Water content was
determined using the Karl Fischer technique. Only
solutions containing an upper limit of 50 ppm water
were used. Graphite powder (99.95% pure, 0.8 ;m in
size) was used to fabricate the positive electrode. It
is a natural graphite originating from Madagascar.
Teflon molding powder and Union Carbide National
C-34 glue were used as binders. Carbon cloth and
titanium foil were used as current collector backing
plates.

All experiments were performed in an argon atmo-
sphere dry box. The test cells were glass H-cells as
shown in Fig. 1. The two compartments were sep-
arated by a fine-size glass frit. Polyethylene stoppers
were used to minimize solvent losses by evaporation.
Electrode leads came out the top between the poly-
ethylene stopper and the glass wall. The two elec-
trodes, one graphite the other lithium, were held
flat to the bottom of their respective compariments
by glass sleeves 2 cm inside diam and 1.25 cm high.
The sleeves were short enough so they did not block
the connecting limb. The liquid level was just above
the connecting limb. Each compartment contained
about 10 cm? of solution. The electrical circuit is
shown in Fig. 2. A Perkin Elmer chromatograph,
Model 880, with a hot wire detector was used to

rﬁr ol

O

Waadd B

6

NEGATIVE COMPARTMENT POSITIVE COMPARTMENT
CROSS SECTION

R VIEY, CROSS SECTION

Fig. 1. The H-cell used in all experiments. 1. Glass frit; 2. poly-
ethylene stoppers; 3. negative lead; 4. polypropylene masks for the
three electrodes; 5. glass sleeve; 6. negative electrode; 7. positive
lead; 8. reference electrode; 9. reference lead; 10. positive elec-
trode.
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Fig. 2. Electrical circuit diagram for charging and discharging
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analyze the electrolytic solution before and after cell
operation. Further details of the experimental proce-
dure, sources of material and equipment, and purifica-
tion techniques can be obtained elsewhere (1).

Both pyrolized and cloth positive electrodes were
used. In one case a plain platinum sheet was used.
The pyrolized electrodes were made by mixing
graphite glue with twice its weight of graphite
powder. In one case just the glue was used. The paste
was spread on carbon cloth and pressed between two
steel plates to form a disk 1.00 mm or less thick.
The disk was fired in an argon atmosphere at 800°C for
about 6 hr. The result was a brittle, porous disk which
adhered well to the cloth. The disk separated easily
from the steel plates. The resistance across the cloth
disks was about 5Q. Cloth electrodes were the carbon
cloth alone. Prior to use, the carbon electrodes were
dried at 50 xm of Hg and 120°C for 6 hr.

In assembling the cells, gas bubbles trapped under
the electrodes were shaken free. A thin strip of lithium
was placed in the positive compartment as a refer-
ence electrode. Strips of polypropylene were placed
over electrode leads and the reference electrode wire
to prevent a direct current path to them.

The potential between the positive electrode and
the lithium wire reference electrode was measured
as a function of time while the cell operated at con-
stant charging or discharging current. During one
set of measurements, propylene carbonate was used
in place of DMSU and LiBF in place of LiClO4.

The variables measured were: V, the open-ciruit
potential right after assembly or a 30 sec interruption
in current of the positive electrode vs. the reference
electrode; V,, the open-circuit potential after an
interruption of a few hours in current of the positive
electrode wvs. the reference electrode; V; the oper-
ating potential of the complete cell, the positive vs.
the negative electrode; V,, the operating potential of
the positive electrode vs. the reference electrode; Vi,
cut-off potential, V;, when discharging was stopped;
Qin, the charge put into the cell during charging; Qv
the charge recovered from the cell with V, above
4.0V; Qv¢ the charge recovered from the cell with V,
above V.

Potential measurements were made with the positive
electrode grounded. Measured values were multiplied
by —1 and then reported so that the reported values
would conform to the usual sign convention.

Results

Demonstration of reversible electrical storage capac-
ity.—The electrode weighed 0.7245g of which 0.3735g
was carbon cloth, 0.2318g graphite powder, and the
rest pyrolized graphite glue. Initial thickness was 1
mm and diam 2.0 cm. The electrolytic solution was
1.04 moles LiClO4 per 1000 cm3 of solution. The initial
open-circuit potential, V,, right after filling was 2.70V.
The cell was cycled four times with progressively
larger charge in (Qin). Results are shown in Fig.
3, 4, 5, and 6. Charging and discharging was at 3.2
mA (1.0 mA/cm?) on the first cycle and 6.3 mA (2.0
mA/cm?) on cycles 2, 3, and 4. On cycle 2, current
was increased to 10 mA for short intervals. The curves
in Fig. 3, 4, 5, and 6 are typical of many tens of runs.

On the first cycle, two discharge plateaus were ob-
served, one with V; > 4.0V and the other with V,
between 3.0 and 2.8V. Typically, the higher plateau
was not observed after the first one or two cycles
and following a prolonged (several hours) stand after
charging but before discharging. The cutoff voltage,
Vi, was 2.5V. The coulombic efficiency on the first
cycle exceeded 100%. The excess charge is attributed
to reactive impurities initially present in the positive
electrode.

On both charging and discharging the potential
on prolonged open circuit drifted to V,” = 3.75V. The
charge and discharge curves were not significantly
affected by long interruptions at open circuit. The
sustained discharge for 36 hr at 2 mA/cm2 demon-
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Fig. 3. Galvanostatic charge-discharge curves for the cell
Li/LiCIOs, DMSU (1.0M)/graphite -+ graphite glue on carbon
cloth. Cycle No. 1. I = 3.20 mA; Qin = 1.30 mequiv.; coulombic
eff. = 121.5% above V; = 2.50V; discharge begun after O hr of
wet stand on charge; positive electrode weight = 0.7245g; graph-
ite = 0.2318g; carbon cloth — 0.3735g; initial thickness of carbon
disk = 0.1 cm; top surface area = 3.14 cm2; resistance = 1.0Q.

g T T T T T T T T T

CURRENT CHANGED TO 10mA

1=6.3mA

CHARGING

Fy

R

WET STAND

126.3mA DISCHARGING jm..ul 63mA

oy,

POTENTIAL, VOLTS
~

O Voond Vg -

I | 1 1 1 1
) 080 160 240
CHARGE, mEq.

Fig. 4. Galvanostatic charge-discharge curves for the cell Li/
LiClO4, DMSU (1.0M)/graphite -+ graphite glue on carbon cloth.
Cycle No. 2. | = 6.30 mA; Qin = 3.60 megquiv.; coulombic eff. =
100.0% above Vi = 2.50V; discharge begun after 10 hr of wet
stand on charge; positive electrode weight — 0.7245g; graphite —
0.2318g; carbon cloth = 0.3733g; initial thickness of carbon disk =
0.1 cm; top surface area = 3.14 cm?; resistance = 1.0Q.
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Fig. 5. Galvanostatic charge-discharge curves for the cell Li/
LiClO4, DMSU (1.0M)/graphite glue on carbon cloth. Cycle No. 3.
| = 6.3 mA; Qin = 6.23 mequiv.; coulombic eff. = 83.4% above
V¢ = 2.50V; discharge begun after 12 hr of wet stand on charge;
positive electrode weight — 0.7245g; graphite — 0.2318g; carbon
cloth = 0.3735g; initial thickness of carbon disk = 0.1 cm; top
surface area = 3.14 cm?; resistance = 1.0Q.

strates a much larger energy storage than the capacity
of 1 hr at 2 mA/cm? reported by Dunning et al. (2).
However, Dunning et al. looked primarily at the higher,
4.2V plateau; while in this work the lower 2.9V
plateau was examined.

'
wHIdYN

Fig. 6. Galvanostatic charge-discharge curves for the cell Li/
LiClO4, DMSU (1.0M)/graphite -+ graphite glue on carbon cloth.
Cycle No. 4. | = 6.3 mA; Qin = 8.92 mequiv.; coulombic eff. =
95.3% above Vi = 2.50V; discharge begun after 0 hr of wet stand
on charge; positive electrode weight = 0.7245g; graphite —=
0.2318g; carbon cloth = 0.3735g; initial thickness of carbon disk =
0.1 cm; top surface area = 3.14 cm?; resistance = 1.0Q.

This comparison is intended to highlight the im-
portance of the lower discharge plateau. Dunning et al.
used a positive electrode made out of reinforced pyro-
lytic graphite that weighed 1.4535g and had a cross-
sectional area of 8.5 cm2 (active area was 17 cm?).
About 4 cm3 of electrolyte solution was used in that
test. In comparison, the positive electrode (total weight
0.7245g) reported herein consisted of graphite powder
(0.2318g) and graphite glue (0.1192g) and had a
cross-sectional area of 3.14 cm2. About 10 cm3 of
electrolytic solution were present in each half-cell.
Table I compares the energy available at the two
plateaus. By any criterion, energy available at the
lower plateau is higher.

The positive electrode disk swelled from 1 mm
thick initially to 5 mm thick after the fourth cycle.
The swelling was rapid in the first two cycles, but it
swelled little on the last two cycles. The disk remained
rigid and adhered to the carbon cloth backing. Final
cisk resistance was about 3Q. The surface of the
electrode was covered with a thin white deposit.
During the charging run of the first cycle, the solu-
tion in the positive half-cell gradually turned dark
brown. When Anderson Physics Lab ultrapure LiClOq4
was used in place of K and K Labs LiClOy, the brown
substance did not appear.

The deposit on the negative electrode was dendritic
and adhered weakly to the lithium substrate. A white,
gelatinous floc appeared at the surface of the lithium.
On long cycles a small but steady bubbling appeared
on the lithium electrode. The appearance of a white
floc agrees with observations of Selim and Bro (5).

Bubbles appeared on the lithium wire reference
electrode occasionally during long charging periods,
and twice during the 36 hr discharging run it cor-
roded badly enough so that replacement was necessary.

To study the effect of operating current on cell
performance, cells of the type just described were
operated at varying currents. The results are shown
in Fig. 7. Above 2 mA/cm? the coulombic efficiency
drops rapidly. The current voltage curves are shown
in Fig. 8 for charging and discharging. The potentials
are average values of the plateau regions. After the
high current operation, a cycle was carried out at

Table I. Comparison of upper and lower voltage discharge plateaus

Upper plus
lower plateaus

Upper plateau
only [Dunning

(This paper) etal. (2)]
Energy Stored-W-hr 0.6560 0.1428
W-hr/g electrode 0.9054 0.0982
-hr/cm? 0.2088 0.0084
W-hr/cc solution 0.0656 0.0357

Vg

nuﬁmﬂﬂ 1nny
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Fig. 9. Galvanostatic charge-discharge curves for the cell Li/
LiClO4, PC (0.89M)/graphite 4 graphite glue on carbon cloth.
Cycle No. 5. I = 6.3 mA; Qin = 5.0 mequiv.; coulombic eff. =
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Fig. 7. Effect of operating current density on coulombic efficiency
(based on a cutoff potential of V¢ = 2.0V).
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Fig. 8. Effect of operating current density on the potential of the
positive electrode vs. the lithium wire reference electrode, Vo,
during the charging and discharging runs.

6.3 mA (2 mA/cm?) and coulombic efficiency re-
turned to 100%.

In order to check for involvement of electrolytic
solution species in the electrode reactions, propylene
carbonate (PC) was substituted for DMSU and LiBF4
for LiClO4. The results are shown in Fig. 9, 10, and
11. A comparison of results is shown in Table IIL
The results imply that DMSU is a necessary part of
the positive electrode reaction process and that LiClO4
gives better performance than LiBF.

The effect of different materials in the positive
electrode on cell performance was examined. Results

graphite = 0.1980g; carbon cloth = 0.3262g; initial thickness of
carbon disk = 0.10 cm; top surface area = 3.14 cm?; resistance
= 1.0Q.

oV,
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Fig. 10. Galvanostatic charge-discharge curves for the cell Li/
LiBF4, DMSU (1.03M)/graphite 4 graphite glue on carbon cloth.
Cycle No. 3. I = 6.3 mA; Qin = 4.16 mequiv.; coulombic eff. =
72.3% above Vi — 2.0V; positive electrode weight — 0.2218g;
graphite — 0.0448g; carbon cloth = 0.1540g; initial thickness of
carbon disk = 0.04 cm; top surface area = 3.14 cm?2; resistance =
3.0Q.

with bare platinum as the positive showed a fairly
flat charging plateau at 5.6V, but no discharge plateau
was observed. Pyrolized glue on carbon cloth (no
graphite powder) gave typically observed results as
shown in Fig. 12. Results using only carbon cloth are
shown in Fig. 13. The charging runs were flat at
5.2V and not shown. The coulombic efficiency in-
creased with increased cycling. During run 4, 41%
of the 8.52 Mequiv. had been recovered when dis-
charging was stopped because the reference electrode
had dissolved away and cell resistance had increased
from 1.0 to 2.8 kQ. However, V, was steady at 3.2V.
There was bubbling at the lithium counterelectrode
and the reference electrode. Although all the carbon

Table I1. Comparison of performance for four electrolytic solutions

LiClO«+  LiClOs- LiBFs- LiBFy-
DMSU PC DMSU
Charge recovered, m equiv. 8.50 2.26 3.00 1.10
Coulombic efficiency 95.3 422 72.3 50.0
Cutoff potential, V¢ 25 2.0 2.0 1.25
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Fig. 11. Galvanostatic charge-discharge curves for the cell Li/
LiBFy, PC (1.55M)/graphite 4 graphite glue -+ carbon cloth.
Cycle No. 3. | = 6.3 mA; Qin = 2.17 mequiv.; coulombic eff. —
50.0% above V¢ = 1.25V; positive electrode weight — 0.1709g;
graphite — 0.0300g; carbon cloth — 0.1200g; initial thickness of
carbon disk = 0.04 cm; top surface area = 3.14 ¢m2; resistance
= 3.00.
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Fig. 12. Typical galvanostatic charge-discharge curves for the cell
Li/LiClO4, DMSU (1.53M)/graphite glue on carbon cloth. Cycle No.
2. | = 6.3 mA; Qin = 5.0 mequiv.; coulombic eff. = 64.0% above
Y¢ = 2.50V; positive electrode weight — 0.7258g; carbon cloth
= 0.5053g; initial thickness of carbon disk = 0.07 cm; top sur-
face area = 3.14 cm?; resistance = 4.0Q.
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Fig. 13. Galvanostatic discharge curves for the cell Li/LiClOy,
(2.13M) DMSU/carbon cloth. Vo (charging) = 5.15V. I = 6.30
mA; weight of carbon cloth electrode — 0.1273g; thickness —
0.02 c¢m; exposed area = 3.14 cm2; V, (charging) = 4.70V.

Cyclel Cycle2 Cycle3 Cycle4

Charge in, 103 equiv. 1.25 2.28 313 8.52
Coulombic eff. above
Ys = 2.50V 40.63

20.32 21.81 22.36
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electrodes gave appreciable charge storage, the high
surface area electrodes gave the greatest charge re-
tention.

Gas chromatographic analysis was carried out on
the electrolytic solution of the positive half-cell at
various stages of charge and discharge. A new peak
was observed at the end of charging which was not
present at the end of discharging. This implies that
the oxidizing agent formed on charging is at least
partially soluble, and it is consumed on discharging.

X-ray powder diffraction data (Cugq radiation) on
cycled positive electrodes in cells containing DMSU
showed a number of diffraction lines that could not
be assigned to a known compound. The most intense
of these lines had a d value of 4.42A followed in
intensity by the line with d = 7.76A. Thus, there is
evidence for some intercalation of graphite. On
samples of positive electrodes from cells using PC
as solvent, however, there were only two unassigned
peaks with d values of 2.39 and 1.804, the latter being
more intense. Thus, intercalation of graphite (charac-
teristic d = 3.384) in PC solutions is not significant.

Discussion

The need for carbon as natural graphite, carbonized
graphite glue, or carbon cloth for charge storage in
the positive electrode has been demonstrated by sub-
stantial charge storage in the carbon positive elec-
trodes and the inability of a bare platinum electrode
to demonstrate charge storage. Graphite or carbon
appears to be a suitable catalyst and possibly a par-
ticipant in the charge storage reactions at the posi-
tive electrode. The high storage of the graphite pow-
der-graphite glue compared to carbon cloth alone is
attributed to better adsorption properties of the powder
plus glue.

The initial swelling of the pyrolized graphite-glue
electrodes is attributed to formation of intercalation
compounds, possibly intercalation of perchlorate anions
and/or the solvent molecules. However, substantial
charge storage was achieved with carbon cloth alone,
which did not swell. This implies that the intercala-
tion reactions are side reactions which do not con-
tribute significantly to charge storage but help to
increase the carbon surface area available for storage
of the oxidizing agent produced during charging.

The attack on the lithium wire reference electrode
and the new peak observed by gas chromatography
of samples taken after charging imply that the oxi-
dizing agent formed during charging is at least par-
tially soluble. 1t is not expected that intercalation
compounds would be soluble. Since the perchlorate
ion is already highly oxidized and no chlorine or
oxygen gas evolution was observed, it appears that
DMSU is the principal reactant. This conclusion is
further strengthened by the observations that, when
DMSU was replaced by PC, the charge storage capa-
bility of the positive electrode, the coulombic efficiency,
and the value of the discharge potential all dropped
substantially (Table I).

DMSU molecules contain sulfur in the valence state
4. Valence states 5 and 6 are known for sulfur. Thus
it is reasonable to expect DMSU to be oxidized during
charging

(CH30)2 SO - [(CH30)2 SO]+ + e~

(CH30)2 SO - [(CH30)2 SO]+2 + 2e~

During charging, it appears possible that the initial
reaction product, presumably a radical cation, may
rearrange or react further. The radical cation is ex-
pected to be reduced back to DMSU which would
complete the reversible cycle. However, charged species
resulting from subsequent rearrangement may form
final products other than DMSU during discharge.
Since there was a large excess of DMSU in all of
the experiments run in this investigation, it has not
been established whether or not subsequent cycles
complete a reversible cycle or whether fresh DMSU

or
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is oxidized each charge cycle implying that a storage
battery type cycle does not exist for this system.

At the negative electrode dendritic lithium deposits
were observed to change during discharging into a
white floc which could be LiClO4. If that is the case,
it is implied that during discharging a local super-
saturation of LiClO; occurs near the negative elec-
trode. This behavior would be expected if the ClO4~
mobility is much larger than the Li+ mobility. Since
the Li* is probably highly solvated, it is reasonable
to expect the ClO4~ jon to have a higher mobility.
Preliminary x-ray analysis indicated the white pre-
cipitate was LiClOy4, but the results were not conclu-
sive.
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Activities and Surface Tension of
Liquid AgCI-KCI Solutions

Z. Moser,* M. Kucharski, and K. Rzyman
Institute for Metal Research, Polish Academy of Sciences, Krakéw, Reymonta 25, Poland

ABSTRACT

Thermodynamic properties of liquid AgCl-KCl solutions were investigated
at concentrations of Xagci = 0.43-1.00 at temperatures of 860°-1000°K by the
method of formation cells with chlorine electrode. The partial thermodynamic
data of AgCl were interpreted by Krupkowski’s method and the relations of
activity coefficients of both AgCl and KCl were obtained. Simultaneously, the
surface tension measurements of pure AgCl, KCl, and AgCl-KCl liquid solu-
tions were carried out using the maximum bubble pressure method at tem-
peratures of 734°-1220°K dependent on the composition of investigated solu-
tions and the melting points of pure salts. Using the thermodynamic data of
bulk AgCl-KCl solutions, results of surface tension, and the calculations of
the composition of the surface phase of the thickness 4.29 X 10-8 cm, the ac-
tivity coefficients of AgCl in this phase were obtained.

Experimental methods dealing with the determina-
tion of thermodynamic properties of liquid solutions
do not take into account the surface phenomenon, i.e.,
the adsorption of the surface. On the other hand,
the case of equilibrium between the surface phase
and the bulk may be considered in order to explain
surface properties. In this case, however, it is pos-
sible to determine the thermodynamic properties of
both phases mentioned above despite the fact that
the surface phase is not a separate one. To investigate
these problems, thermodynamic properties of the bulk
phase were determined by the emf method for the
AgCl-KCl liquid solutions, while surface tension mea-
surements of pure AgCl, KCl, and AgCl-KCl soluticns
made it possible to follow the change of activities in
the solution in the surface layer.

Thermodynamic Properties of Liquid AgCI-KCl
Solutions

Experimental investigations on AgCl-KCl liquid
solutions form part of the studies on ternary salt
solutions including AgCl-LiCl-KCl. The aim of these
studies is to show the possibility of applying Krup-
kowski’'s formalism (1) to salt systems with single
charge ions and to verify the similarities between
liquid salt and metallic systems. It was shown by
Moser and Fitzner (2) when analyzing available ex-

¢ Electrochemical Society Active Member.

Key words: activity coefficient, fused salts, thermodynamics,
solvents.

perimental data from the literature for the AgCl-LiCl-
KCl system on plot (In «yagc)) xagci-0 vS. Xrici that,
as in the case of liquid metal solutions (3), the devia-
tion from linear dependence forms the term connected
with the binary system KCI-LiCl

Applying the method of formation cells with a
chlorine electrode of the following type

Ag(s)/AgCl-KCI1(1) /Clz(g), graphite [1]

the thermodynamic properties of liquid AgCIl-KCl
solutions were investigated at concentrations of Xagc
= 0.43-1.00 and at temperatures of 860°-1000°K. The
scheme of the cell is shown in Fig. 1. A crucible, 2,
made of silica and containing liquid salts, 6, was placed
in an alumina crucible, 1. The following were im-
mersed in liquid salts:

A. A high melting glass tube, 13, closed at one end
with the orifice enabling contact with liquid salts, in
the bottom of which was placed a silver electrode, 3.
A silver electrode in the form of a sheet was connected
with an alumina tube, 14, by alundum cement. The
upper part of the silver sheet was connected with Pt
wire, 4, passing through a rubber stopper, 5.

B. Pt-PtRh10 thermocouple, 11, was inserted into
a silica tube enabling temperature measurements to
+2°C.

C. An asbestos diaphragm, 7, sealed in a silica
tube, 8, separates the two electrode compartments and
forms the bottom part of the chlorine electrode. The
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Fig. 1. Scheme of the experimental cell

chlorine electrode consists of a graphite rode, 12,
connected with a high melting glass tube, 15, and a
Pt wire. Seals, 9, were made of Teflon.

The results of emf measurements obtained for in-
creasing temperatures (open circles) and decreasing
(solid circles) are shown in Fig. 2. As these plots
show the linear dependence of emf vs. lemperalure,
the least squares method was used for averaging the
data.

From the resulting linear equations presented in
Table I. the emf values at the chosen temperatures of
873°-973°K were calculated each 20°. These emf data
were used for calculations of silver chloride activities
employing the Nernst equation with P¢y, = 1 atm
and with the activity of silver taken as unity. The
activity coefficients of silver chloride are calculated
from the following relation

RT
Epgar — E°ager = — ——Inyagar — Fln Xager (2]

nF
where E°agc; is the standard cell potential obtained
with pure AgCl (bottom line in Fig. 2) and Eagaq
is the emf value of the formation cell.
The obtained experimental values of In yagc; were
described by Krupkowski’s relation

LIQUID AgCIl-KCl SOLUTIONS
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Fig. 2. EMFyqyis vs. temperature in the system AgCI-KCI

In yager = w(T) (1 — Xage)™ [3]

The value of m (m = 1.72) was obtained from the
plot log|In yagci| vs. log (1 — Xugc1) as the slope, and
w(T) as intercept. Next, the relation of w(T) vs. tem-
perature [w(T) 863/T + 0.1468] were calculated.
In this manner the following relations for In yagc
and In ygc) were obtained in the form

863
In yager = (— - + 0.1468) (1 — Xage)172 [4]

863
In yke1 = (— - + 0~1468) [(1 — Xagc1) 172

— 2.389(1 — Xagc) 072 4 1.389] [5])

The form of w(T) with « = —863 and g = 0.1468

results in equations for partial (AﬁAgCI) and integral
enthalpy (AH’) of the following form

9 1nyagal )
T

JEA;CI = — RTz( = Ra(l — XAgCI) 1.72

= — 1714(1 — Xage) 172 [6]
AH' = Ra - [1— (1 — Xpge)) 21 Xkey
= — 2381[1 — (1 — Xagc) "1 Xge1 [7]

The experimental data and those calculated from
Eq. [4]-[7] as well as thermodynamic data at 973°K
presented by Pelton and Flengas (4) are compared
in Table I. Besides the partial thermodynamic prop-
erties of AgCl there also exists a good agreement of
integral enthalpy when compared with Hersh and
Kleppa's (5) calorimetric data (at Xagci = 0.5; AH’
= —550 cal/mole).

In addition it should be mentioned that similar
parameters of «(T) and m in Eq. [4] and [5] were

Table I. Experimental and calculated data in AgCI-KCl liquid solutions at 973°K

Calculated from Eq. [4]-[7]

Experimental data of

Experimental data

Pelton and Flengas

= = —AHagct —AH'

Xager Evoits = a — b T°K Yage1 YAgCl yKCI (cal/mole) (cal/mole) Xager yagCH
0.430 - 10-T 0.752 0.755 0.878 651 452 0.3497 0.699
0.502 5 - 10-T 0.800 0.800 0.835 517 468 0.4994 0.800
0.604 - 10T 0.860 0.860 0.763 348 459 0.6792 0.907
0.705 - 10-T 0914 0.913 0.681 210 411 0.8505 0.976
0.810 * 10T 0.963 0.958 0.585 99 315

0.900 10T 0.990 0.986 0.530 33 193

1.000 - 10T 1.000
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obtained when Krupkowski’s method was applied to
the data of Pelton and Flengas (4): «(T) = —863/T
4 0.054; m = 1.80 as shown previously by Moser and
Fitzner (2). The same method was also used by Ptak
and Szczygiel (6) for interpretation of emf data of
concentration cells applied to AgCl-KCl liquid solu-
tions. The obtained values of w(T) = —917/T and m
= 1.87 also lead to data similar to those presented
in Table I.

Surface Tension Measurements of Liquid AgCl, KCI,
and AgCI-KClI Solutions

Measurements of surface tension have been carried
out by the maximum bubble pressure method. Ex-
perimental arrangements were similar to those for
liquid metals (7), but some modifications were intro-
duced to limit the vapor transport effect. This limita-
tion is an important factor as it was shown that mea-
surements of surface tension of liquids with signifi-
cant vapor pressure may result in erroneous data, in
the case when the equilibrium of the gaseous with
the liquid phase is not attained (8, 9). This phenomenon
has been proved in the present investigations as liquid
KCl and solutions AgCIl-KCl rich in KCIl have, in
experimental conditions, sufficiently high pressure to
influence the surface tension measurements, especially
those carried out with free evaporation.

To limit this evaporation a crucible with tested
salt was placed in special graphite vessel, 4, with a
screwed cover in which an orifice for capillary in-
troduction had been made. The other parts of experi-
mental arrangements are presented in Fig. 3. They
consist of a manometer filled with dibutylphalate, 1,
a gas train for the purification of argon, 2, a quartz
capillary, 3, a crucible vessel with the salt sample, 4,
Pt-PtRh10 thermocouple, 5, a resistance furnace, 6,
an arrangement to move the crucible with the salt
up and down, 7, and a micrometer screw, 8. A quartz
capillary with a diameter of 0.7-1 m/m was used. It
was initially wetted in liquid salt which improves
the reproducibility of results. First, a sample of the
investigated salt was placed in the furnace which was
then closed. In the meantime the gas train system was
open and argon passed through this closed system
for a minimum of 24 hr. Next, the furnace was
switched on until the first desired temperature was
attained. Then, the surface tension measurements were
initiated after immersing the capillary at one or
two chosen depths. The maximum pressure required
for forming and detaching several bubbles was mea-
sured. The average value of this measurement was
taken for the first approach of surface tension calcu-
lations using the relation

e—

Fig. 3. Scheme of the experimental arrangements for the surface
tension measurements.
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1
P= ?TPBIIX [8]

where P is the surface tension in dynes per centimeter,
r the capillary radius, and Pmax the maximum pressure
required for forming and detaching bubble.

The real values of surface tension were obtained
using Sudgen’s correction method (10). For measure-
ments, AgCl and KCl of high purity were used. Salts
were stored in the heater at a temperature of 150°C
for about 24 hr and, next, after transferring to the
furnace, melted in a stream of gaseous dry HCIl. HCl
passed through the melt for about 0.5 hr. To obtain
a homogeneous mixture of AgCl 4+ KCl the weighed
amounts of purified salts were also melted together
in a stream of purified HCl and next cast in a quartz
form, quickly cooled, and stored in a dessicator. The
preparations of the salts for formation cells in the
first part was analogical.

The results of surface tension measurements of
pure AgCl vs. temperature are plottted in Fig. 4. The
surface tension decreases linearly with the increase
of temperature, also the obtained results are in good
agreement with data from monograph (11) and are
slightly different in comparison with Ref. (12). It
should be added that the results for the different
runs from this paper were averaged together by the
least squares method as shown by the thick continuous
line. The results for pure KCIl shown in Fig. 5 were
averaged in a similar way and the surface tension also
changes linearly vs. temperature. Figure 5 presents
the results obtained in this investigation for both lim-
ited evaporation (solid line) and free evaporation
(dashed line). Differences appear between both sets,
as at the investigated temperatures KCl has clearly
noticeable pressure and the apparatus used enabled
measurements in conditions approaching equilibrium
between the liquid and gaseous phases. Our results
for free evaporation are in good agreement with Ref.
(13-15) as shown in Fig. 6.

As in the case of surface tension measurements of
pure liquid KCI, our results with limited transport
effect for AgCl-KCl mixtures show divergences in
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compared with the data from different sources. [
comparison with literature data (13) for AgCl-KCL 95 .
Our data also decrease linearly with the increase of 0 0.2 0.4 06 0.8 10
temperature. For both pure salts and AgCl-KCl solu- KCl AgCl

tions the relations of surface tension vs. temperature
were described by linear dependences ¢ = a — bt°C,
where a is the intercept and b the slope of the line.
The values of both parameters for pure salts and mix-
tures, respectively, are summarized in Table II with
the standard error of estimate and the temperature
range of measurements.

On analyzing the maximum bubble pressure method
it appears that it is less precise in comparison, for
instance, with the pin method and, taking into account
the standard error of estimate, errors in surface ten-
sion measurements are of the order of +2-3 dynes.
These errors, however, and the different influence of
limitation of evaporation in respect to the composition
of investigated salt compositions were sufficient to
introduce in linear equations of surface tension wvs.
temperature (Table II) the lack of fluid change in
slopes from pure AgCl to KCIL.

Using the linear equation from Table II, surface
tension was calculated at 973°K and a relation of ¢ vs.
Xagc1 was plotted in Fig. 7 as shown by circles. The
continuous line on this plot refers to Eberhart’s rela-
tion (16). Eberhart has presented an equation for
the surface tension of binary liquid mixtures based
on the assumption that the surface tension is a linear
function of the surface layer mole fraction. The con-
dition for equilibrium between the surface layer and
the bulk liquid phase gives a relationship between
the surface and the bulk compositions and results in
the following equation

X agcoagel + SXkcioke
Xagel + SXke

where cagc1 and okc) are the surface tensions of the
pure salts, and S is the coefficient dependent on tem-

[91

Table II. Experimental data of surface tension for AgCl, KCl, and
AgCI-KClI liquid solutions

Standard Range

error of of tem-

estimate perature

Xagcr c=a - bt°C s( 0700°C (°C)

1.0 @ = 202 54 — 0.0527¢ 1.07 165.65 461-720
0.9 g = 167.50 — 0.0457¢ 1.36 135.51 458-722
0.7 o = 173.40 — 0.0838t 0.69 114.74 360-718
0.5 o = 149.70 — 0.0578t 111 109.24 518-725
03 o = 161.30 — 0.0843t 0.66 102.29 650-751
0.1 o = 138 40 — 0.0546¢ 0.38 100.18 745- 846
0.0 ¢ = 133.10 — 0.0506t 0.82 97.6 785-9
0.0 o = 151.70 — 0.0665t 0.93 105.15 785-947'

* Data for pure KCI obtained with free evaporation.

Mole fraction of AgCl

Fig. 7. The surface tension of the AgCI-KCI liquid solutions vs.
Xagci at 973°K.

perature which gives the extent of surface layer en-
richment of the component of lower surface tension.
For results of surface tension at 973°K the value of
the coefficient S = 6.21 was determined according to
the procedure presented in Ref. (16).

Composition of the Surface and the Relation Between
the Thermodynamic Properties of the Bulk and Surface
Phase

The basic relation which combines the surface ten-
sion with the activities of components in the surface
layer and in the bulk phase according to (17) takes
the form
Vasci® (o — oagc1)

[10]

RTIn aAsCl = RT In aagc1 +

where aAch and aagc) are the activities in the surface
layer and in the bulk phase, respectively, t is the

assumed thickness of the surface layer, Vagc® is the
partial molar volume of AgCl in the surface phase as-
sumed to be equal molar volume Vagci, oagc is the
surface tension of pure AgCl, and ¢ is the surface
tension of AgCl-KCl solutions.

To obtain results of yagci® in the surface phase a
knowledge of the composition of the surface phase
is necessary for interpretation by Krupkowski’s method
as in the case of the bulk. Various procedures for
the computation of concentrations of both AgCl and
KCl in the surface phase are presented below. On the
basis of the assumption of the existence of the sur-
face phase (18) it is possible to calculate the relative
adsorption I'sgcickeny by the following relation

Xagcl de
Tagciuken = Tagel — I'gcl = — ———
Xxa dpagct

where Tagcr and TI'gcy are the number of moles of
AgCl and KCI, respectively, in the surface phase per
unit area, pagci is the chemical potential of AgCl in
the bulk phase, o is the surface tension, and Xjagci
and Xkc; are the mole fractions of AgCl and KCI in
the bulk phase.

The value of TI'agcikcn is independent of the ar-
bitrarily assumed areas which separate from the solu-
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tion the surface area to which we ascribe the prop-
erties of the phase. The only limitation is that the
adsorption area must be contained between these two
areas. The values of I'agc; and I'kc; may be calculated
if certain additional assumptions are made concern-
ing the structure of the surface layer. One such as-
sumption (9) may be represented by the equation

Tagc1Vager® + TxelVie® = 7 [12]

where Vage® and Vic® are the partial molar volumes
of AgCl and KCl in the surface phase and t is the
thickness of the surface layer.

Basing on Eq. [10] and [12] values of adsorption
T'agel, Ikci may be calculated as follows

— — de
Xagerr — XkaVker®
uagCl
Tagar = —_— e [13]
B Xxc1Vke® + Xaga1Vagel®
and
_  _ de
Xxe\ ©+ Vager® S
HAgCl
Tkcl = [14]

Xxc1Vke® + Xagc1Vagel®

Considering Eq. [11], [12], [13], ar}d [14], thermody-
namic properties of AgCl-KCl solutions (Eq. [4]), and
the results of surface tension measurements, the rela-
tive adsorption as well as adsorption of rsspeciive com-
ponents were calculated assuming that Vagci® = Vagal

and Vkc® = Vkc. The molar volumes of AgCl and
KCl were computed from densities of these salts,
taken from monograph (11). Calculations were carried
out for thicknesses of the surface phase, namely
T = 429 X 10-8 cm and t = 858 X 10=% cm. They
are equal to a single and double diameter of a KCI
molecule. Then the concentrations of AgCl and KCl1 in
the surface phase were calculated from the relations

= Tagcy
Xagel = —————

Tager + T'kel
and

Xke® = e
Tagc1 + Tkl
[15]

When analyzing the results of the calculations, adding
to the calculated number of moles of the respective
components in the first layer of molecules of the
thickness v = 4.29 x 10~8 cm the number of moles
of the second layer of the same thickness but of bulk
composition, the values of the AgCl concentration
obtained were identical to those in calculations when
it was assumed that t = 8.58 x 10~8 cm. This proves
that the adsorption refers only to the first layer of
molecules. The results of the calculations for the
monomolecular layer are shown in Fig. 8.

The composition of the surface phase in the case
of weak adsorption may also be calculated by the
procedure assuming that the differences between the
composition of surface and bulk phase take place only
in the first layer of atoms. In such a case (18) the
following relation is valid

Tagcidagel + Tkcidke =1 [16]

where Aagcr and Agc) are the partial molar areas of
AgCl and KCl in the surface monomolecular layer,
respectively. Using Eq. [16] and [11] the composition
of AgCl in the surface layer was calculated and is
also presented in Fig. 8.

In addition, the composition of the surface phase
may be calculated as proposed by Eberhart (16)
given the coefficient S and considering relations

X agl® Xkci

S=—/— — — [17]
Xker® Xagcl

and _ _
Xagel® + Xxe® = 1 [18]
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Using Eq. [10] with the activities_ of t_he bulk calcu-
lated by Eq. [3] assuming that Vage® = Vago and
T = 4.29 X 10-8 and taking into account Xagci® (Eq.
[15]), activity coefficients of the surface monomolecu-
lar layer were computed. The obtained results were
described as for the bulk by Eq. [3]. Figure 9 shows

a fit of calculated values of activity coefficients In yagc1®

to Eq. [3] as log (In yagci®) vs. log (1 — Xagci®).
In this procedure at 973°K, the following values were

obtained: m = 1.67 and w(T) = —144. By com-
parison with similar values of the bulk phase, m =
1.72 and «(T) = —0.74 it is concluded that the asym-

metry of thermodynamic properties connected with
parameter m is almost similar, and the main significant
difference in the thermodynamic properties of the
surface and bulk phase appear in the values of func-
tion w(T').

The same conclusion may be reached using different
values for surface tension obtained experimentally by
Sternberg and Terzi (12). The calculated parameters
m and «(T) for the surface phase are equal to 1.87
and —1.32 at 973°K, respectively.
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Conclusions

The results of surface tension measurements ob-
tained with limited evaporation giving conditions ap-
proaching equilibrium between the liquid and gaseous
phase are lower for KCl and liquid AgCl-KCl solu-
tions in comparison with Ref. (12) and (19). The
main reason for these differences lies in the fact that
the experiments in Ref. (12) and (19) were not carried
out in equilibrium between the liquid and gaseous
phases. This is confirmed by the fact that the results
of our measurements performed in conditions of free
evaporation are close to literature data.

A similar influence of experimental conditions has
been observed in surface tension measurements for
liquid metals with high vapor pressures (8,9).

In view of these facis it is desirable to conduct fur-
ther research in order to elaborate the experimental
method for surface tension measurements ensuring full
equilibrium between liquid and vapor. Calculated
values of the logarithm of the activity coefficients of
AgCl in the surface phase interpreted by Krupkowski’s
method show that the thermodynamic asymmetry of
this phase and the bulk phase of AgCl-KCl solutions
is the same within the range of experimental errors,
but the differences in the values of the »(T) function
of both phases suggest in the case of the surface phase
much higher deviations from ideality than in the bulk
phase. Differences in partial enthalpy and excess
entropies of components in both phases may also be
suggested.

Manuscript submitted Aug. 17, 1977; revised manu-
script received Jan. 3, 1978.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
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JournaL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.
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Design of an Electrocoating Cell for Constant
Current Density Operation

A Fourier-Transform Method of Solution of the Laplace Equation

Rodney L. LeRoy*
Noranda Research Centre, Pointe Claire, Quebec HIR 1G5, Canada

ABSTRACT

Continuous electrocoating is normally carried out by passage of a foil,
strip, or wire substrate between parallel electrodes in a coating cell. It has
been shown that improved unformity of deposition in such a cell, and thus
improved dielectric properties of the product, can be achieved using a con-
verging electrode geometry. A method is described for deriving the optimal
electiode geometry based on solution of the Laplace equation in the elec-
trolyte region. A semianalytical solution is used, with boundary conditions
on the converging cathode being applied by a novel Fourier-transform method.
For the electrocoating cell the resulting optimal geometry is well approxi-
mated by a simple result which assumes that current flow is perpendicular to

the moving substrate.

Commercial application of electrodeposition of or-
ganic coatings has expanded rapidly over the last 15
years, first in the automotive industry and more
recently in applying coatings to the products of the
electrical, heating and cooling, furniture, aluminum
extrusion, and other industries (1). The electrocoating
process is particularly suited to application of thin,
nonporous organic coatings to continuous foil, strip, or
wire (2-4). In some applications, production speeds of
300-500 cm/sec have been achieved with uniform coat-
ing thicknesses of 2.5-5 ym.

¢ Electrochemical Society Active Member.

The electrodeposition process is characterized by
simultaneous occurrence of electrophoresis, electroly-
sis, and electroendosmosis (5, 6). All practical resin
systems developed to date have been anaphoretic, in-
volving deposition of the organic coating on a station-
ary or moving anode. The basic resin types used have
thus been acidic and include carboxylated drying oils,
alkyds and epoxy esters of high acid value, carbexyl-
bearing acrylic copolymers, phenolics and triazine con-
densates. Typical coating baths consist of approxi-
mately 80-85% deionized water, 2-3% co-solvent, and
1% solubilizing base, with the balance being the anionic
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polymer. The potential applied to the electrocoating
cell is typically 100-250V.

When potential is applied to the electrodes of the
coating cell, the negatively charged polymer ions mi-
grate toward the anode under the influence of the elec-
trical field by the processes of ionic migration and
electrophoresis. In the immediate vicinity of the anode
several reactions can occur. For polycarboxylic acid
polymers as were used in this work, direct decar-
boxylation can occur by the Kolbe reaction

2RCOO~ -» R—R + 2CO; + 2e [1]

This reaction, however, is believed to be relatively un-
important, with the majority of the applied current
being consumed by anodic dissolution of the anode
substrate

M- Mzt 4 ze [2]

and by the anodic decomposition of water to give hy-
drogen ions and oxygen gas

2H20-> Oz 4 4H* + 4e [3]

Some polymeric carboxylate ions are precipitated or
coagulated in the vicinity of the anode by reaction with
the ions of the substrate metal which are produced by
reaction [2]. However, the principal anodic process is
believed to be reaction [3], with polymer coagulation
occurring by reaction with hydrogen ions in the low
pH region in the immediate vicinity of the electrode.
The local pH near the anode can drop to about 2, while
most resins used for electrocoating will coagulate at
pH values between 4 and 5 (7).

Thus anodic resin deposition occurs concurrently
with vigorous evolution of oxygen gas. When an anode
substrate is moved continuously through a coating cell
between parallel cathode plates, a highly nonuniform
current density distribution is established along the
substrate in the coating cell. Deposition is rapid when
the uninsulated substrate first enters the cell, but falls
off as electrical insulation of the substrate by the de-
posited resin increases the resistance to the flow of
current. These effects result in less than optimal coat-
ing properties. Resin deposition occurs at a very high
rate at the entrance to the cell with simultaneous evo-
lution of oxygen, resulting in a less homogeneous coat-
ing on the final product than would be achievable
under more controlled conditions.

The final process occurring in the coating cell is
electroendosmosis. This is the phenomenon by which
much of the water in the film deposited on the anode
substrate migrates in the direction of the cathode
under the influence of the applied potential, resulting
in water contents as low as 5-15%. On emergence from
the cell, the electrocoated film is normally baked at
between 150° and 200°C to promote further drying and,
in many cases, oxidative cross-linking.

It has been found that use of a converging electrode
geometry in an electrocoating cell can result in im-
proved deposit properties by enabling a relatively con-
stant current density on the anode substrate through-
out the cell. The purpose of this paper is to describe a
method of designing an electrode to achieve this con-
stant current density objective. The method is based
on solution of the Laplace equation within the electro-

lyte.
Basis of the Method

No calculations to derive optimal cathode geometries
are possible until the boundary conditions in the elec-
trocoating cell are defined. The cathode presents no
problem in this regard, as the reaction here is simply
hydrogen evolution. For typical substrates (e.g., stain-
less steel) the overvoltage for this reaction will al-
ways be less than 1V in the range of current densities
which are used. This is small compared with the po-
tential applied to the cell, which is normally greater
than 100V. Thus the cathode-electrolyte interface can
be treated as being at the same potential as the cath-
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ode itself. The oxygen overvoltage on the anode and
the reversible potential for the water decomposition
reaction (totaling less than 1.6V) can be similarly
neglected.

However, the potential on the anode-electrolyte in-
terface varies strongly with position in the cell due
to the deposition of the insulating polymer. In a
parallel-electrode electrocoating cell, it would be diffi-
cult to deduce this anode interface potential as a func-
tion of position in the cell. For the converging elec-
trode geometry, if it is assumed that a constant anode
current density can be achieved, the problem becomes
more amenable to solution. In this case, the constant
electrocoating current density is under the control of
the operator, so the variation of the anode film-elec-
trolyte interface potential with time can be determined
in a static experiment for the resin which is being used.

A typical result is illustrated in Fig. 1 for an alumi-
num substrate. The resin used was BASF Lewipal No.
E-33, a mixed acrylate ester/acrylic acid resin solu-
bilized with polyamines. The operating current density
was 9.3 mA/cm? The film voltages measured in the
static cell were obtained as a function of deposition
time, but this result is readily translated into film
voltage as a function of position in the continuous
electrocoating cell as has been done in Fig. 1. This
method is valid if the mass-transfer limiting current
density is appreciably larger than the value selected.
Provided this condition is satisfied, such static experi-
ments allow translation of a desired constant current
density of operation into a film voltage profile as a
function of position in the electrocoating cell.

The conductivity of the resin-containing electrolyte
must also be determined for use in the calculations
described below. The conductivity of the BASF E-33
resin solution was 0.00056 @—! cm~1,

Derivation of the Cathode Geometry
A first approximation.—If it is assumed that current
flows directly across the cell, perpendicular to the
anode, the electrode geometry can be approximated
using the equation

total resistance (R;) = solution resistance (Rs)
+ film resistance (Rg) [4]

Consider a small segment of the anode substrate, the
length of which is 1/Nth of the total cell length L.
Assuming that the current density is constant along
the anode, the total resistance between this segment
of the substrate and the corresponding segment of the
cathode (on one side) is

R.=U/(I/2N) [5]
I 100 -
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Fig. 1. Film voltage as a function of distance from the inlet of
the continuous electrocoating cell. Data is translated from a static
experiment assuming a constant current density in the cell of 9.3
mA/cm2. The resin used was BASF E-33 of conductivity 0.00056
Q lem—1,
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where U is the total voltage applied to the cell, and I
is the total current. By a similar argument, the film
resistance on the segment of the anode being con-
sidered is

R¢ = Ug/(1/2N) [61

where U; (cf. Fig. 1) is the film voltage determined
from static measurements. By definition the solution
resistance is

d
Re=—rn———— [7]
[Wr+W;]L
LT Iw

where d is the desired anode-cathode separation, « is
the solution conductivity, and W, and W, are, respec-
tively, the widths of the anode and the cathode.
Substitution of the resistance factors from Eq. [5] to
[7] into Eq. [4] gives the desired result for the anode-
cathode separation as a function of position in the cell

L (W, W,
d=_x_(_"l+_°)(u_uf) (81

The electrode configuration calculated from the film-
voltage data of Fig. 1 using Eq. [8] is sketched as a
broken curve in Fig. 2. Cell dimensions were L = 45.7
cm, We = 10.2 cm, and W, = 3.2 cm, and the total
current for a constant current density of 9.3 mA/cm?
was set at I = 2.7A. An applied cell voltage of U =
135V was assumed. However, polarization effects and
the reversible potential for the over-all cell reaction
have been ignored, so in practice it would be neces-
sary to adjust the applied potential until the required
current density was achieved.

Solution of the Laplace equation.—Introduction.—
The electrode geometry calculated using Eq. [8] is an
approximation, because current does not flow directly
across the cell perpendicular to the anode substrate.
The current flowing at any point in the electrolyte is
sensitive to the potentials at all points on the enclosing
electrodes. )

This problem is solved as follows. Assuming that the
current is not significantly limited by mass-transfer
effects, the potential ¢(x, y) can be accurately repre-
sented by the Laplace equation in the region between
the anode and the cathode (8, 9). This is

Pe(x,y) % (x,y)
+ =

P PP 0 [9]

Rectangular coordinates are used for the cell geom-
etry being considered here, with the x and y directions
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Fig. 2. Representative converging electrode geometries in the
electrocoating cell. The broken curve is the cathode whose geometry
is calculated from Eq. [8], basad on the variation of film voltage
with position in the cell which is given in Fig. 1. For the same film-
voltage variation, the solid line is the linear electrode giving
closest to constant current density.
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defined in Fig. 3 for an arbitrary, converging electrode
geometry.

Laplacian problems are commonly encountered in
aerodynamics, hydrodynamics, heat transfer, electro-
statics, and many other physical problems as well as in
electrochemical applications, so considerable effort has
been devoted to their solution. One approach is to use
experimentally based analogical or graphical methods
(10, 11). However, such methods are time consuming
to use and are not well adapted to iterative deter-
mination of an optimal electrode design. Also, with the
availability of high-speed digital computers, numerical
solutions of Eq. [9] can be obtained. Such brute force
solutions depend on a process of iteration (12) and for
a complex geometry, such as that of Fig. 3, solution
can require several minutes of computer time and thus
a substantial cost.

Analytical solutions are, therefore, to be preferred
in many instances, even if they entail major approxi-
mations. Examples of such solutions abound (9, 13-15).

Once the potential distribution has been established,
the current density J normal to the anode can be cal-
culated directly from the gradient of the potential per-
pendicular to the substrate, from the Ohm’s law ex-
pression

09 (x,y)
e

ox -0

J=- [10]

The process of determination of an optimal cathode
geometry is as follows. A particular geometry is se-
lected, Eq. [9] is solved for the potential in the elec-
trocoating solution, and current density values along
the anode substrate are calculated from Eq. [10]. If
these values differ significantly from constancy, ap-
propriate modifications are made in the electrode
geometry and the process is repeated until relatively
constant current density is achieved.

A suitable general form of the solution to Eq. [9] is

¢(x,y) = 20 (A'1me?® 4 A'ame—0%)
e
(Bimsin (ay) + Bamcos (ay)) [11]

where the infinite set of constants A'im, A'om, Bim, Bom
and a must be determined from the boundary condi-
tions. Thus, on the cathode, whatever its geometry,
¢(x,y) must reduce to the value of the applied po-
tential U, while on the anode substrate at x = 0 it
must reduce to the film voltage Uy (cf. Fig. 1). In the
method of solution which has been selected here, these
boundary conditions are applied by identifying Eq.

® O

SUBSTRATE CATHODE

Fig. 3. A typical converging electrode geometry, with the cathode
consisting of 3 straight-line segments.
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[11] with Fourier expansions of the known potential
on each of the two electrodes.

A third boundary condition applies at y= 0 and
Yy = L. These are the insulating walls of the cell, and
the lines of equipotential must be perpendicular to
them. This condition may be expressed as (12, 15)

o9 (x,y) l
oy y=0,L

Examination of Eq. [11] reveals that Eq. [12] would
be satisfied if all of the constants By» were 0, and the
period of the function were L, i.e., if a = ma/L. In this
case, ¢(x,y) would reduce to

=0 [12]

mrx mwx
® =

#(x,y) = 2 + Agme

m=0

mx
Ame cos _y
L

[13]

The two series of constants A and A would then
be determined by application of the boundary condi-
tions on the electrodes.

It was found that Eq. [13] would not converge to a
sufficient degree of accuracy with a reasonable number
of terms in the series. This was because the identifica-
tion of the boundary conditions using Fourier series
resulted in sharp discontinuities at y — 0 and y = L.

An approximate solution was, therefore, used.
Boundary conditions were applied for a cell which was
twice as long as the actual cell (Fig. 4). The anode po-
tential outside the “true” cell was taken to be a con-
stant at each end, equal to the value just inside the
cell. The cathode potential was set equal to its constant
value U over its entire length. In this way the potential
lines were forced to be approximately perpendicular
to the insulating walls at y = L/2 and y = 3L/2, even

® 0O

7

SUBSTRATE CATHODE

Fig. 4. Schematic representation of the geometry assumed in
applying the boundary conditions to Eq. [14].

May 1978

though d¢/9y was not analytically equal to zero at
these points.

With this expanded cell geometry, the sine series of
Eq. [11] was used as an approximation to the potential
¢ (x,y)

@ mrx mwrx
2L 2L my
¢(z,Y) = 2 Ame + Agme sin —
m=1 2L
[14]

Boundary condition on the anode substrate.—The vari-
ation of film voltage Uy with position in the cell, ex-
emplified by the result in Fig. 1, can be accurately ap-
proximated by a quadratic equation of the general
form

Ue(y) = ey + coy? + cay® [15]

The parameters c; are determined for the particular
resin composition being used by least squares fitting of
the data from the static experiment by Eq. [15]. For
the data of Fig. 1, these constants are ¢; = 5799 V
cm~1 ¢; = 0.1180 V cm~—2, and ¢3 = 0.000847 V cm—3,

The general expression for the potential (Eq. [14])
reduces on the anode substrate to

p(x=0,9) = 2 (Atm+ Asm) sin% [16]

m=1
The potential on the anode is already known to be

Us(y) =0, , O<y<L/2

=0 - — —— e
1\ ¥ 2 +cly Y +c\y 2

, L/2 <y <3L/2
= c1L + coL2 4 c3L8
BL/2<y<2L [17]

Equations [16] and [17] are equated by expanding
Eq. [17] as a Fourier series in sin(mny/2L). The re-
sult, when identified with the series of Eq. [16], gives
a general expression for Tym = Aim + Aom

T, —lfuu()’ i 1P 18
m=-J, fysmzL Y [18]

The integral of Eq. [18] is recorded in Eq. [A-1] of
Appendix A. Although somewhat formidable in ap-
pearance, the result depends only on the parameters
¢y, ¢, and c3 of the film voltage U;. The expression is
readily evaluated by computer and has a single value
for each term of the Fourier series.

Boundary condition on the cathode—Although the
cathode geometry is not assumed at this time to be
known, it can be defined in general terms by writing
the anode-cathode distance d as a function of ¥, d =
T (y). Thus, the Laplace solution on the cathode may
be written as

mrT (y)
2L
¢(x=T(y),y) = 2 Time
m=1
mrT (y) mrT(y)
2L 2L ma
—Am| e —e sin—2Y. [19]

where Ain has been eliminated by writing it in terms
of Azp and the known parameter (Eq. [A-1]) Tym.

The infinite series of constants Ay, are the only re-
maining unknowns in Eq. [19]. These constants are
evaluated by equating Eq. [19] to the known value of
the potential on the cathode, U. This constant potential
is readily expanded in a Fourier sine series
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L]
U= 2 Tonsin b

[20]
n=1
where
1 (2L
Tz,.:-zj; U sin 1:2’ dy
2U
= —— (1 — cos nx) [21]
nw

At first glance it would appear that the parameters
Agm could be immediately calculated by identifying
the coefficients of the sine terms in Eq. [19] and [20].
In the general case where T (y) is not a constant this
is not possible because the coefficient in Eq. [19] is it-
self a function of y. This difficulty is circumvented by
expanding the summation of Eq. [19] itself as a sine
series. Although the result appears cumbersome, it can
be efficiently used in a digital machine for solution of
the boundary condition and, thus, for calculation of the
current density distribution from Eq. [10].

The general term of the Fourier expansion of the
right-hand side of Eq. [19] may be written as follows,
and equated to T2s

mnT (y) mrT (Y)
2L 2L 2L
.1_ f 2 Time — Aom | €
LYo m=1
mxT(y)
2L . y
—e sin sin. dy = Ton [22]

2L

This result can be rewritten as an infinite set of linear
equations in the parameters Azp,

E KimAsm = Kgn — L Ton [23]

m=1

mxT(y)

oL 2L aL
Kim = o e —e

mrT(y)

. y . oy
sin sin d 24
T [24]

and
- mnT (y)
2L 2L mry nry

K =f Time sin sin d
2n ° mé 1m oL oL Yy
[25]

The procedure used for solution of Eq. [23] is to
truncate the summations (Eq. [23] and [25]) at a
finite number of terms, for example 20. The parameters
Kim and Kop are then evaluated for values of m from
1 to the cut-off value of m. Using these values, and the
known values of Ta, (Eq. [21]), the linear Eq. [23]
are solved for the parameters Agm.

The Laplace solution.—Using the results of the pre-

ceding sections for Tim and Azm, the potential may be
calculated at any point in the electrocoating solution

- mrx mrx
2 2L 2L
¢(x,y) = Time — A | e
m=1
mnrx
2L . mny
—e sin [26]
2L

where m’ is the cut-off value selected for truncating
the series.
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The current density perpendicular to the anode, at a
distance x from it, can be written directly from this
result and Eq. [10]

mnx

m’ ——
mr 2L

J=— (-—- ) Time
xmgl s i
mrx mrx
2L 2L m;
A | e e sin—Y 191

It would theoretically be possible to evaluate the
current density on the anode substrate by setting
x = 0 in Eq. [27]. However, it has been found that
better accuracy is achieved for reasonable values of
the truncation parameter m’ when J is evaluated for a
small positive value of x, for example, between 0.2 and
0.5 cm. A similar efiect has been noted by Waber for a
related problem (16).

Definition of the cathode geometry.—The method of
solution of the Laplace equation which has been de-
veloped here is most efficiently carried out if the pa-
rameters Kin and Kan can be expressed in analytical
form. This is possible if the arbitrary cathode geometry
being considered, d = T (y), is expressed as a series of
straight lines.

The cathode geometry is defined as follows in the
computer program written to carry out this analysis.
The number of straight line segments to be used, I, is
entered first followed by the defining parameters of
each segment as they are given in Fig. 5. The two
parameters for each junction point are f;, the fraction
of the substrate length from the cell entrance, and d;,
the anode-cathode separation at this point. With the
cathode defined in this way, Eq. [24] and [25] can be
written in analytical form, the parameters Az, and Tim
can be evaluated, and the current density distribution
calculated from Eq. [27]. The analytical results for Ky
and K, are recorded in Appendix B.

Results and Discussion
Parallel electrodes.—The Laplace solution is simpli-
fied substantially when the anode-cathode separation
is a constant, d. In this case the coefficients of sin
(may/2L) in Eq. [19] and [20] can be equated giving
the following result for Agm

mrd
T " T
1me — lom
Ay = ——m8 —— 28
& mrd wmrd (28]
2L 2L
e —e

Figure 6 records a typical potential distribution ob-
tained for a cell having a parallel electrode configura-
tion. In this case, the applied potential was U = 100V,
and the film voltage Uy was assumed to increase
linearly from 0 at the cell inlet (y = L/2) to 50V at
the outlet (y = 3L/2).

ARBITRARY CATHODE
SECTION x=T; (y)

.

| |
g | '
(. : iy
: ! MOVING ANODE
I ! SUBSTRATE
. ) H -
0 2L 2f,L 2L

Fig. 5. Definition of the parameters used in representing a cathode
of arbitrary geometry as a series of straight-line segments.
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Solution of the boundary condition on the substrate
is simplified for such a linear film-voltage variation.
In general, if the film voltage rises from 0 at the inlet
to a fraction F of the total applied potential U at the
outlet, Eq. [A-1] reduces to (¢; = FU/L; ¢ = ¢3 = 0)

2FU{ 2 ( . 3mx | m)
-— | Sln — Sln— ) — cos mx
mn mn 4 4

[29]

Tim =

For the example of Fig. 6, FU = 50V.

The potential distribution of Fig. 6 indicates that
the current flow is strongly concentrated on the end of
the anode at the cell entrance for the parallel elec-
trode configuration. In fact, the current density at the
entrance in this example is twice as great as it is at
the exit.

Converging, straight electrodes.—An obvious “first
guess” at a cathode geometry which would give more
constant current density on the anode than a parallel
configuration is a single straight converging element.
This is illustrated, for example, by the solid lines of
Fig. 2.

Several examples were worked out to delineate the
qualitative effects of such a converging structure on
the current density distribution. Results are sum-
marized in Fig. 7. A total cell voltage of 100V was as-
sumed, with the film voltage increasing linearly from
zero at the cell entrance to 50V at the cell exit. Because
of this assumed linearity in the film voltage, the result
of Eq. [29] could be used, but the nonparallel struc-
ture of the electrodes necessitated the use of the full
solution of Eq. [23] for Asm. Current densities were
calculated from Eq. [27] for x = 0.5 cm. Initial calcu-
lations were carried out with the potential (Eq. [14]
and subsequent results) truncated at m’ = 20 and 40
terms. Essentially identical results were obtained for
both series lengths, so m’ = 20 terms were used in all
subsequent calculations.

The assumed cell length was 100 cm. The calculated
current densities are expressed divided by the con-
ductivity, so as not to introduce an extraneous arbi-
trary factor to these illustrative results.

In Fig. 7a the anode-cathode separation at the cell
exit was set equal to 10 cm, and the current-density
variation was calculated for electrode separations at
the entrance of 10, 15, 20, and 40 cm. The parallel
configuration (d; = 10 cm) gave a strong variation of
current density with position in the cell, as was
anticipated from Fig. 6. Increasing the entrance separa-
tion to 20 cm improved the constancy of the current
density, while increasing it to 40 cm resulted in a
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20 d, *10cm
£ s
N
-
S 20
d; *20cm
- o p—
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> ——
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o
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S o 1 1 1 L 1
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g of (c)
w T \
o d 3
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Fig. 7. Variation of anode current density with position in an
electrocoating cell having converging, straight electrodes. An ap-
plied potential of U = 100V is azsumed. Cell length is 100 cm,
with the anode-cathode separation as defined in Fig. 7c. Results in
Fig. 7a were computed for an electrode separation of 10 cm at the
cell exit, while those in Fig. 7b assumed an electrode separation at
the exit of 20 cm,

relatively high current density at the cell exit. Similar
results are recorded in Fig. 7Tb for an anode-cathode
separation of 20 cm at the cell exit. Solution for each
configuration required approximately 1.4 sec (core) on
the McGill University IBM 360 computer.

Further calculations were carried out using the ex-
perimental film voltage data of Fig. 1. This necessitated
use of the full results of Eq. [A-1] for application of
the boundary condition on the anode substrate. The
nonlinearity of the film voltage variation resulted in
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Fig. 8. Variation of current density with position in the electro-
coating cell, for the variation of film voltage with position in the
cell which is recorded in Fig. 1, ond the electrode geometries
drawn in Fig. 2. Both curves correspond to an applied potential of
135V. The broken curve is derived for the electrode geometry of
Eq. [8], while the solid curve is for the “best” converging, straight
electrodes (solid lines, Fig. 2).

relatively higher current densities near the cell en-
trance, and relatively lower current densities near its
exit. The converging solid electrode drawn in Fig. 2
was derived in an iterative program which minimized
the sum of the squares of the deviations of the cur-
rent density from the desired average value. The cor-
responding current-density variation is plotted as a
solid curve in Fig. 8. Clearly a single straight elec-
trode can only very approximately compensate for
the film voltage variation as it occurs in the practical
cell.

In spite of the imperfect establishment of constant
current density within the cell, use of the converging
configuration of Fig. 2 resulted in substantially im-
proved properties of electrocoated strip. Table I re-
cords a comparison of the properties of strips prepared
in a continuous electrocoating cell with conventional,
parallel electrodes (substrate-cathode separation 3.3
cm) and with the converging straight-line electrodes
of Fig. 2. The continuous strip was 3.2 cm wide X
0.005 cm thick aluminum, run at a line speed of 3.3
cm/sec with the BASF E-33 resin. Both sets of elec-
trodes were 10.2 cm wide, and the cell length was
45.7 cm. The current to each cell was kept constant at
2.7A, or 9.3 mA/cm? of substrate area.

The average build was 12% greater for the converg-
ing electrodes compared to the parallel electrodes, for
the same average applied voltage. More important, the
electrocoated deposits on the strips treated in the con-

Table 1. Comparison of parallel and converging electrode
electrocoating cells

Applied Coating
Electrode Run voltage thickness*
configuration number (V) (10-% cm)
Converging** 1 131 3.81
2 121 406
3 125 3.81
4 120 4.19
Average 124 3.97
Parallelt 1 128 3.56
2 126 3.56
3 122 3.56
4 121 3.56
Average 124 3.56

* Measured after drying and curing. X
** Linear cathode. Anode-cathode separation 17.8 cm at the en-
trance and 1.5 cm at the exit (Fig. 2).
t Anode-cathode separation was 3.3 cm.
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verging cell were of superior quality, containing fewer
gas buobles.

Curvilinear cathode geometry—No experiments
were performed using a curvilinear cathode geometry.
However, a calculation was made to test how closely
a cathode designed according to the approximate Eqg.
[8] gives a constant current density through the cell.

Using the parameters for the BASF E-33 resin, Eq.
[27] was solved by the method of this paper for the
electrode defined by Eq. [8]. This electrode (the broken
curve of Fig. 2) was approximated by 10 straight-line
segments when applying the boundary condition on
the cathode as described in Appendix B.

The resulting current-density variation in the cell
for an applied potential of U = 135V is plotted as a
broken curve in Fig. 8. The corresponding potential
distribution in the electrocoating solution is sketched
in Fig. 9. It is apparent that the calculation of Eq.
[8] gives a good approximation to the desired elec-
trode geometry. It is likely that converging cathode
geometries derived using this equation could give
further improvements in the properties of continuously
electrocoated products.
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APPENDIX A

Evaluation of the General Term in the Fourier Expansion of
the Potential on the Substrate

The general term (Eq. [18]) is

- _lj""U . may
m=-J, t(y) sin L

Substituting for the substrate potential Us(y) from Eq.
[17) and invegrating yields the result

dy (18]

2 3mxn
Tym = — (c1L + cgL2 + c3L8) ( €0S —— — CO0s m.n)
mx 4

2 ( ol cl2  cgld ) ( mr 3mn )
S | €0S — — COS
ma 2 4 8 4 4
2 ( ZL)( 303L2)( . 3mn
+—| — ¢ —cL + sin
me \ mx 4 4
X 3mx 3dmx mx mwn )
—sin— — cos + — cos —
4 4 4 4

2 ( 2L )2 ( 3csL ) ( 3mr | 3mx
+ —\ — Cy — sin
mnx \ mn 2 2 4

mn | mr [ { 3mn} 2 ] 3mn
— —sin— — —_— —2 | cos —
2 4

(5} ]m) e a2

{2 o3 2) wn

APPENDIX B
Evaluation of the Cathode Boundary Condition for an Arbitrary
Cathode
The equation of the straight line segment of Fig. 5 is
Ti(y) =ai— by [B-1]
where . q
1 — di+1
g =d+—--1" [B-2]
firr—Hi
and Y
b= _ﬂ [B-3]
2L fi+1—fi

Substituting this expression for Ti(y) in Eq. [24] gives
the general result for Kim

! mwak mnwbxy

Kim = 2

k=1

2L fxal oL mny nny
e e sin —sin ——dy
2L 2L 2L

mwax mrbky

2L il 2L muy | nny
+e e sin sin dy
2L 2L 2L

mrax mwrak

13
2L
=2 e

Iy (k, m,n)

[B-4]

Iy(k,m,n) —e
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where the two integrals I,(z = 1, 2) are defined by the
i(econd equality. A similar result can be written for
-2n

mmrax mwbxy

m’ =

K 2 E 2L f?.rmL 2L
2n = Tim e e
m=1 k=1 2L
3
nny

sin —sin—-dy [ = Tim

L 2L m=1

mwak

1

2L

2 e Iy (k,m,m) [B-5]
k=1

where 1;(k, m,n) has the same value as in Eq. [B-4].

Evaluation of K. and Kj, in this general case is

completed by recording the value of the integral

I,(k, m,n)
I(k,m,n) = £(2fx+1L) — £(2fkL) [B-6]

where

§y) = 2 2P

_ ysinyy +acos ‘yy} (B-T]
a? 4 o2

ew { Bsin By + acos By

@, B, and v are defined by
mnaby
2L

a= (—1)z [B-8]

(m —n)x
T 2L
(m+n)x
oL
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The Influence of Carbon Matrix Characteristics
on the Performance of Sulfur Electrodes for
Sodium-Sulfur Cells

M. P. J. Brennan
Chloride Silent Power Limited, Astmoor, Runcorn, England

ABSTRACT

Sodium-sulfur cells of the central sulfur configuration, though free from
the problems of case corrosion, can still exhibit capacity losses of up to 50%
over 100 cycles of operation. This is mainly due to a failure to recharge fully
in the two-phase regime of the operating cycle. This paper describes an in-
vestigation of the relationship between rechargeability and the surface prop-
erties of the carbon matrix employed as the current-collecting member in the
sulfur electrode. The influence of cell constructional variants is also considered.

The earliest sodium-sulfur cells tested by Chloride
Silent Power were of the tubular central sodium type,
incorporating a beta-alumina tube of 13 mm diam.
With these cells, sulfur utilization was found to dimin-
ish with time and cycling, typical values being 56%
utilization after 300 cycles (100% being defined as con-
version of the sulfur charge to NaS3). At the time, a
major contributory factor to the decline in utilization
was recognized to be corrosion of the cell case by the
molten sultfur and sodium polysulfide reactant con-
tained within it. This could affect utilization both by
tying up sulfur in the form of metal sulfides, and by
breaking the electronic contact between the case and
the carbon felt matrix dispersed within the sulfur
electrode, leading to premature polarization on both
charge and discharge. With the development of larger
electrolyte shapes, it was possible to change the cell
configuration, locating the sulfur electrode reactant
within the beta-alumina tube, so that the cell case
came into contact only with sodium. Current collection
from the sulfur electrode was achieved by a carbon
or graphite pole, located co-axially within the ceramic
electrolyte.

With these central sulfur cells, it was found that
despite the elimination of case corrosion, the utiliza-
tion of sulfur still showed a declining trend with
cycling, with effective capacity losses of up to 50%
over 100 cycles being not uncommon. This was found
to be mainly due to tailure of the cells to recharge
fully in the two-phase region of the operating cycle.

One theory advanced to explain the poor recharge-
abilities linked this phenomenon to the relative wet-
ting propensities of sulfur and sodium polysulfides on
carbon surfaces. It was suggested that sulfur wets car-
bon more effectively than does molten sodium polysul-
fide, so that sulfur formed during recharging has a
tendency to spread out over the carbon fibers as a
continuous insulating film. As the proportion of oc-
cluded surface will be expected to increase as charging
proceeds, this phenomenon should manifest itself as a
rising cell resistance, which could lead to the cell fail-
ing to fully recharge either within a time limit (con-
stant voltage charging) or voltage limit (constant cur-
rent charging).

Chemical modification of the wettability of carbon
fibers is a process well known in the fiber-reinforced
composites industry (1, 2). It is generally found that
the wetting of carbon fibers by epoxy resins is en-
hanced by subjecting the fibers to a preoxidation pro-
cedure. This can be either a wet oxidation, using nitric
acid, permanganates, dichromates, etc. (2-4), or a dry
oxidation in air, oxygen, or ozone (2, 5).

Were such treatments to preferentially enhance the
wetting of carbon fibers by the predominantly ionic
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component of a two-phase sulfur/sodium polysulfide
melt, then the performance of cells with modified
matrices should be significantly improved. Conversely,
if the pretreatment promoted wetting by the sulfur-
rich phase, then a deterioration in cell performance
could be expected.

It is an unresolved question as to whether the im-
provement in wetting observed with epoxy resins is
due principally to changes in surface chemistry, or
whether the roughening of the fiber surfaces which ac-
companies the oxidation process is the major factor.
For this reason two pretreatments were employed in
this section of the work. One, (oxidation with
NayCra07/H,S04) is known to oxidatively etch carbon,
whereas the other (neutralization with aqueous NaOH)
was expected to change only the surface chemistry.

Another pretreatment investigated in this work in-
volved subjecting carbon felt for cells to exposure to
reagents known 10 intercalate in well-ordered graph-
ite. There are many such reagents, falling into two
broad groups, the electron donors, such as the alkali
metals, and the electron acceptors. The latter group is
moire numerous, and includes some of the halogens,
interhalogens, and transition metal chiorides. The for-
mation of an intercalation compound is accompanied
by a change in the electronic band structure of the
graphite to produce a more metallic material (6) as
eviden.ed by changes in electrical conductivity (7), and
Hall effect coefficient (8). Surface properties are also
altered (9). Full conversion of a graphite sample to an
intercalation compound is possible only with highly
ordered graphites, containing a minimum of lattice
deiects. Carpon fibers do not fall in this category, how-
ever lattice resolution studies with the electron micro-
scope have shown the surtaces of the fibers to be more
ordered than the interior (10), and lattice parameters
close to those of pure graphite have been obtained by
electron diffraction studies of fiber edges (11). Since
the aim was to produce changes in the surface wetting
characteristics of the fibers, restriction of the inter-
calation reaction to the surface layers was acceptable.

For a permanent effect on cell performance it was
necessary that the intercalated felt be stable in the
cell environment. This requirement at once ruled out
the use of n-type lamellar compounds, based on alkali
metal insertion, because in these the inserted species
can usually be totally desorbed by the application of
heat. Complete desorption of the inserted material in
p-type compounds is usually impossible, and a certain
amount remains forming the so-called residue com-
pound. In particular chromyl chloride is capable of
extensive fixation to form a permanent lamellar com-
pound (12) and this reagent was chosen for this work.
Also selected was antimony pentachloride, for its ease
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of handling (like chromyl chloride it is a liquid), for
its reported high reactivity (13), and because thg in-
tercalation reaction of SbCl; has been extensively
studied (14).

Experimental

The cell design used in this work is shown in Fig. 1.
It is a central sulfur cell based on an electrolyte tube
of diameter 26 mm. The felt in the sulfur electrode
was introduced in the form of rings surrounding the
central graphite rod pole. RVC 4000 (Le Carbone) was
the felt material, and the rings were held under an
axial compression of 2:1. The cell operated in a tem-
perature gradient, so that the electrodes could be
sealed with silicon rubber O-rings; however, the 10
cm working length of the electrolyte was held at a
temperature of 340° == 15-C throughout. For the cells
incorporating intercalated felt the graphite polg was
drilled and tapped at the top end to accept a stainless
steel (316) insert, upon which the upper O-ring seal
was made. This produced a hermetic seal. In the other
cells, the upper seal was made to the graphite rod and
was not as leak-tight.

The felt variants were prepared as follows. (i) Oxi-
dation: The felt rings were refluxed in an aqueous
solution of sodium dichromate (0.3M) and sulfuric acid
(2.0M) for 24 hr. They were then thoroughly washed
with deionized water until the washings had a pH of
7. (ii) Neutralization: The felt rings were refluxed for
24 hr in an aqueous solution of sodium hydroxide
(0.4M), then washed with deionized water as above.
(iii) SbCls: The felt was predried for 2 days at 110°C
and then refluxed with antimony pentachloride at 80°C
for 12 hr. The felt was then washed with constant boil-
ing point hydrochloric acid in a soxhlet extractor for
2 days, followed by extraction with deionized water
until the washings had a pH of 7. (iv) CrOzCls: The
felt was predried as above, then refluxed with chromyl
chloride at 100°C for 2 hr. The washing procedure was
the same as for antimony pentachloride. (v) Control:
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Because the cell design differed slightly for the two
groups of pretreatments, control cells were made up to
each design. In both cases the felt was refluxed with
deionized water for 12 hr, then extracted with de-
ionized water as above.

Samples of the oxidized felt were analyzed to obtain
a quantitative estimate of the degree of surface oxida-
tion induced. The method employed was that recom-
mended by Ludtke (15) for the determination of car-
boxylate functions in oxycelluloses and adapted by
Donnet et al. (16) for the determination of the same
functions on carbon blacks. The method consists of re-
fluxing the carbon material with an aqueous solution
of calcium acetate, which effects an ion-exchange re-
action liberating acetic acid, which is then estimated
by titration. It was found that as-received felt did not
liberate sufficient acetic acid for estimation by this
technique, however the oxidized material was found
to have an acidity of 0.45 mequiv. g—1, slightly less
than the figures reported by Donnet et al (16) for
oxidized carbon blacks (0.62-1.2 mequiv. g—1).

Two cells of each variant were constructed and
cycled to the following regime at a temperature of
340° + 15°C. (i) Discharge—via a fixed resistor ar-
ranged to give a discharge rate of approximately 0.3-
0.2C (current density 40-60 mA-cm2?) and (ii) Re-
charge—via a series resistor for the remainder of the
24 hr cycle, with a cell voltage limit of 2.6V. Recharge
was essentialy complete in 11 hr at an average current
density of 20 mA-cm—2.

For some cycles the cells were controlled by a com-
puter, the discharge being terminated when the in-
stantaneous open-circuit voltage fell to 1.76V. When
not under computer control discharge was terminated
at a load voltage of 1.35V.

Two cell characteristics were recorded for analysis;
first the discharge capacity to 1.76V, and second the
cell resistance at an open-circuit voltage of 2.00V on
the discharge half-cycle. It was found that the re-
sistance of a cell did not vary much from this value
except at extremes of charge and discharge.

Cell Performances

Oxidized and neutralized felt.—The sulfur utiliza-
tion for these cells was measured over a period of ap-
proximately 3000 hr = 100 cycles. The data was ana-
lyzed for the following periods: 0-1000 hr, 1000-2000
hr, 2000-3000 hr. Table I lists the mean values re-
corded for each cell during each period, as a percent-
age of theoretical capacity. These figures suggest that
the cells can be ranked in order of merit with respect
to sulfur utilization as follows: control>neutralized>
oxidized. The significance of this trend was determined
by subjecting the data to variance analysis. Table II
lists the values of the F-statistic and corresponding

Table I. Mean sulfur utilization

0-1000 hr 1000--2000 hr 2000-3000 hr
Cell Type Mean SD Mean SD Mean SD
395 Control 76.9 4.3 2.2 44 62.8 9.0
398* Control 77.3 2.9 76.1 1.3 See note®
394 Neutralized 72.2 4.5 58.2 48 42.1 4.7
397 Neutralized 713 3.0 66.1 44 57.8 2.6
393 Oxidized 69.1 6.5 54.0 4.2 46.9 5.2
396 Oxidized 63.2 8.6 8. 39 49.4 5.1

* This cell failed after 1944 hr on test.

Table 1l. Variance analysis

Significance

Time period (hr) F level (%)
0-1000 10.05 95.3
1000-2000 9.92 95.2
2000-3000 122 55.0
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significance level for each time period. Table III lists
two-tailed probabilities derived from the t-test for the
comparison of mean performance and shows that the
ranking of felt treatments is significant in the early
cycles, but the distinction becomes less clear at longer
times.

The cell resistances were treated in the same way.
Table IV lists the summary data. The resistances are
quoted in the Q-cm? form, derived by multiplying the
total cell resistance by the area of beta-alumina car-
rying the current.

Although the trend is apparent in the early period
that the cells can be ranked control<neutralized<oxi-
dized in terms of resistance, variance analysis of the
data indicated a significance of not greater than 82% at
any time. A correlation between utilization and re-
sistance is indicated, particularly in the first period,
and this was evaluated by a least squares fit analysis
of data. Table V gives the parameters in the linear re-
gression equation U = aR + b, where U = utilization,
R = resistance. “r” is the correlation coefficient for the
regression which is seen to diminish with increasing
time. The data is also shown graphically in Fig. 2.

Intercalated felt.—These cells were tested over a
similar time period, but owing to experimental diffi-
culties a limited amount of information was gathered
during the period 1000-2000 hr. For this reason the
data for these cells is grouped into only two periods for
analysis, 0-1000 hr and 1000-3000 hr. Table VI lists the
summary data for mean utilization, as a percentage of
theoretical capacity. Only one cell of the SbCl; variant
is quoted, the other having been recorded as an early
failure. The data do not appear to indicate any cor-
relation between cell type and performance, a conclu-
sion borne out by the analysis of variance, which in-
dicated less than 50% significance for either period.
The resistance data also lacked any discernable trend,

Table I1l. Comparison between treatments
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Fig. 2. A plot of mean percentage utilization (U) vs. mean re-
sistance (R) for cells containing felt subjected to oxidative and
neutralizing pretreatments. Control cell data is also included.

as shown in Table VII Significant correlation with
utilization was absent, the regression coefficients for a
least squares fit being 0.2 and 0.4 for 0-1000 hr and
1000-3000 hr, respectively.

Discussion

For the first group of cells, the control cells gave
consistently better performances than either of the
pretreated variants. The differences between the
groups were significant up to 2000 hr, but thereafter
the confidence level diminished considerably. Consider-
ing these results in terms of the differential wetting
hypothesis, one would conclude that the pretreatments

Hypothesis 0-1000 hr 1000-2000 hr 2000-3000 hr enhance the preferential wetting of felt by sulfur, a
result not unexpected. However there is an alternative
Control = Neutr. 1% 11% N/A i i i i i
Gomrol = Bl 1% 1 N/A interpretation which does not involve wetting effects.
Neutr. = Oxid. 20% 33% 84% Sultur is known to react with carbon surfaces at tem-
peratures as low as 350°C (17, 18), giving rise to carbon-
Table IV. Mean resistances sulfur complexes of high stability, and accompanied
by the evolution of small quantities of hydrogen sulfide
" — o and carbon disulfide. This chemical fixation of sulfur is
910001 ARl sl hindered by the presence of oxygen (18, 19), suggest-
Cell Type Mean SD  Mean SD Mean SD ing some degree of competition for similar sites. It is
highly likely, therefore, that a carbon surface satu-
395 Control 318  0.35 406  0.12 §4o to.os rated with oxygen functions will experience partial
398 Control 3.00  0.08 332 0.5 ee note* i s fon i
354 Nouirolized 366 040 386 037 368 "% 26 displacement ot the oxygen on immersion in splfur at
397 Neutralized 335 041 3.90 g%g g.gé g.é«{ 350 C, and the oxygen displaced therefrom will most
393 Oxidized 373 0.13 4.25 i / i ; et i i
396 oxidied 397 051 351 o074 160 015 likely be converted to sulfur dioxide. Mechanisms ex1§t
therefore whereby a sulfur electrode may contain
K ] vapor species which under the conditions of liquid flow
*Ehig.cell tailediattor 1944 hivon test set up during charging and discharging may combine
. . e to form macroscopic bubbles, as shown in Fig. 3. The
Table V. Utilization-resistance correlation presence of such bubbles will have a deleterious effect
on sulfur utilization, by isolating reactive materials in
Period a b r pockets, as shown. Substantive evidence for this hy-
pothesis may exist in the cell resistance data, for
0-1000 hr _142 1203 0 clearly any bubble large enough to isolate reactive ma-
0-2000 hr —-16.1 126.6 0.80 i : 3 « »
24000 i —aat 1o terial will also, by virtue of the “shadow” cast on the
Table VI. Mean sulfur utilization Table VII. Mean resistances
0-1000 hr 1000-3000 hr 0-1000 hr 1000-3000 hr
Cell Type Mean SD Mean SD Cell Type Mean SD Mean SD
574 Control 84.5 1.43 85.1 0.59 574 Control 2.39 0.05 2.43 0.04
575 Control 81.6 1.44 81.2 0.55 575 Control 5.01 0.36 4.81 0.32
576 SbCl; 82.6 5.44 83.4 1.33 576 SbCls 3.2) 0.23 3.02 0.12
577 CrO:Cle 97.8 24.3 81.3 2.10 577 CrO:Cle 357 0.19 5.35 0.83
581 CrO:Clz 779 4.58 774 3.18 581 CrO:iClz 2.85 0.12 3.57 0.63
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ion of the dispositi

electrolyte and pole, reduce the over-all conductance
of the sulfur electrode. It is interesting, therefore, to
note the correlation between utilization and resistance
shown in Fig. 2 and tabulated in Table V. At short
times the correlation is good, but becomes less clear
over a longer period of test, as does the distinction be-
tween cell types, which indicates a common deteriora-
tion mechanism.

The cells which incorporated felts treated with in-
tercalating agents did not appear to be distinguishable
on the basis of utilization over 3000 hr. Neither did
there appear to be the same relationship between
utilization and resistance. The conclusion is drawn,
therefore, that the variation in resistances for this
group of cells must arise from a different cause to that
proposed above. A likely cause of the variation is the
contact resistance between the carbon pole and steel
insert used in these cells, an enlarged detail of which
is shown in kig. 4. Carbon thread was compressed be-
tween the pole and the shoulder of the insert. The ef-
fectiveness of this arrangement in producing a re-
producibly good contact between the two components
was doubtful, and while it is not possible to state
definitely that here was the cause of the variation in
resistances, nevertheless it is a strong possibility.

One clear picture which emerged when the data for
the oxidized/neutralized cells were compared with that
for the intercalated cells was that superimposed on
the performance variations within the two groups was
a significant difference between them. In order to ana-
lyze this difference the data for the oxidized/neutral-
ized cells were rearranged to cover the same time

steel

carbon yarn

graphite pole

Fig. 4. The steel-to-carbon joint used on the current collectors
of the later cells.
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Table VIII. Mean utilization
0-1000 hr 1000-3000 hr

Cell Type Mean SD Mean SD
395 Control 76.9 4.3 67.8 8.31
398 Control 77.3 2.9 76.1 1.30
394 Neutralized 722 4.5 51.8 9.40
397 Neutralized 71.3 3.0 62.9 5.60
393 Oxidized 69.1 6.5 51.2 5.73
396 Oxidized 63.2 8.6 54.7 6.40
574 Control 84.5 143 85.1 0.59
575 Control 81.6 1.44 81.2 0.55
576 SbCls 82.6 5.44 83.4 1.33
577 Cro0:Cla 97.8 243 81.8 2.10
581 Cr0aCla 779 4.58 774 3.18

periods as the intercalated cells, viz.,, 0-1000 hr and
1000-3000 hr. Mean utilization data are summarized in
Table VIIL

Comparison of the two groups by the Student’s t-test
revealed that the differences between groups were
significant at the 99.3% level for the period 0-1000 hr,
and at the 99.9% level for the period 1000-3000 hr. The
superiority of the latter group at longer periods is
shown also in Fig. 5, where utilization data for this
group are given over 5000 hr of cycling. The same
conclusion is reached if only the control cells in each
group are compared, indicating that the differentiating
factor is unrelated to the felt characteristics. It is most
likely that the cause of the improved capacity reten-
tion in the second group of cells is the much better
quality of the sulfur electrode seal which resulted
from compressing the sealing O-ring against a smooth
steel member in these cells, rather than against a
graphite rod as in the first group. It is clear, therefore,
that efforts directed at improving sulfur electrode per-
formance should not be undertaken in poorly sealed
cells even when the experimental period is limited to
1000 hr of cycling.

Insofar as utilization is concerned, none of the felt
pretreatments resulted in an improvement in this pa-
rameter, and two of them were found to have an ad-
verse effect. However in the case of the second group
of cells, it is hardly surprising that the control cells
were not surpassed in view of the remarkably good
performances they exhibited. When one bears in mind
the fact that the cells were cycled to an instantaneous
open-circuit voltage value of 1.76V, the 20% utilization
loss which most of these cells incurred is not an un-
reasonable amount to ascribe simply to polarization at
the 5 hr rate. We believe that the sustained high utili-

U(%) --— hermetic
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100
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time (h)

Fig. 5. A bar chart showing the mean percentage utilization (U)
as a function of cell life for the hermetically sealed and non-
hermetically sealed cells.
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zation rates which these cells have operated at for
more than a year now is a significant advance on the
sulfur electrode position of 12 months ago, and gives
tremendous encouragement for the further develop-
ment of the sodium-sulfur battery to a commercially
viable product.
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Photooxidation of Water at « -Fe.O. Electrodes

John H. Kennedy* and Karl W. Frese, Jr.
Department of Chemistry, University of California, Santa Barbara, California 93106

ABSTRACT

Photoelectrochemical properties of high purity o-Fe;O3 and TiOs-doped
a-Fe;03 were investigated. Photocurrent efficiencies were measured in various
electrolytes and found to depend on the electrolyte used. Direct measurement
of spectrophotometric absorption coefficients showed them to be significantly
higher than those deduced from i-V curves indicating that only a fraction
of the light absorbed resulted in electrochemically reactive holes. When the
lower absorption coefficients were employed the current-potential curves
could be fit within =1% to the depletion layer theory of Gértner.

Recent interest in the photoelectrochemistry of semi-
conductor electrodes has led to the discovery of new
materials capable of sustaining the photoelectrolysis
of water (see for example Ref. (1-3) and references
contained therein). Among these materials is «-Fe,O3
with a sufficiently low bandgap to be of practical
interest and first reported on as CVD films by Hardee
and Bard (3, 4). Later, Quinn et al. (5) reported on
the properties of the flux-grown single crystal «-Fe,Oj.
However, a detailed study of the photoelectrochemical
properties of polycrystalline ceramic «-Fe»O3; has been
lacking, and therefore a study of ultrapure and TiOs-
doped «-Fe;03 was undertaken.

We report here: (i) the effects of electrolyte on
measured photocurrent efficiencies; (ii) quantitative
comparison of absorption coefficients from spectral and
photoelectrochemical methods; (iii) the effects of donor
density on photocurrent efficiency; and (iv) a fit of
the i-V characteristics to the depletion layer theory of
Girtner (6). Flatband potentials and donor densities
for the polycrystalline a-Fe;0;5 electrodes in this study
have been previously reported (7). These polycrystal-
line electrodes appear to behave in a similar fashion
to single crystal electrodes including photocurrent
efficiencies and flatband potentials.

¢ Electrochemical Society Active Member.

Key words: absorption coefficient, a-Fe:0s, TiO»-doped a-Fe:0s,
photooxidation, water,

Experimental
Electrode preparation.—The details of the prepara-
tion of high purity (99.999%) and TiO.-doped reagent
a-Fe,03 electrodes are given elsewhere (7).

Illumination.—The procedures used for monochro-
matic light intensity measurements are given else-
where (2). Polychromatic light intensities, 300 = A
= 540 nm = E, were determined with the Reinecke
salt actinometer (8) for which the quantum yield
(~0.30) is practically independent of wavelength. The
equivalent photon current for the system including
the 150W Xe lamp, infrared filter, and quartz lens
was found to be 49.6 mA (300-540 nm) at the elec-
trode surface. Lower light intensities were obtained
using neutral density screens.

Electrical measurements.—The general cell arrange-
ment, measurement of i-V curves, and calculation of
photocurrent efficiencies were described previously (2).

Optical measurements.—The spectrophotometric ab-
sorption coefficient of polycrystalline a-Fe;O3 was mea-
sured using a KBr pellet technique (9-12). Pellets
containing up to 500 ppm w/w «-Fe;O3 were made
and had dimensions ~0.03 ¢cm thick X 1.29 em diam.
Absorbance measurements were made with a Beck-
man Model B spectrophotometer with a spectral slit
width of =5 nm. Samples were run vs. a KBr blank
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Fig. 1. Current-potential curves in various electrolytes. Polycrystal-
line a-Fe203; 23°C.

of comparable thickness utilizing a sample in-sample
out technique. Suitable corrections for bulk scattering
by a-FeyO; particles were applied and are discussed
later.

Results

Photocurrent efficiency, mp, curves obtained in 2M
KCl, 0.1M Nay; EDTA, and 0.5M Naj citrate are shown
in Fig. 1. These efficiencies have been corrected for
light reflection at the Fe;Oz-solution interface accord-
ing to well-known procedures (13). This correction
amounted to 15-20%.

A significant enhancement of the efficiency was
found for the chelating-type electrolytes. Comparison
of the curves for citrate and EDTA solutions shows
that the photocurrent efficiency is practically identical
when compared at the same overvoltage. The rate of
change of the potential at zero efficiency, V,*, was
—60 mV/pH. This potential (turn-on voltage) for the
2M KCl solution was 100 mV more anodic than the
citrate solution at about the same pH (8.0 vs. 8.2),
and the efficiencies at any given overvoltage in EDTA
and citrate solutions were considerably higher than
in KCl1 solution. Efficiencies comparable to those for
KCI solutions were found in 0.5M NagSO; and 0.5M
sodium acetate, and somewhat lower values in 0.5M
KNO3. The enhanced efficiency in the presence of
citrate may be due to the interaction of these anions
with the a-Fe;O; electrodes and is discussed below.

The effect of the bulk citrate concentration on the
increase in efficiency was investigated for three dif-
ferent electrodes resulting in qualitatively similar
results as shown in Fig. 2. The effect had a threshold
at 10—6-10-5M. The increase in efficiency was initially
proportional to log[citrate]; with increasing concen-
tration a saturation effect was observed. For all elec-
trodes, both citrate and EDTA had no effect on the
dark current at all concentrations studied. Finally,
no effect was found with TiO; and SrTiO; polycrystal-
line electrodes, materials for which the valence bands
are 0.7-0.8 eV below the valence band of a-Fe;0s.

Photocurrent efficiency curves at various wave-
lengths are shown in Fig. 3 for 0.5M citrate solution.

20
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Fig. 2. Effect of bulk citrate concentration on photocurrent effi-
ciency. 1.0V overvoltage; 23°C; 360 nm.

VOLTS vs SCE

Fig. 3. Effect of wavelength on photocurrent efficiency. Poly-
crystalline a-FeoO3; 0.5M Naj citrate; pH 8.0.
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Fig. 4. Effect of electrolyte on photocurrent spectrum. 1.0V over-
voltage; polycrystalline a-FesO3.

The photocurrent spectra in three different electro-
lytes are shown in Fig. 4. The relative efficiency in
each electrolyte appears to follow the order of extent
of surface adsorption (14) expected on the basis of
chemical consideration. That is, the extent of com-
plexing of the anions with Fe3+ should be in the
order citrate > CI- > NOz—. A maximum in the
photocurrent spectrum at ~350 nm is evident from
Fig. 3 and 4. Light absorption by KNO; may be re-
sponsible for the more pronounced maximum for
curve C in Fig. 4. Efficiencies observed in citrate and
EDTA solutions agreed well with published (5) photo-
current efficiencies at single crystal a-Fe,O; electrodes.

Photocurrent efficiencies for polychromatic light
(300-540 nm) are shown in Fig. 5 at various pH

T T T T T T T T T
6} Io=4.76 mA b
pH=3.8, 8.9, 13.8
5[ I,=15.5mA E
pH=12.0
4k
E
@ 3f
2_
ik
0

VOLTS vs SCE

Fig. 5. Effect of pH on photocurrent efficiency for polychromatic
light. Polycrystalline a-Fe2O3; 23°C.
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values. In basic solutions the i-V characteristics were
nearly identical showing a lack of saturation and
comparable efficiencies at the same overvoltage. At pH
3.8, on the other hand, the efficiency was considerably
lower and tended toward a saturation value. This
could reflect a change in the rate-limiting step at
high light intensities from solid-state process control
(diffusion and/or conduction) to electron transfer
control at the semiconductor-electrolyte interface. This
change in mechanism could occur because of a reduced
concentration of oxidizable species (e.g., OH—) either
at the electrode surface or at the outer Helmholtz
plane. It should be noted that the polychromatic light
intensity of 4.76 mA in Fig. 5 was about 60 times the
monochromatic intensity at 400 nm in Fig. 3 and 4.

Some experiments were carried out at higher light
intensities utilizing the complete photosensitive range
of a-Fe;0;. The variation of photocurrent with light
intensity at 1.0V overvoltage is shown in Fig. 6. For
both low intensity monochromatic light (lower line)
and for high intensity polychromatic light (upper line)
the photocurrent was proportional to the first power
of light intensity within experimental error. This
result shows that one photogenerated hole is involved
in the rate-limiting step of the over-all electrode
process.

Data for «-Fe;O3 highly doped with TiO; are shown
in Fig 7 in which photocurrent efficiency at (V — V)
= 1.25V is compared with doping level. The points for
Ng > 1019 cc—! correspond to TiO, levels of 0.05-2.0%
(Ti/Fe). The donor densities calculated from doping
stoichiometry agreed well with N4 calculated from
Mott-Schottky plots reported previously (7). The i-V
curves for these samples were characterized by a
sudden onset of a large dark current similar to those
observed by Hardee and Bard (4). It was observed
that lower doped samples exhibited less dark current
under similar conditions. After subtraction of the dark
current, normal-shaped i-V curves were obtained ex-
cept that the turn-on voltage was shifted several
tenths of a volt anodic, the shift increasing with TiOs
concentration. This effect was probably due to the
narrow-space charge layer at low overvoltages, result-
ing in photocurrents too small to be measured until

LIGHT INTENSITY, mA
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Fig. 6. Effect of light intensity on photocurrent. 1.0V overvoltage
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Fig. 7. Effect of donor density on photocurrent efficiency. Poly-
crystalline a-Fe203.

sufficient space charge depth was established. However,
an anodic shift of the flatband potential with the high
level doping cannot be ruled out.

Absorption coefficients obtained directly from spec-
trophotometric data are shown in Fig. 8 (curve A)
and compared with apparent absorption coefficients
(Fig. 8, curve B) obtained by fitting the current-
potential curves to the depletion layer theory of
Girtner (6). The spectrophotometric data are in good
agreement with published data (15, 16) for polycrys-
talline a-Fe;O3 films. Correction for bulk scattering
was made by assuming the validity of the equation

I=1I,exp — (St1 =+ ats) [1]

where I and I, are the transmitted and incident light
intensities, S is the coefficient of scattering, « is the
absorption coefficient, t; is the KBr pellet thickness,
and t, is the apparent thickness of the «-FesO3 (volume
of Fep0j3 in pellet/pellet area).

The scattering coefficient is related to scattering
particle properties through the relation (17)

S = na2NQs [2]

where a is the particle radius (assumed spherical), N
is the particle density, cc—1, and Qs is the dimension-
less efficiency factor for scattering. The efficiency
factor represents the ratio of the effective surface
area of a sphere which is available for light scattering
to the cross-sectional area (18). In the limit of geo-
metrical optics Qs - 2. Calculation of Qs from the
Mie scattering theory (17) is an involved but straight-
forward procedure. However, La Mer et al. (19) dis-
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Fig. 8. Comparison of absorption coefficients calculated from
spectral data and current-potential curves. Polycrystalline a-FesOs;
23°C. (A) Absorption coefficient from direct measurement. (B)
Absorption coefficient calculated from photocurrent.



712 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

covered that both Mie calculations and their experi-
mental values of Qs could be plotted on one curve
forming a universal scattering curve. The curve (18,
19) shows Qs (Ks their notation) plotted wvs. the
dimensionless parameter, [n; d/A (m2 — 1)/(m2 + 2)],
where m is the relative refractive index, na/ni; my
is the refractive index of the medium; n, is the refrac-
tive index of the scattering particle; and d/A is the
ratio of scattering particle diameter to the wavelength
of light. The iron oxide particles were found by
microscopic examination to have a diameter of 2.0
+ 0.5 um. With m = 3.0/1.56 = 1.9, Qs becomes a
constant value of 2.0 for the wavelengths studied.

It is seen from Fig. 8 that in the case of a-Fe,O3
the absorption coefficient from optical measurements
does not correspond to the absorption coefficient for
the excitation process giving rise to the photocurrent.
Further discussion of this point is given later.

Discussion

The mechanism by which complexing ions such
as citrate and EDTA enhance the photocurrent at
a-Fe;03 electrodes is not known. However, the effect
of citrate concentration on the increase in photocurrent
followed a Temkin isotherm relationship. For inter-
mediate coverage, 0.2 < 6 < 0.8, the isotherm is
usually written as (20)

0= —qAp+ kTInK + kTInc (3]

where r is an interaction energy parameter, ¢ is the
surface coverage, A¢ is the potential difference be-
tween the electrode surface and the solution, K is the
equilibrium constant for adsorption in the absence
of interaction between the adsorbing particles, and ¢
is the bulk concentration of adsorbate. If it may be
assumed that the increase in photocurrent efficiency is
proportional to surface coverage, then n-n.=¢ o« In
[citrate] and Eq. [3] accounts for the linear portions
of the curves in Fig. 2. The saturation effect is of
course a property of the Langmuir isotherm which
applies as ¢ -» 1. The results did vary for different
electrodes as can be seen in Fig. 2 even when com-
pared in the same electrolyte, and they probably
reflect the different surface conditions present. Con-
sideration of these observations makes specific adsorp-
tion of citrate and EDTA on «-Fe;O; a reasonable
conclusion especially in view of the very high stability
constants for these ions with Fe3+ in aqueous solution.

It would be expected that specific adsorption of
strong complexing anions might shift the turn-on
voltage and thereby cause an increase in photoeffi-
ciency. In actual fact, the flatband potentials and
turn-on voltages did not shift sufficiently (<100 mV)
to cause the observed change in efficiency. In addition,
the efficiencies were measured at a given overvoltage
so that any change in turn-on voltage would not be
included. However, because the higher energy level
of the valence bandedge of «-Fe»O3 compared to TiO,
or SrTiO; may result in better energy overlap, photo-
oxidation of citrate and EDTA by photogenerated holes
at the a-FeyO; surface cannot be ruled out without
evidence of the reaction products distribution in the
various electrolytes. The additional possibility of “cur-
rent doubling” also exists. In this mechanism (21, 22)
photooxidation by a hole in the valence band leads
to a radical species which then injects an electron
into the conduction band in a chemical step. Thus
two current carriers are produced for a single photon
leading to the term “current doubling.” This reaction
is well known on other semiconductors with reactants
containing the carboxylate group. This mechanism
would lead to decomposition of the citrate or EDTA
solute and probably not enhance the oxidation of
water. Again, detection of decomposition products is
needed and will be investigated in the future.

The np-V curves (e.g., Fig. 1 and 3) were fit to the
depletion layer theory of Girtner (6) which leads
to the following equation for the photocurrent efficiency
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Mp =1—exp(—aL)/(1 4 oLp) [4]

In a previous (2) the application of this equation to
i-V-1 data for polycrystalline BaTiO; electrodes was
discussed and it was shown how Lp and N4 could be
calculated using the following equation

2¢eo

In(1 — ypeorr) = — (
( Np°orF) a aNa

%
) (V-Vo*)*
—In(1 + oLp) [5]

A similar approach was taken with a-Fe;O3; data ex-
cept that Vo* has now been taken as a best fit param-
eter for the plots of In(1 — mgeorr) ws. (V-Vo*)'%,
and values of Ng from Mott-Schottky plots (7) were
used to calculate o, the absorption coetficient for the
process giving rise to active holes. Equation [5] was
applied for (V-V,*) 2 250 mV.

In order to obtain a good fit at low overvoltages
(<250 mV) Eq. [4] was used with the value of L
calculated from the parallel plate capacitor Eq. [23]

L= e 6]
=g

where C is given by the more general equation of
Dewald (24)

c =( q2Ngee, )'/’ |e¥ — 1} 0
2kT (ev —y—1)%

The term y measures the space charge overvoltage,
i.e., y = qA¢s/kT and is negative for anodic bias. It
was assumed that

V-Vo' = |A¢s] [8]

Equations [6] and [7] give the more familiar |A¢s|%
dependence for L under sufficient anodic bias corre-
sponding to the Mott-Schottky regime. Typical calcu-
lated curves are compared with experimental points in
Fig. 9. The experimental data correspond to those in
Fig. 3 and have been corrected for reflection. The fit is
seen to be usually +1% even at low overvoltages. The
values for the various quantities determined from the
data are summarized in Table I. An important point
not yet fully understood is that V,* from best fit did
not correspond to the flatband potential or the turn-on
voltage for the photocurrent nut was several tenths
of a volt more anodic. This may be due in part to
the fact that the Gértner model implies an irreversible
photocurrent. That is, no account is taken of possible
cathodic current either in the valence band or con-
duction band. These effects would become more im-
portant at electrode potentials near the point of zero
photocurrent.

It was also found that the theory could be fit to
data with polychromatic light even though the theory
was derived for monochromatic light. From this fit
the calculated absorption coefficient was 1 x 10¢ em—!
as would be expected if « represented some sort of

50
0.5M Noj Citrate
pH = 8.0
4OF Np = 35x 107 cm™3 A=360nm
. 30F
5
-9
=
201 A =450 nm
10F
ok o7 L "

-02 O 0.5 1.0 1.5
VOLTS vs SCE

Fig. 9. Comparison of observed and calculated photocurrent effi-
ciency. Polycrystalline a-FesQj; electrode no. 2.
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Table I. § y of values d from current-potential curves

(99.999% a-Fe203)

Voe
Electrolyte pH (SCE)

M Na: EDTA 4.0 5
M Nas citrate 8.0 K 3
M Nas citrate 8.0 -0.10 9.
Nas citrate 8.0 2
8.9 2,
3.8 1

* Polychromatic light (300-540 nm), intensity 4.76 mA.

average value over the 300-540 nm spectral range.
The diffusion lengths found for «-Fe;O3 were 2-4 X
10~7 cm and were considerably lower than values found
for TiOs (1 X 10—5 cm) and the barium and strontium
titrates (3-6 X 10—8 cm) (25). Possible reasons for
these differences will be discussed in a future pub-
lication.

The absorption coefficients calculated from the data
in Fig. 8 curve A using Eq. [5] and Lp data from
Table I and Mott-Schottky values for N4 are com-
pared with spectrophotometric « in Fig. 8. It is seen
that the absorption coefficient from optical measure-
ments did not correspond to the absorption coefficient
for the excitation process giving rise to the photo-
current. It is reasonable to presume that the absorp-
tion coefficient derived from i-V characteristics cor-
responds to the ligand to metal-charge transfer (02—
- Fe3+), yielding reactive holes on the oxygen sites
(valence band). The spectrophotometric measurements
show that another process with comparable absorption
is occurring, i.e., there is an overlap of at least two
absorption bands. The large absorption coefficient in-
dicated for this overlapping process may mean that
another type of charge transfer is occurring—possibly
metal to metal, which can be envisaged as

h
2Fed+ s Fe2+ (Fe3+ — e—) + Fet+ (Fed+ — h+)
[9]

This process would give rise to a second type of hole,
now on an iron site with a different energy level
than the hole in the oxygen valence band. Indeed it
has been suggested (27, 28) that this process is re-
sponsible for the intrinsic conductivity in o«-FesOj
with Eg ~ 1.7-2.0 eV. The Fe** hole may no longer
be capable of evolving oxygen from water while at
the same time the electron trapped on iron (Fe2t)
may not be free to conduct and therefore would yield
no photocurrent.

The validity of using absorption coefficients deter-
mined from i-V curves is suprorted by the plot shown
in Fig. 10 calculated from data in curve B, Fig. 8.
It is well known that for semiconductors the depen-
dence of « on energy near the absorption edge usually
follows the form (28)

ahy = A(hy — Eg)n/2 [10]
where A is a constant and n depends on the nature
of the transition (n = 1 for a direct transition and

n = 4 for an indirect transition). The slope in Fig. 10
is 2.07 giving n = 4.1, indicating an indirect transition
requiring phonon support.

A further test of the plausibility of the absorption
coefficient found for «-Fe;O; was made by plotting
the data in Fig. 7 in the form

2ee0A Ya
a1 — "pcorr) _ — a(_’:ﬂ.) / Nd‘/a
q

—In(1+oLp) [11]

For A = 400 nm, « was found to be 1.3 x 10¢ cm~!
in reasonable agreement with the value of 44 x 104
cm~1 from Fig. 8. This result supports the conclusion
stated earlier that a for the charge transfer process

PHOTOOXIDATION OF WATER 713

n=4 Indirect o
n=1{ Direct

T

105

ahv eV/cm

4
100_1

(hv-Eg), eV

Fig. 10. Test for nature of electronic transition on absorption edge.
Polycrystalline a-Fes03.

leading to photocurrent is considerably smaller than
the spectrophotometric value.

Acknowledgments

The authors acknowledge partial financial support
of this project by the National, Science Foundation,
Grant No. DMR 73-07507 AO2 and by the Committee
on Research, University of California.

Manuscript submitted Oct. 11, 1977; revised manu-
script received Dec. 12, 1977, This was Paper 328 pre-
sented at the Philadelphia, Pennsylvania, Meeting of
the Society, May 8-13, 1977.

. Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JournaL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.

Publication costs of this article were assisted by the
University of California.

REFERENCES
. J. M. Bolts and M. S. Wrighton, J. Phys. Chem.,
80, 2641 (1976).
. J. H. Kennedy and K. W. Frese, Jr., This Journal,
123, 1683 (1976).
. K. L. Hardee and A. J. Bard, ibid., 124, 215 (1977).
. K. L. Hardee and A. J. Bard, ibid., 123, 1024 (1976).
. R._K. Quinn, R. D. Nasby, and R. J. Baugham,
Mater. Res. Bull., 11, 1011 (1976).
. W. W. Girtner, Phys. Rev., 116, 84 (1959).
. J. H. Kennedy and K. W. Frese, Jr., This Journal,
125,723 (1978).
. E. Wegner and A. Adamson, J. Am. Chem. Soc.,
88, 394 (1966).
A M(ll\/!I)5 2S)timson and M. J. O’'Donnell, ibid., 14, 1805
10. G. M. Wyman, J. Opt. Soc. Ann., 45, 965 (1955).
11. M. J. S. Dewar and A. R. Lepley, J. Am. Chem.
Soc., 83, 4560 (1961).
12. B. L. Van Duren and C. E. Bardi, Anal. Chem., 35,
2198 (1963).
13. F. A. Jenkins and H. E. White “Fundamentals of
%ptlcs," 3rd ed., Chap. 25, McGraw-Hill, New
ork (1957).
. S. M. Ahmed and D. Maksimov, Can. J. Chem., 46,
3841 (1968).
15. R. F. G. Gardner, F. Swett, and D. W. Tanner,
J. Phys. Chem. Solids, 24, 1183 (1963).
16. D. (%S&i; and W. Westwood, Can. J. Phys., 42, 2367
17. H. C. Van de Hulst, “Light Scattering by Small

0 N AW N e

©w

—_
'S



714 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

lz?gtglc)les," p. 415, John Wiley & Sons, New York

57).

18. R. H. Harding, B. Golding, and R. A. Morgen,
J. Opt. Soc. Am., 50, 446 (1960).

19. V. K. LaMer, OSRD Rept. 4904, PB 32208, U.S.
Dept. of Commerce (1944).

20. J. O’M. Bockris and S. Srinivasan, “Fuel Cells,” pp.
97-102, McGraw Hill, New York (1969).

21. W. P. Gomes, T. Freund, and S. R. Morrison, This
Journal, 115, 818 (1968).

22. T. Freund and W. P, Gomes, Catal. Rev., 3, 1 (1969).

23. F. Mollers, H. J. Tolle, and R. Memming, This

May 1978

Journal, 121, 1160 (1974).

24. J. F. Dewald, Bell Syst. Tech. J., 39, 615 (1960).

25. K. W. Frese, Jr.,, Ph.D. Thesis, University of Cali-
fornia, Santa Barbara (1977).

26. F.J. Morin, Phys. Rev., 93, 1195 (1954).

27. J. B. Goodenough, in “Advances in Solid State
Chemistry,” H. Reiss, Editor, Chap. 4, McMillan,
New York (1964).

28. E. J. Johnson, in “Semiconductors and Semimet-
als,” Vol. 3, R. K. Willardson and A. C. Beer,
f:{isiégx)‘s, Chap. 6, Academic Press, New York

Coulometric Study of the Reduction of
Dinitroaniline Compounds
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ABSTRACT

The authors’ d.c.-polarographic study [Anal. Chim. Acta. 82, 29 (1976)] has
been extended to include a coulometric investigation of the cathodic reduction
of six substituted dinitroanilines: 4- (trifiuoromethyl)-2,6-dinitro-N,N-diprop-
ylaniline (I) was measured in 40% aqueous ethanol buffered at four pH
values (1.5, 5.1, 7.4, 9.2), and N-butyl-N-ethyl-4- (trifluoromethyl)-2,6-di-
nitroaniline (II), 2,6-dinitro-4-isopropyl-N,N-dipropylaniline (III), N IN1-
diethyl-4- (trifluoromethyl) -2,6-dinitro-m-phenylenediamine (IV), 4-(methyl-
sulfonyl) -2,6-dinitro-N,N-dipropylaniline (V), and 3,5-dinitro-N4,N4-dipro-
pylsulfanilamide (VI) were measured in 40% aqueous ethanol buffered at one
PpH value (1.5). Preparative scale runs and product analyses indicate that
the electroreduction mechanism is pH dependent, as evidenced by substantial
'll)enzi'_inidazole formation at 1.5 pH and little production of this compound at

.4 pH.

Controlled potential coulometry (1-4) utilizes the
modern instrumental capabilities of potentiostats and
is a powerful electroanalytical technique that makes
possible the elucidation of certain chemical reaction
paths by allowing direct measurement of the number
of Faradays taken up by a given amount of a compound
(5-7). Similar information has been obtained on occa-
sion from d-c polarograms (8-10); whereas in favor-
able circumstances, it is possible to arrive at the correct
number of electrons involved (n), examination of the
Ilkovic equation

iq = kncD1/2m2/3¢1/8

reveals that n can be expressed only in terms of several
constants or parameters whose cumulative uncertainty
affects n. Indeed, it is customary to use the Ilkovie
equation to find the diffusion coefficient D—a procedure
which in turn assumes that n is known. An alternative
procedure that uses the slope of a polarogram to find
n is not applicable to quasireversible systems, and
hence to many systems, including the substituted di-
nitroanilines of our study.

Coulometry in nonaqueous media often employs elec-
trodes fabricated from the platinum metal family (5),
but in aqueous solvents the problem of hydrogen dis-
charge curtails their utility and mercury becomes the
common choice, as was discussed in the report of our
previous polarographic study (11). It should be men-
tioned that there are specific problems associated with
controlled potential coulometry and large mercury pool
cathodes; these are discussed later on in the paper.

* Electrochemical Society Active Member.
1Present adaress: Visiting Exchange :cienftist, U.S. National
demy of Sci 9

Experimental

The general instrumental link-up in the coulometric
experiments is presented in a simplified manner in Fig.
1. A buffered ethanol:water solution (40%:60% by
vol.) similar to the polarographic solutions discussed
previously (11), containing 50.0 umoles of solute in the
150 ml total volume used in the “working” compart-
ment of the coulometry cell (Fig. 2), was thoroughly

7 3T W

o
1e

Fig. 1. Simplified block diagram of instrumental layout. Legend:
t-Y: time-base X-Y recorder; P: potentiostat; S: silver coulometer;
Cc: coulometry cell; Ts: bubbler-tower containing ethanol:water;
N2: purging gas tank.

Academy of Sciences—Hungarian A
Hungary.

Key words: cathodic reduction, controlled potential coulometry,
mercury pool, substituted dinitroaniline,

Fig. 2. Coulometry cell



Vol. 125, No. 5

purged with nitrogen, followed by applying a potential
selected as appropriate from known Ej/s values (11)
in the three-electron mode. The actual mercury pool
cathode (working electrode)-platinum coil anode
(auxiliary electrode) voltage, reflecting IR losses due
to the two medium porosity frits as well as solution
resistance, was intermittently monitored with a Hew-
lett-Packard? 34703A/34740A DCV/DCA/Q measure-
ment system (the maximum voltage recorded was
~20V, far short for causing troublesome voltage-limit-
ing conditions with the GBE Wenking 61-R potentio-
stat). In a number of experiments, the current output
of the potentiostat was recorded on a Hewlett-Packard
7044-A X-Y recorder equipped with a time-base ac-
cessory. Because of the full-current output feature of
the Wenking 61-R, measuring resistors and multipole
switches were selected with special care. Product anal-
ysis for compound (I) at pH 1.5 and 7.4 was performed
using a Perkin-Elmer 621 spectrophotometer and
Varian HA-100 NMR spectrometer.

The coulometry cell (Fig. 2) containing the alcohol:
water mixtures was preceded by a saturation tower
containing a similar alcohol: water mixture, so that the
purging nitrogen gas would not significantly alter the
composition of the mixed solvent. A special feature of
the coulometry cell was the glass lip protruding from
the frit toward the center of the cathodic compartment;
its purpose was to reduce the voltage drop along the
surface of the mercury pool as a function of distance
from the frit.

In a typical experiment, the 100 ml solution (60 ml
aq. buffer + 40 ml ethanol) to be used in the auxiliary
compartment and the 145 ml solution (90 ml aq. buf-
fer + 55 ml ethanol) to be used in the working com-
partment were deaerated for 1 hr in separatory funnels
placed above the coulometry cell; simultaneously, the
coulometry cell itself was purged with N,. After de-
aeration, the solutions were introduced and the back-
ground current was measured under the chosen condi-
tions of stirring rate and applied potential; values
ranged between 40 and 70 A, with an observable slight
decrease with time. Addition of 5 ml of alcohol contain-
ing the 50.0 umoles of solute produced initial currents
of less than 20 mA; electrolysis was continued past the
99% completion stage to background. Total time for
an experiment was 12-15 hr, with the exception of
silver coulometry and preparative scale (100 mg sol-
ute) runs which required up to 24 hr.

Silver coulometry was done using a 250 ml beaker
containing 150 ml solution, 1M in AgNO3 and 5M in
NaNO3 (alternately, 1M AgNO; and 2M KCN). The
outside of the beaker was taped with black PVC tape
to prevent photochemical decomposition and the top
was also shielded from direct light. The electrodes (Ag
wire or Ag foil) were suspended from a % in. diam
glass rod that had an elongated W shape, and fit reason-
ably snugly on the spout and beaker rim. (Ideally the
least number of sharp surfaces should produce best
results, and the foil is preferable to the coiled wire.)

2 Mention of tradenames is for the convenience of the reader
and does not constitute any preferential endorsement by the U.S.
Department of Agriculture over sumilar products available.
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Only about 2/3 of the electrode was immersed in the
solution to protect the contacts; voltage drop across
the system, connected in series onto the auxiliary elec-
trode, was about 2V. In silver coulometry weight is
measured before the experiment, and after the experi-
ment the electrodes are removed with Teflon-tipped
forceps, washed thoroughly and gently in a stream of
distilled water followed by acetone, then dried for 15
min at 50°C before weighing again. For reuse the elec-
trodes were soaked in 1M KCN for over an hour, and
the gaining electrode was polished with a piece of fine
sandpaper (00) to remove loosely adhering silver. The
losing electrode will eventually need replacement—for
best results the two electrodes should never be inter-
changed. By measuring both the loss and gain values
of the electrodes, a precision better than 0.5 mg was
routinely observed, and with special care 0.1 mg can
be expected according to our results. In case of higher
discrepancy the loss figure was regarded as the more
accurate because the gaining electrode often acquires
crystalline deposition which may not adhere.

The present report is based on 56 coulometric deter-
minations, with 36 runs on 4- (trifluoromethyl) -2,6-di-
nitro-N,N-dipropylaniline (I). Nine out of the 36 runs
were preparative scale, including isolation and identi-
fication of product. Additional information concerning
experiments is given in Table I and the following sec-
tion.

Results and Discussion

Appropriate voltages for use in controlled potential
coulometry can be selected from polarographic or
sweep voltammetric information. Our polarographic
study (11) gave the following Ey/; values (—mV vs.
SCE) at pH 1.5, 5.1, 7.4, and 9.2, respectively: (I) 190,
430, 700, 810; (If) 190, 430, 700, 810; (III) 170, 360, 720,
810; (IV) 230, 510, 720, 1010; (V) 160, 480, 710, 790;
(VI) 160, 530, 680, 810. These values correspond to the
second polarographic wave when it was distinguish-
able; at pH = 1.5 all compounds displayed a single
wave whose height closely corresponded to the sum
of the two wave heights for the compound observed
at the higher pH’s. A salient feature of the polaro-
grams was the similarity in which pH affected all six
compounds; for this reason, we felt that the essential
coulometric information could be obtained by investi-
gating all compounds at one pH and, in addition, one
compound at all four pH’s. The results are given in
Table I.

The difference between our combined average value
of ne— (7.53 + 0.16¢) and the 8e— required ideally to
reach the dihydroxylamine stage was large enough
that we interpret the difference as an indication of some
kinetic perturbation rather than as an instrumental
artifact. The assignment of two 4e— reduction steps
(11) on the basis of simple d-c polarography is, there-
fore, seen in the perspective of coulometry as a close
approximation rather than an ultimate conclusion.

The chemistry of nitroaromatics is known to be com-
plex. Peltier and his co-workers (12-14) have exten-
sively studied the controlled potential electroreduction
of a large number of substituted mono- and dinitro

Table I. Summary of coulometric experiments

Compound E(V vs. SCE) pH ne-
4-(trifluoromethyl)-2,6-dinitro-N,N-dipropylaniline (I)* —0.600 1.5 7.45
—0.700 5.1 7.74

—0.900 7.4 7.46

-1.00 9.2 795

N-butyl-N-ethyl-4-(trifluoromethyl)-2,6-dinitroaniline (II) —0.600 15 6.69
2,6-dinitro-4-isopropyl-N,N-dipropylaniline (III) -0.600 1.5 6.93
N1,N'-diethyl-4-(triluoromethyl)-2,6-dinitro-m-phenylenediamine (Iv) —0.600 15 8.7
4-(methylsulfonyl)-2,6-dinitro-N,N-dipropylaniline (V) —0.600 1.5 7.80
3,5-dimitro-N4,N+-dipropyisultanilamide (V1) —0.600 15 723

— —_ 7.53 = 0.166**

All samples

* Preparative scale runs gave ne- value estimates that compare favorably: pH 1.5: 7.43 (5 runs); pH 7.4: 7.68 (3 runs).

¢¢ Standard deviation of the mean.
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compounds. Their investigations, which included prod-
uct identification, give evidence of the stepwise reduc-
tion of nitroaromatics. Their work also reveals com-
plicating factors; m-values less than the theoretical
seem to be characteristic of the nitroanilines.

Further insight into the electrochemistry of nitroaro-
matics is provided by the classical example of the re-
duction of picric acid in HCI; Lingane (2) found that
34 electrons are involved in the production of the
primary product bis-(3,5-diamino-4-hydroxyphenyl)
hydrazine, but subsequently Bergman and James (15),
as well as Meites and Meites (16), demonstrated that
ne~ is a function of both the initial picric acid concen-
tration and the hydrochloric acid concentration.

In order to analyze the products of the pH 1.5 reduc-
tion, the pH of the reaction solution was adjusted to 7,
the ethanol removed with a nitrogen stream, and the
aqueous residue extracted with ether. Drying the ex-
tract with sodium sulfate and evaporation to dryness
with nitrogen yielded an oily-solid red-brown residue.
Thin layer chromatography (silica gel GF-254, ben-
zene: ethyl acetate, 2:1) of the residue showed several
u.v.-absorbing (254 nm) spots along the length of the
plate and a single major spot (R = 0.14) which ex-
hibited bright blue fluorescence under u.v. light. The
residue gave the following spectroscopic data: infra-
red (film) 1620 cm~1; NMR (CDCl3) 8 7.50 (s, 1, ArH),
6.72 (s, 1, ArH), 4.20 (t, 2, CHy), 3.75 (broad, 2, NH,),
2.85 (quadruplet, 2, CHg), 1.87 (m, 2, CHp), 1.44 (t, 3,
CHs), and 0.99 ppm (t, 3, CHs). These peaks in the
NMR spectrum were observed almost to the exclusion
of other absorptions and are similar to those reported
for 2-ethyl-T-nitro-1-propyl-5-trifiuoromethylbenzi-
midazole by Leitis and Crosby (17), who identified the
benzimidazole as a product of the photochemical degra-
dation of compound I.

Preparative thin layer chromatography of the resi-
due on silica gel by developing three times with ben-
zene: ethyl acetate, 2:1, afforded a chromatogram with
the blue fluorescent spot at Rs 0.31-0.44. From this area
a pale yellow solid was isolated which gave the follow-
ing mass spectrum, m/e (%); 272 (15), 271 (100,
M+4), 256 (22), 252 (11), 243 (14), 242 (92), 229 (74),
228 (44), 227 (18), 214 (31), (212 (12), 159 (10).

We conclude from these spectroscopic data that the
major product of the pH 1.5 reduction is 7-amino-2-
ethyl-1-propyl-5-trifluoromethylbenzimidazole, com-
pound VII

I’r\NI /'\\N

HaN

CFs

VII

Identification of a benzimidazole in our work at low pH
is consistent with the studies of Peltier and co-workers
(12c, 14), who observed benzimidazole formation in the
electrochemical reduction of N,N-disubstituted-o-ni-
troanilines in 1N sulfuric acid: ethanol, 1:1.

The pH 7.4 reaction was worked up in a similar man-
ner except without adjustment of the pH before ether
extraction. Thin layer chromatography of the residue
showed several u.v.-absorbing spots and a small fluor-
escent blue spot at Ry — 0.14. In addition to benzimida-
zole peaks, which were usually minor, the NMR spec-
trum (CDCl;) of the resulting residue showed the fol-
lowing singlets in the aromatic region: 57.68, 7.45, 7.14,
6.99, 6.73, 6.68, and 6.56 ppm. From one reaction to an-
other the relative sizes of these peaks varied. We are
continuing our study of the products of the pH 7.4
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reduction. With regard to our NMR work, we plan to
look into temperature-d relationships for additional
analytical capability.

Although the compounds of the present study are
amenable to photodecomposition (17, 18), we found no
evidence that exclusion of roomlight altered the polar-
ographic or coulometric results at any of the four pH
values. To our knowledge a converse study, involving
the electrochemical investigation of photolysis products
of these compounds (I-VI), has not been reported.

Conclusion

The present coulometric study of the number of elec-
trons involved in the cathodic reduction of the substi-
tuted dinitroanilines, 4-(trifluoromethyl)-2,6-dinitro-
N,N-dipropylaniline; N-butyl-N-ethyl-4- (trifluoro-
methyl)-2,6-dinitroaniline; 2,6-dinitro-4-isopropyl-N,
N-dipropylaniline; N1 Nl-dlethyl 4~(tr1ﬂuoromethyl)-
2,6-dinitro-m-phenylenediamine; 4-(methylsulfonyl)-
2,6-dinitro-N,N-dipropylaniline; and 3,5-dinitro-N4 N4-
dipropylsulfanilamide in aqueous ethanol gave n val-
ues in close agreement with those previously estimated
from polarographic measurements. The slight deviation
of the experimentally obtained n value ([7.53 + 0.16¢]
e~) from the number of electrons ideally required to
reach the dihydroxylamine form (8e—) is considered
to be of chemical rather than artifactual origin and is
not unexpected in view of the known complex chem-
istry of the species involved. The coulometric results
necessitate a refinement of the previous mechanistic in-
terpretation (11) based on d.c. polarography. Although
there is only a relatively slight change in n values as a
function of pH, preparative scale runs and product
analyses reveal that the apparent merging of the two
polarographic waves at low pH in effect involves a
change in the reduction mechanism. Results of a sep-
arate study planned to provide information on this de-
tail with the aid of additional electroanalytical tech-
niques (5) will be presented subsequently.
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Kinetics of the Electrochemical Reduction of Dicyanoaurate

E. T. Eisenmann
Bell Laboratories, Columbus, Ohio 43213

ABSTRACT

The mechanism of the electrochemical reduction of dicyanoaurate was
studied by means of steady-state and relaxation methods in combination with
a rotating disk electrode. The deposition of soft gold, lead-doped soft gold
and cobalt-hardened gold was found to proceed via one common mechanism
that involves adsorption equilibria preceding and following the electron trans-
fer step. Special effects, such as epitaxy and preferred orientation of soft gold,
the small-grained texture of hard gold, and the lead-induced depolarization of
soft gold plating are explained in terms of the energetic states of the ad-
sorbed, oxidized, and reduced gold species. The effect of lead is to lower the
activation energy of the electron transfer, which results in the accelerated
establishment of a preferred orientation. Cobalt increases the activation energy
of the electron transfer and gives rise to a high nucleation rate. The pro-
posed mechanism is shown to explain equally well the anodic behavior of

gold in alkaline cyanide electrolyte.

The importance of gold plating in electronic device
technology has led to greatly diversified, usually pro-
prietary plating formulations. Yet apart from the de-
scription of particular bath features, there is a definite
scarcity of the documentation of fundamental processes
involved in the electrodeposition of gold. Cheh and
Sard (1) used galvanostatic techniques to study the
morphology of gold deposits on a rotating-disk elec-
trode from various electrolytes. Harrison and Thomp-
son (2) employed voltammetric techniques and postu-
late a reaction mechanism that involves AuCN as re-
acting species. Recently, McIntyre and Peck (3) re-
ported with considerable detail on the depolarization of
the deposition of soft gold through heavy metal ions.
Numerous publications are available on the effects of
codeposited impurities on the physical properties of
gold plates (4-6). The review of the literature indicates
that kinetic studies have been practically limited to
soft gold systems. Although soft gold as well as hard
gold is almost universally deposited from electrolytes
containing dicyanoaurate, there is no indication that a
unifying kinetic study of the two types of gold baths
was ever attempted. Recent work on the deposition of
gold on the reeds of sealed contacts (7) suggested such
a unifying study. Using predominantly potentiostatic,
steady-state, and relaxation techniques in combination
with a rotating-disk electrode various aspects of the
electrode kinetics were investigated.

Experimental

The following solutions were used in the present
study: (i) Commercial hard gold baths (Selrex CI and
Technic Orosene 999), operated at pH = 4 and 30°C;
(ii) Soft gold bath, containing 0.1M KAu(CN),, 0.3M
potassium phosphate, and no or 2 ppm Pb, operated at
pH = 7 and 30°C or 65°C. Polarization measurements
were carried out in these electrolytes either with Pt
rods of 0.5 cm2 area (under constant convection) or
with a rotating Pt disk of 0.32 cm2,

It was assumed that the gold deposition would usu-
ally proceed with less than 100% current efficiency.
The gold partial currents were, therefore, determined
by means of a coulometric analysis of the gold deposit.
This approach was, evidently, quite time consuming

Key words: electrocrystallization, electrode adsorption proc-

esses, epitaxy, lead-induced depolarization.

and precluded current or voltage scanning techniques.
It is believed, however, that superior accuracy of the
data was achieved in this manner.

Potentiostatic Polarization

A Pt disk electrode was polarized under constant po-
tential conditions for various lengths of time in the
electrolytes described above. The gold partial currents
were evaluated from plots of the (coulometrically de-
termined) electrical equivalents of the gold deposits
vs. the plating time. For the hard gold baths, these plots
were found to yield straight lines, indicating that the
gold partial current at constant potential is indepen-
dent of the plating time. In contrast to this behavior,
the same kind of plots for soft gold deposition were
curved, corresponding to an acceleration of the rate of
deposition with time.

The slopes of the straight lines obtained for one of
the hard gold baths and the limiting slopes of the
curves at short plating times obtained for the soft gold
baths were plotted semilogarithmically vs. the deposi-
tion potential, Fig. 1. The straight portions of these
curves have slopes of —4.4V—1! at 30°C and —3.6V-1 at
65°C, the difference being accountable by the thermal
energy difference. The shift in the deposition potential
at equal current density for soft gold at 65° and 30°C
is explained by the increased solubility of HCN at the
lower temperature, which results in a decrease of the
equilibrium potential. The similar shift observed for
hard gold ws. soft gold at 30°C may be due to any of
several differences in the makeup of the baths. How-
ever, because of the very striking difference in the
grain size of the two types of gold deposits, it is postu-
lated that the cobalt content in the hard gold bath
increases the activation energy of the electron transfer,
and consequently the nucleation rate of the gold depo-
sition,

Time Dependence of the Deposition Rate

The observed increase of the deposition rate of soft
gold with time at constant potential corresponds to the
“depolarization effect” studied by various authors (8,
9) under galvanostatic conditions. Since it was un-
known to what extent the soft gold bath was contami-
nated with heavy metal ions, which are capable of in-
ducing the depularization, an addition of 2 ppm lead
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Fig. 1. Current density-potential curves at short polarization
times.

was made to the plating solution. With this modified
bath, gold was deposited potentiostatically for various
lengths of time. Figure 2 shows the coulometric equiv-
alents of the gold deposits in dependence of the derosi-
tion time. It is seen that at all potentials the gold de-
posit grows initially in proportion to ¢t2 and later in
proportion to t, where t is the deposition time. Basi-
cally, the same behavior is also obtained for a soft gold
bath without the intentional lead addition. However,
the deposits grow for an extended period proportional
to t%, where 1 < x* < 2. Figure 2 indicates that in the
case of lead-doped gold the time required for the cur-
rent density to stabilize is practically independent of
the deposition potential. Also, the steady-state condi-
tion is achieved at increasingly thicker deposits as the
deposition potential assumes more negative values.

Generation of Polarization Curves under Steady-State
Conditions

According to Fig. 2, steady-state conditions of the
deposition of lead-doped gold are attained within about
5 min. Polarization curves were, therefore, derived
from the slope of current density-time product vs. t
curves for various potentials, at ¢ = 1000 sec. A simi-
lar procedure was employed for the deposition of lead-
free gold, measuring the slope between the plating
times t = 3 and t = 5 hr. The results are given in Fig.
3. A considerable difference in the deposition potential
between the two curves is noted at the center of the
graph, which decreases, however, at very high and
very low values of the deposition potential.

Both curves seem to approach the slope of the curves
in Fig. 1 at extreme negative potentials, suggesting that
the same mechanism is operative. The steep sections at
the center of the graph are tentatively identified as the
result of the proximity to the equilibrium potential,
which is controlled by the concentration of cyanide at
the electrode surface. In order to confirm this assump-
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tion it is necessary to explain the plateau which is
evident at the right of the steep portions.
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Fig. 3. Current density-potential curves for soft gold at long
polarization times.
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Evidence of Mixed Potential and Electroless Deposition
at the Au/Au(CN),~ Electrode

Rotating-disk experiments were designed to explain
the plateau section in Fig. 1 and 3. In order to minimize
the effect that may result from the accumulation of
cyanide during plating, a large volume of electrolyte
(2.5 liters) was circulated through the plating cell.

Under open-circuit conditions, a Pt disk electrode as-
sumed a potential of 40.043V vs. Ag/AgCl at 65°C at
a rotation velocity of 94 rad/sec. The potential in-
creased with increasing rotation velocity. After pro-
longed exposure, the Pt disk was coated with gold.
The rate of gold deposition appeared to be strongly
dependent on the history of the bath (e.g., rrevious
use), but was constant within a given test series over
many hours. This result proves that the open-circuit
potential of the gold electrode corresponds to a mixed
potential.

Discussion and Additional Results

Electroless deposition of gold.—The electron donor
that causes the reduction of the Au(CN);~ ions is hy-
pothesized to be the cyanide ion, according to

CN-21/2(CN)z + e [1]
Au(CN);~ + e 2 Au + 2CN- [21

or after adding Eq. [1] and [2]
Au(CN);~ 2 Au + 1/2(CN)2 + CN- [3]

It is seen that the cyanide ion has the dual role of
promoting reaction [1] and retarding reaction [2]. The
kinetics of the over-all reaction [3] is, therefore,
strongly dependent on the cyanide concentration. The
oxidation potentials of reactions [1] and [2] can be
expressed by the Nernst equation (brackets indicate
activities or, approximately, concentrations)

RT RT
Ecnyg = E°cnyp — —F—ln [CN-] + _ZFln [(CN):]
RT -
RT
Exy = E°pau— 2 — In [CN-] + —F—ln [Au(CN)2~]
[5]

where
E°ay = —0.84V vs. Ag/AgCl10

E°(cnyp = — 0.46V vs. Ag/AgClo
Reaction [3] is at equilibrium if
Epu = Ecrrg [6]

From Eq. [4] and [5] it follows that equilibrium is
achieved in a soft gold bath at room temperature if

In[CN-][(CN)2]% = —16.8

i.e., if the cyanide and cyanogen concentrations are
about 10~5 moles/liter.

Under equilibrium conditions, the mass balance of
reaction [3] is shifted to the right as the concentration
of cyanide decreases. Continuous removal of CN— and
(CN)2 species from the reaction surface, e.g., under
the conditions of a rotating-disk electrode, allows con-
tinued deposition of gold. Favorable conditions for the
reaction were generated in the experiments by con-
tinued degassing of the electrolyte. At pH = 7, the
cyanide ion is protonated to form HCN, which along
with cyanogen tends to escape into the gas phase. A
large surtace to volume ratio and agitation of the
solution were used to promote this transition.

For the system under consideration, the deposition
rate of gold ia,, is equal to the mass fluxes of
Au(CN)2~,CN—, and (CN).

; ki ko
iAu :?A[AU(CN)Q_] = — -gA[CN_] =

ks
— A[(CN)2] (7]
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The A’s indicate the difference between bulk and sur-
face concentrations; ki, kg, and ks are constants and &
represents the diffusion layer thickness. At a rotating-
disk electrode, the velocity of rotation, w, influences
the diffusion layer thickness 8 in the inverse propor-
ion t

tion to \/w (11) —_—

— (8]
v w

6 =161

(D = diffusion coefficient, » = kinematic viscosity).

Concerning the concentration differences, A[CN—]
and A[(CN):], the following inequalities may be both
true, both false, or either of them true.

[CN-] (bulk) << [CN—] (surface) [91
[(CN)2] (bulk) << ]1(CN)2[ (surface) [10]
If both are true then
A[CN-] = [CN—] (surface) [11]
A[(CN)2] = [(CN)2] (surface) [12]

From Eq. [7] together with Eq. [8], [11], and [12]
(dropping the specific reference to the surface in Eq.
[11] and [12]) it follows that

dlogis _ dlog[CN~] 1

= [13]
d log w d log w
dlogi d log[(CN) 1
8 bt _ gl 2] ) [14]
d log w d log w 2

The concentration terms in Eq. [13] and [14] are ex-
pected to deviate from zero for the conditions of the
electroless gold deposition.

In a carefully executed experiment at two velocities
of the rotating-disk electrode, the rate of gold deposi-
tion was found to vary proportionally to w%. This re-
sult indicates that the concentration terms in Eq. [13]
and [14] are — Y. Correlated with the variation of the
derosition rate, the electrode potential was measured
to increase by 0.032V per decade increase in rotation
velocity. The combination of this information with
the derivatives of Eq. [4] and [5] yields for 65°C (as-
suming that Eq. [9] and [10] are both true)

d Eau d log[CN—]

—_—=—0.134 = 0.033V  [15]
d log w d log w
d Eccn d 1 =
€2 _ o 0g[CN~]
dlog w dlogw
d log[ (CN)
+ 0033 2108LCN:] o nogav 16
d log w

Comparing Eq. [15] and [16] with the observed value
of 0.032V per decade increase in rotation velocity it is
evident that only Eq. [15] and, therefore, Eq. [9] and
[13] are consistent with the experimental results.
Hence E,, is the controlling potential and reaction [2]
is closer to its equilibrium than the electron donor re-
action [1]. At potentials corresponding to the plateau
section of Fig. 3 the deposition rate of gold was also
found to follow the w's dependence as demonstrated
in Fig. 4. It is noted that Eq. [7]-[9] may be insuffi-
cient to account for the observed transport process
because the rate of cyanide removal from the reaction
surface is most certainly enhanced by the protonation
reaction

H+* + CN- € HCN (pKa =9) [17]

Assuming either extreme or minimal deviation from
the equilibrium of reaction [17], the concentration of
free cyanide at the surface of the rotating-disk elec-
trode was calculated by means of Eq. [7] and [8]. In-
serting the results into Eq. [5] yields the equilibrium
potential for each polarization condition.
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Fig. 4. Dependence of the Au deposition rate in the plateau range

on convection.

The following is concluded from the comparison of
the calculated with the applied electrode potentials.
Under electroless and mildly polarized conditions at
65°C between 0.043 and —0.02V vs. Ag/AgCl, reaction
[17] and electrode reaction [2] are practically at equi-
librium. At current densities within the linear portion
of the polarization curve, between —0.5 and —0.9V vs.
Ag/AgCl, reaction [17] is far from its equilibrium and
the difference between the calculated and the applied
potential exceeds 0.1V, i.e., the deposition of gold is
activation controlled. The plateau section of the polar-
ization curve is identified, therefore, as the result of the
influence of the cyanide protonation on the equilibrium
electrode potential.

Deposition of gold under activation control.—The
equation describing the rate of a cathodic electrode
process that proceeds under activation control at po-
tentials far from the equilibrium potential in the ab-
sence of the double layer effect has the general form
(12)

i=1 — E — Ee 18
i zoexp[ anRT( )] [18]
with

io = NFk° aox1—® agr® [19]
where « = transfer coefficient; n = number of elec-
trons exchanged; E = electrode potential; E¢ = equi-
librium electrode potential; aox = activity of the oxi-
dized species; ag = activity of the reduced species; and
k° = apparent standard rate constant.

This equation may be used to correlate the slope of
the polarization curves in Fig. 1 and 3 with specific
reactions involved in the electrode process. From Eq.
[18] and [19] it follows

dlni  dlni, F F dEe

—_—— —an + an—— [20]
dE dE RT RT dE
dlni, dInaeyx dlnag

=t — 21

g -9 T aE 21

In the present application, E¢ is identical with Ea, of
Eq. [5]. For constant hydrodynamic conditions the cy-
anide concentration at the electrode surface is progor-
tional to the gold partial current, isy. Therefore, with
Eq. [5], at constant convection

RT RT .
d Exy = -—2-—F—dln [CN—-] = ——Z—FdlnlAu
[22]

Combining Eq. [20]-[22] yields for the deposition of
gold (converting to the common logarithm)

dlogin _ 043¢ | dlogaer  dlogan
e B S i - o
dE 1+ 2a “T4E dE
F
e [28]

RT
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In many metal deposition reactions, « is found to be
approximately 0.5. Accordingly, the slopes of log i vs.
E curves usually show a slope that is equal to a simple
fraction of S = 0.434F/2RT. This is also observed in
Fig. 1 and 3 for strong cathodic polarization, where the
slopes amount to —4.4V-1! at 30°C and —3.6V-1 at
65°C. Considering the precision of the measurements,
these slopes agree well with the assumption of a« = 0.5
and with

d log iau 0.434F

dE  4RT
By comparison with Eq. [23] it is concluded that

[24]

dloganx _ dlogar
dE dE

Two distinct reaction paths can be visualized, which
both conform with Eq. [25]:

The electron transfer proceeds without prechemical
adsorption of the oxidized species (Au(CN).—), to
form Au atoms whose energetic state is not signifi-
cantly different from that of their final lattice site. In
this case

[25]

dlogasx = —dlogar =0 [26]

The electron transfer is preceded by the chemisorp-
tion of the oxidized species and followed by the disso-
ciation of the reduced species in the adsorption layer,
according to the following sequence:

Prechemical adsorption equilibrium

Au(CN),~ 2 (AuCN)ad 4+ CN— [27]
Electron transfer step (rate limiting)
(AuCN)ad + e & (Au°CN) ~ad [28]
Postchemical desorption and crystallization
(Au°CN) ~ad 2 Au (lattice) + CN- [29]

Equilibria [27] and [29] may be dependent on the
crystal orientation of the substrate as well as on vari-
ous solution properties, e.g., the presence of cobalt or
lead. All modifications of equilibria [27] and [29] may
result in a modification of the electron transfer proba-
bility. For each energetic condition, however, Eq. [25]
is applicable. If the electrode is saturated with the ad-
sorbates, then ax and agr are independent of concentra-
tion variations in the aqueous phase and

dlogaox = —dlogag =0 [26a]

Observations relating to effects of adsorption.—The
effect of adsorption on the crystal size and preferred
orientation of electrodeposits is, qualitatively, well
known, as evidenced by the commercial use of addition
agents and brighteners. Certain features of the gold-
plating system are also indicative of adsorption proc-
esses and are discussed here.

The structure of soft gold is commonly referred to
as “columnar,” because etched cross sections show
longish crystallites whose length axes coincide with
the growth direction of the deposit. The nucleation rate
is, evidently, small, and the tendency toward preferred
growth orientation is large. If soft gold is deposited on
the polished surface of a polycrystalline, annealed fcc
metal, a strong epitaxial effect is observed. Substrate
grains with the “right” orientation produce well-
formed gold crystals at a substantially higher rate than
adjoining grains, which do not have the “right” orien-
tation, as shown in Fig. 5. Hard gold deposits, in con-
trast, have a grain size in the submicron range and ex-
hibit, intrinsically, featureless surfaces. The nucleation
rate during hard gold deposition is many orders of
magnitude higher than during soft gold deposition.

It is noted that the principal difference between soft
gold and hard gold lies in the crystallization behavior,
while the electron transfer step is activation controlled
in both cases. The role of adsorbed species is, therefore,
that of either increasing or decreasing the activation
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Fig. 5. Epitaxial growth of Au crystals on the surface of an an-
nealed fcc metal.

energy of the electron transfer step. In terms of elec-
trode processes, each crystal orientation has, at con-
stant potential, a typical crystallization current density
i{a, b, ¢} (13), where for example

{100} > {110} 5« i {111} [30]

Dependent on the relative magnitude of the crystal-
lization current densities, more or less pronounced
preferential orientation of the gold deposit results. The
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experimental current density, iay, is equal to the aver-
age of the various crystallization current densities. If
the crystallization process is initiated on randomly ori-
ented nuclei, preferential deposition tends to generate
more surface area of equivalent orientation and an in-
crease in i4, results. This is observed during the deposi-
tion of regular and lead-doped soft gold. If the differ-
entiation between the crystallization current densities
is enhanced, e.g., under the condition that coadsorbed
lead lowers the activation energy of the electron trans-
fer, Eq. [28], then one crystallization current density
may become dominant. With negligible growth in all
but one orientation, the increase in reactive surface
area, and as a result the increase of iay, is proportional
to the deposition time. This condition of extreme differ-
entiation between the crystallization current densities
is observed in Fig. 2 (it « t2),

The deposition of hard gold proceeds without notice-
able variation in i4,. This result is consistent with the
size of the crystallites formed, whose growth period is
limited to a few seconds. In terms of Eq. [28], and in
contrast to the effect of lead, the coadsorption of cobalt
provides for an increase in the activation energy of
the electron transfer. Under this condition, the differ-
entiation between the crystallization current densities
may be minimized, but more importantly, the nuclea-
tion rate is increased, thus explaining the texture of
hard gold deposits.

Perturbation of the adsorption layer.—The transient
behavior of the gold-cyanoaurate electrode has, to
some extent, been described earlier (7). Additional
experiments were deemed necessary to clarify the
common and contrasting features of the deposition of
soft gold, lead-doped soft gold, and hard gold. The po-
tential transients of a rotating-disk electrode, after
prepolarization at constant potential, were recorded,
therefore, for a variety of conditions.

Regardless of the specific experimental conditions
the potential transients were always found to follow
the same pattern. After the interruption of the cathodic
(i.e., negative) polarization, the potential was found
to increase in at least three distinctly different modes.
The initial, fastest variation of the potential has been
identified with double layer charging effects. The sub-
sequent, slower variation was recognized to depend on
the potential and the duration of the prepolarization
period, as well as on the rotation velocity of the elec-
trode. The third mode of potential variation proceeded
at constant rate, dependent only on the temperature;
however, the range over which the variation occurred
was also dependent on other variables. Figure 6 shows
the transients for hard gold, prepolarized for 3 min at
potentials ranging from —1.1 to —0.4V vs. SCE in 0.1V
steps. On the time scale used, the double layer charging
effect is not discernible (regime 1).

The potential transients are strong indication that
the electrochemical reduction of Au(CN);~ proceeds
via chemisorbed species (14, 15). Details of the curves

Prepolarization
Potential
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o

-3

<

o

<

(3

>

s

& E

’ Mé;i Regime 2 Regime 3

T T T v T T T
5 10 15 20 25 30 35

Y(sec)

Fig. 6. Potential transients of the Au/Au(CN);-system (hard
gold) after prepolarization.
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shown in Fig. 6 are interpreted in terms of the se-
quence of reactions [27]-[29] as follows:

During the prepolarization period, reactions [27]
and [29] are at equilibrium, while reaction [28] is not.
At the instant of the current interruption, reaction [28]
starts to approach equilibrium at a rate limited only by
the recharging of the double layer. Once equilibrium
is achieved, reactions [27] and [29], which were previ-
ously independent, are now coupled through reaction
[28] in correspondence with Eq. [2]. Thermodynamic
equilibrium with respect to the bulk of the elec-
trolyte is, however, not achieved yet, mostly be-
cause the surface concentrations of CN—, (AuCN)ad,
and (Au°CN)ad— are higher than when in equilib-
rium with the bulk. Removal of CN— tends to
shift both equilibria, reactions [27] and [29], to
the right. (AuCN)ad remains constant, therefore,
while (Au°CN)ad— decomposes. This occurs within
the range of regime 2 of Fig. 5. The process appears
to be diffusion controlled, as evidenced by the strong
dependence of the potential decay upon the rotation
velocity of the disk electrode. At all times, the potential
is controlled by the ratio of (AuCN)ad: (Au°CN)ad—.
Predictably, (Au°CN)ad— as source of cyanide will be
depleted after some time. Due to the lack of CN—, the
excess amount of (AuCN)ad cannot revert to its origin,
Au(CN)2~. The removal of (AuCN)ad has to proceed
via the electron transfer reaction [28], which seems
impossible without a source of electrons. An electron
source is available, however, as evidenced by the elec-
troless deposition of gold. In preference to reaction [3]
the process may be formulated as

(AuCN)ad - Au(lattice) + % (CN), [31]

It has been discussed earlier that the electron donor
reaction [1] is not at equilibrium. Reaction [31] is,
therefore, not at equilibrium either and the removal
of (AuCN)ad from the surface should be a first-order
reaction. This is confirmed by the observation that the
potential decay in regime 3 shows a close to linear de-
pendence on time.

Addressing the potential variation in regime 3 of
Fig. 6, it is noted that for prepolarization potentials
< —0.8V the curves nearly coincide, while for potentials
>—0.8V substantially deviating curves are obtained.
This dispersion signifies the change of the surface con-
centration of the adsorbate from a saturated to a less-
than-saturated state. The corresponding behavior, ob-
tained with the other electrolytes, leads to the conclu-
sion that the electrodeposition of gold proceeds, in
practice, under surface saturation with (AuCN). It is
assumed that surface saturation means a nearly com-
plete monolayer of the adsorbate, regardless of the type
of electrolyte. From the potential level, at which the
desorption of (AuCN)ad starts in the three different
electrolytes, it follows with equilibrium [28] that the
surface concentration of (Au°CN)ad— is greatest for
regular soft gold and about equal for lead-doped soft
gold and hard gold. 1t should be mentioned that these
results were obtained under prepolarization conditions
where the deposition of lead-doped soft gold was far
better equilibrated (‘‘depolarized”) than that of regu-
lar soft gold. In view of the crystallization phenomena
discussed earlier, it is concluded that the establishment
of a preferred crystal orientation is accompanied by a
shift of equilibrium [29] from left to right. Concern-
ing the behavior of the hard gold system, it is con-
cluded that equilibrium [28] is shifted to the left rela-
tive to the conditions of soft gold deposition.

Reversibility of the electrode processes.—The elec-
trochemical oxidation of gold in cyanide solution
should, doubtlessly, follow the sequence of reactions
[27]-[29] in reverse. An experiment was carried out
accordingly in which a gold disk electrode was polar-
ized anodically in 0.5M KCN solution at 55°C and two
rotation velocities. Figure 7 shows the results which
are interpreted as follows. Near the equilibrium poten-
tial at about —0.9V wvs. Ag/AgCl the anodic current
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Fig. 7. Anodic dissolution of gold in 0.5M KCN ot 55°C

density rises, as expected, very steeply. With increasing
potential three maxima and minima are passed. The
maxima at —0.6V and 0-0.2V are caused by diffusion
limitation of the cyanide ions. As the surface concen-
tration of CN— approaches zero, the concentration of
(Au°CN)ad- also approaches zero, which results in a
rapid drop of the current density. Thereafter, even
though the surface concentration of CN— is not zero
anymore, the dissolution rate at —0.5V is controlled by
the formation of (Au°CN)ad—-. Over the potential
range, where in previous experiments the surface con-
centration of (AuCN)ad was found to deviate from
saturation, the current density rises again. The de-
crease in coverage with AuCN promotes, necessarily,
the reaction of gold in lattice sites with cyanide, and
hence the rate of dissolution. At the point where once
again the concentration of CN— at the electrode sur-
face drops to zero a change in mechanism occurs. At
0.1-0.2V it appears that trivalent gold is formed, as
the current density at 225 rad/sec reaches 1.5 times the
value observed at the other maxima. The minimum at
0.5V was positively identified with the onset of passiva-
tion since at still higher potentials no dissolution of
gold was observed.

The features of the anodic dissolution of gold in
cyanide solution are evidently compatible with the ex-
istence and the controlling nature of chemisorbed lay-
ers postulated for the cathodic reduction of dicyano-
aurate.

Summary and Conclusions

The mechanism of the electrochemical reduction of
dicyanoaurate was studied by means of steady-state
and relaxation methods combined with rotating-disk
electrode techniques. The experimental results permit
the following statements:

1. The deposition of soft gold, lead-doped soft gold,
and cobalt-hardened gold proceeds via one common
mechanism that involves adsorption equilibria preced-
ing and following the electron transfer step.

2. Special effects such as the epitaxy and preferred
orientation of soft gold deposits, the small grained
texture of hard gold, and the lead-induced depolariza-
tion effect during soft gold deposition can be explained
in terms of the energetic states of the adsorbed, oxi-
dized, and reduced gold species. These are influenced
by the crystal orientation of the deposition site and by
the coadsorption of cobalt and lead ions, respectively.
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3. The proposed mechanism explains readily the fea-
tures of the anodic dissolution of gold in alkaline cy-
anide electrolyte.
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Donor Densities of
Determined from

Mott-Schottky Plots
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ABSTRACT

Capacitance and conductivity measurements were made on high punty
a-Fe;03 and TiOj;-doped «-Feq03 in liquid junction cells. Flatband potentials
and donor densities were determined from Mott-Schottky plots and evidence
for deep and shallow donors is presented. Potentials of zero photocurrent were
determined using chopped light and were in excellent agreement in basic solu-
tion with flatband potentials calculated from 1 kHz capacitance measurements.

Detailed studies of flatband potentials and their
correlation with photoefiects have been carried out
to date largely on single crystal samples. Also, it is
not clear that space charge layer capacitance theories
would apply to polycrystalline electrodes in electro-
chemical cells and that photoeffects could be obtained
from polycrystalline samples comparable to single
crystal samples. To help answer these questions we
report here on capacitance data for the «-FeyOs-elec-
trolyte junction. Current-potential characteristics of
these polycrystalline samples will be published sep-
arately. In a previous paper (1) we reported on the
flatband potential (and photocurrents of) polycrystal-
line sintered BaTiO3 electrodes with results which
agreed well with published data for single crystal
samples (2). The techniques used for the studies of
BaTiO3 have now been extended to the studies of
other metal oxides, in particular, a-Fe;O3.

Experimental

Electrode preparation.—Alpha-iron(III) oxide n-
type semiconductor electrodes were prepared from
either high purity, 99.999% (Apache Chemical Com-
pany) or analytical reagent-grade (Mallinckrodt) ma-
terial. The ultrapure material was pressed and sintered
in air at various temperatures from 1050° to 1320°C

* Electrochemical Society Active Member.
** Electrochemical Society Student Member.
Key words: semiconductor, photo ductivity,

itance,

for 4 hr and then quenched in room temperature
air. This treatment resulted in electrodes with ap-
parent densities of 75-85% of theoretical and con-
ductivities ranging from 8 x 10-6 to 2 x 10-¢
Q-1 cm~1. Attempts to make semiconducting electrodes
from the reagent-grade material by air quenching
always resulted in nonconductive material even for
sintering temperatures of up to 1300°C. This was
probably due to the presence of Cu2+, Zn2+, and Mg2+
impurities which would tend to compensate the n-type
conductivity. However, the reagent-grade material
could be made highly conductive (¢ ~ 1 Q~1! em—1)
by heating in a stream of N, for temperatures

2 1100°C. The conductivities were difficult to control,
and therefore TiO, doping was used to obtain highly
doped samples. Also, the N, reduced samples showed
virtually no photoeffect, probably due to the very
thin space charge layer. The reagent-grade material
doped with TiO; was sintered at 1150°-1200°C in air
for 14 hr and quenched in room temperature air.
Densities were 95-99% of theoretical. The TiO; doping
level was varied from 0.05% to 2% (Ti/Fe). No further
treatment was given the electrodes after sintering.

A copper wire electrode lead was attached to the
semiconductor electrodes by applying Ag epoxy
(Epoxy Technology). The electrode and wire were
then sealed in a glass tube with epoxy resin.

Capacitance measurements.—Capacitance measure-
ments of the cell, «-FeyOs/electrolyte/Pt, were made
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using a General Radio 1650-A impedance bridge
operated at 1 kHz. Electrode potential measurements
were made (vs. SCE) with a Keithley 610-C elec-
trometer.

Dielectric constant measurements.—Dielectric con-
stant measurements of high density, insulating «-Fe;03
were made at various frequencies in the range 1-50
kHz. The dielectric cell was a parallel plate type
with the area of one plate much larger (~150X)
than the other. The cell was connected to the GR
1650-A impedance bridge and the capacitance measured
with and without the «-Fe;O3 disk. Electrodes of con-
ducting Ag epoxy were applied to each face of the
a-FesO; disks. A sine wave a-c voltage (10 mV am-
plitude) was applied to the bridge using a Hewlett-
Packard Function Generator, Model 3311A.

Pulsed photocurrent.—Pulsed photocurrent measure-
ments were made by using polychromatic light from
a 300W tungsten source and a rotating-disk chopper.
The chopping frequency was 40-60 Hz. The photocur-
rent was measured as the voltage drop across a
precision 5 kO resistor with a Tektronix Model 564B
storage oscilloscope with a Type 3A6 dual trace ampli-
fier and Type 3B3 time base. The «-Fe;O3 electrode
was biased cathodically until the voltage amplitude
decreased to zero. The minimum photocurrent pulse

which could be detected was = 0.1 xA.

Resistance measurements.—The resistance of the cell
a-Fe03/electrolyte/Pt was measured under zero ap-
plied voltage with the impedance bridge at 1 kHz.
The resistance was predominantly due to the a-Fe O3
electrode since the contributions to the cell resistance
from the Pt electrode and the electrolyte were neg-
ligible.

Results
Flatband potentials.—Mott-Schottky plots (3) were
constructed from capacitance vs. electrode potential
measurements at 1 kHz and are shown in Fig. 1 and
2 for undoped «-Fe;03. The flatband potentials were
obtained from the intercepts of 1/C2 vs. V by sub-
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Fig. 1. Mott-Schottky plots for polycrystalline a-Fe2Os. Electrode
No. 5. In dark, t = 23°C.
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tracting kT/q = 0.025V from the intercept. The flat-
band potentials and donor densities calculated from
these plots are given in Table 1.

The flatband data are in remarkably good agree-
ment with the data reported by Quinn et al. (4) for
single crystal «-Fe;O3 differing by less than 0.1V.
However, these authors did not correlate their data
with pH. Flatband potentials for our polycrystalline
samples at various pH values are shown in Fig. 3
together with the single crystal data (solid circles)
given in Ref. (4). It is not clear whether or not
the deviation of the pH dependence of the flatband
potential from —59 mV/pH was significant. The de-
viation appears to increase in more acidic solutions
indicating that electrode instability may be a factor.
Another possible reason could be specific adsorption
of chloride ions.

A striking feature of the Mott-Schottky plots is
the sharp break at about +0.3V wvs. flatband. Values

Table 1. Shallow (N;) and deep (N2) donor densities obtained from
Mott-Schottky plots (99.999% a-Fe203)

Electrolyte pH Vv (SCE) Ve (SCE) Ni + Nz, em-? N3, cm-3 Nz, cm-3
0.5M KC1* 3.8 0.00 0.21 1.5 x 1018 3.1 x 10w 12 x 107
0.5M KCl1** 6.7 -0.17 0.10 1.3 x 1018 4.1 x 10V 9 x 107
0.5M KCl*** 8.9 —0.34 —0.05 1.3 x 1018 4.5 x 107 9 x 107
0.1M NaOH 12.2 —0.64 -0.35 1.0 x 108 4.6 x 1017 5 x 107
2.0M NaOH 13.8 -0.73 —0.45 2.6 x 108 6.3 x 1017 20 x 107

* Phthalate buffer.
** Phosphate buffer.
¢** Borate buffer.
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of the critical potential (V¢) for the break are given
in Table 1. The break was observed for three different
samples at pH values from 3.8 to 13.8 in both KCl
and NaOH solutions. This interesting feature can be
explained by assuming the existence of two kinds of
donors, one very close to the conduction band and
the other at about 0.6V below the conduction band,
and will be discussed in detail.

The potential of zero photocurrent was measured
with pulsed illumination (nearly full output of 300W
tungsten lamp) for the samples used in the capacitance
measurements and the points shown in Fig. 3 represent
averages at each pH. These potentials varied regularly
with pH at a rate of —61 mV/pH. In the more basic
solutions (pH = 12.2-13.8) the net current at zero
photocurrent was cathodic whereas in more acidic
solutions (pH 3.8-8.9) the net current was anodic.

Typical Mott-Schottky plots for TiOs~-doped o-Fe2O3
are shown in Fig. 4, and Table II summarizes the data
for the total donor densities, N, TiO; stoichiometry,
the bulk ionized donor densities, N*, calculated from
gonductivity data, and the apparent fraction of ionized

onors.

Dielectric constant.—The dielectric constant, e, was
calculated from capacitance data according to the
following equation

4nt
e=9.0 X IOI‘TAC [1]

where t and A are the disk thickness and area and AC
is the difference in the capacitance with and without
the sample. A dielectric constant value of 80 was
obtained. Quinn et al. (4) reported a value of 120
for the dielectric contact for «-FesO; for an unspecified
single crystal face. !

Discussion
The two slopes for each of the plots in Fig. 1 and 2
suggest that the Mott-Schottky slope may be written
(5) as

2
Si=———— for V< V¢ [2]
eeoqN1
and
2
S$g= ——————— for V>V¢ [3]

€‘oq(Nl + N32)

where N; and N, are the densities of the shallow and
deep donors, respectively, and V¢ is a critical voltage
for ionization of the deep donors in the space-charge
layer. The existence of a critical voltage can be traced
to the nature of the Fermi-Dirac distribution function
governing the number of ionized donors. The relation
3)

N+ (x) =Nz[

1 ]
1+ go (EF — Ep + eA¢(x) /KkT)
[4]
gives the number of ionized donors as a function of

position, total deep donor density, donor energy level,
and the space-charge potential drop. The degeneracy
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Fig. 4. Mott-Schottky plots for polycrystalline a-FesO3 at various
TiOz doping levels and pH values. A, B, C, D refer to different
TiO2 doping levels as shown in Table II.

factor, g, is usually assumed to be two, however, for
transition metal ion donors it could be larger due to
spin-orbit coupling. It is characteristic of the Fermi-
Dirac distribution function that a large change in
occupancy is realized over a narrow voltage range,
in fact according to Eq. [4] the fraction ionized changes
from 0.1 to 0.9 within a ~100 mV change in A¢(x).
If V¢ is arbitrarily identified with N+/N; = 0.5 then

e(Ve — Vip) = Er — Ep, 5]

within ~50 mV. The data show that the deep donor
is located about 0.3V below Er. Flatband data can
give the position of the Fermi level relative to the
bottom of the conduction band (Ec) provided the
density of states in the conduction band, N¢, is known
)

Ec — Er = kT ln-&- [6]

N

assuming each shallow donor donates one electron to
the conduction band. For iron oxide N¢ has been
assumed to be 4 x 1022 em—3 (6), the number of
cations in the lattice. This is consistent with the model
of phonon-assisted hopping for the conductivity mode
in narrow d-band semiconductors. The Fermi level
is calculated to be 0.3V (for N; = 4 X 1017 from Table
I) below the conduction band. The position of the
deep donor level is then 0.6V below the conduction
band.

The conductivity and spectroscopic studies of Morin
(7) were consistent with a deep donor at 0.6-0.8 eV
below the conduction band. Gardner et al. (8) also
found their low temperature conductivity data gave
an activation energy of 0.7 eV that could be associated
with the energy for carrier formation. A summary
of the energy level data is shown in Fig. 5. It should
be noted that since the chemical or physical identity

Table I1. Total donor density (N) and ionized donor density (N+)
for TiO2-doped a-FeaO3

N (Mott-
Electrolyte Vo pH N+, cm=? Schottky), em-2 TiOs, a/0 N+/N

Sample A ¢ = 1.1 x 10-% (2-cm)-t

0.5M Acetate/HOAc —0.23 4.7 3.2 x 10V 8.8 x 10 1.0 4 x 10

0.5M KCl1 —0.43 6.6 3.2 x 10v7 8.3 x 10 1.0 4 x 102

1M NaOH —1.06 13.6 3.2 x 107 7.3 x 10 10 4 x 10-3
Sample B o = 4.5 x 10~ (Q-cm-?)

0.5M KC1 -0.42 6.6 1.3 x 1017 7.0 x 10 I 2 x 10
Sample C ¢ = 1.9 x 10-3 (Q-cm)-!

0.5M Acetate/HOAc -0.38 4.7 5.6 x 1017 3.8 x 10 0.25 2 x 10-?
Sample D ¢ = 44 x 10~ (Q-cm)-t

. -0.. 6.6 1.3 x 107 1.2 x 101 0.1 1x 1072

8?% ﬁg ——ggg 9.0 1.3 x 10v7 2.5 x 101 0.1 5 x 102

1M NaOH -1.00 13.6 1.3 x 107 14 x 10v 0.1 9 x 103
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Fig. 5. Energy level diagram. Polycrystalline a-Fe2O3

of the donor level at E; is not known at present, it
may not be an intrinsic property of a-Fe;O3 reduced
to the level, Np ~ 1018 ¢m—1, The indirect evidence
presented, however, supports the assignment of the
deep donor level as being Fe2+,

Evidence for incompletely ionized donors and thus
a deep donor level was also found for the TiOz-doped
a-Fep03 samples. The evidence was gained by com-
paring ionized donor densities calculated from con-
ductivity and mobility data with donor densities cal-
culated from Mott-Schottky slopes.

Advantage was taken of the fact that the bulk-
ionized donor density, N+, can be calculated from
the standard conductivity equation

o=N*qun (7

and that electron mobility (un) remains relatively
constant with the doping level (9).

The value of electron mobility to be used in Eq. [71
was calculated by measuring the conductivity of three
samples of thermally doped n-type a-t'e;Us (99.999% )
at room temperature. The values were 2.35 x 10-4,
295 x 10-4 and 5.62 x 10-5 (Q-cm)—1. These three
samples showed two distinet Mott-Schottky slopes
and the higher slope together with an assumed rough-
ness factor of 2 were used to calculate N* for the
thermally doped samples. From these values the mobil-
ity was calculated. The results for u, were 0.012, 0.017,
and 0.034 cm2/V sec for t = 23‘C and ionized donor
densities of 4 x 1016 to 2 x 10!7 cc—L The average
value of 0.021 cm2/V sec was adopted.

Measurement of the conductivity activation energy
for these polycrystalline samples gave values of 0.05-
0.10 eV (23°-100°C). Both the mobility and activation
energies are in good agreement with the electron
mobility equation suggested by Gardner et al. (10)

232
= e—0.1(eV)/kT (8]

This equation gives a room temperature mobility of
0.016 cm?2/V sec for TiOz-doped samples.

The value of u, could now be used along with con-
ductivity measurements on TiO,-doped samples (Table
II) to calculate N+, the concentration of ionized donors
from Eq. [7]. The values are given in Table II.

The total donor density, N, was calculated from the
Mott-Schottky slope according to

S 2 [9]

- teoqN
using slopes shown in Fig. 4. As can be seen from
Table II the fraction of ionized donors, N*/N ~ 5
X 103, We take this value as strong evidence for a
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deep donor in TiO;-doped «-FexOs. The deep donor
level was estimated to be 0.4 eV below the conduction
band by using an equilibrium constant approach and
the concentrations of ionized and total donors given
in Table II.

The flatband potentials extrapolated from the plots
in Fig. 4 are about 0.2V more cathodic than those
shown in Table I. Two factors could account for this
difference. One is that the flatband potential is known
(11) to depend on donor density increasing more
cathodic by 60 mV per order of magnitude of donor
density. This effect amounts to ~0.1V from comparison
of the donor densities in Tables I and II. The second
effect, pointed out by De Gryse et al. (12) is that
the extrapolation of 1/c2 vs. V plots leads to a volt-
age, V,, given by

kT ee,dNp
Vo=V —_——_— 10
o b+ " 2Cx? [10]

where Cy is the Helmholtz layer capacitance ~10-8
F/cm?. This effect is magnified by high donor densities
such as in our TiO;-doped samples. The estimated
shift in Vg, for the samples shown in Fig. 3 is 0.1V.
Thus, the observed shift of ~0.2V is adequately ac-
counted for by the theory.

We conclude that flatband potential data can be
obtained from sintered polycrystalline o-Fe;O3 which
are consistent with single crystal results, and that
donor densities accurate to within a factor of four
or less may be obtained without surface roughness
corrections.
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Technical Notes

Structure and Cyclic Discharge Behavior of LiAl Electrodes

C. A. Melendres* and C. C. Sy
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439

Considerable interest exists in the use of lithium-
aluminum alloys as negative electrodes in molten salt
secondary batteries (1). A number of recent investiga-
tions have dealt with the electrochemical characteriza-
tion of this binary alloy system. Equilibrium potentials
as a function of alloy composition were measured by
Yao et al. (2) and by Selman and co-workers (3).
L’vov et al. (4) determined the diffusion coefficient of
Li in LiAl at 450°C to be ~10—8 cm2/sec from mea-
surements of transition times during discharge. Sim-
ilarly, James (5) has obtained a value of 5 X 10-5
cm?/sec at 450°C from discharge curves. In a study of
the kinetics of the electrochemical incorporation of
lithium into aluminum (6), we obtained a value for the
Li diffusivity in LiAl on the order of 10—8 cm2/sec from
galvanostatic charging curves. Values obtained on dis-
charging the electrochemically formed LiAl electrodes
were one to two orders of magnitude higher than on
charging and were poorly reproducible. Realizing that
this discrepancy may be due to changes in electrode
morphology which accompany the incorporation or
extraction of Li, we have conducted the present in-
vestigation on the structure of LiAl electrodes. We
also hoped to obtain information on the role of elec-
trode structure in determining the cycle life of LiAl
electrodes in engineering prototype cells.

Experimental

The electrochemical measurements were carried out
inside a glovebox under high purity helium atmo-
sphere. The cell consisted of a 5.5 cm diam alumina
crucible with three electrodes (Fig. 1): an Al or LiAl
wire working electrode, a LiAl coil counterelectrode,
and a reference electrode consisting of a cast Li-Al
alloy [40 atomic percent (a/o) Li] that is 0.5 cm diam
X 1.2 cm long. The composition of the latter is in the
a + p region of the phase diagram (7); its potential
at 450°C is about 290 mV anodic of Li/Li*. The
counterelectrode was prepared by electrochemically
charging a 0.318 cm diam Al rod (previously formed
into a coil) with Li to the « 4+ B8 composition range.
The Al working electrode was a 1.6 mm diam wire of
99.99% purity (Marz grade material purchased from
Materials Research Corporation, Orangeburg, New
York). The LiCl-KCl eutectic electrolyte was polaro-
graphic grade and was obtained from Anderson Phys-
ics Laboratories (Champaign, Illinois). The electro-
chemical and associated instruments that were used
consisted of a Princeton Applied Research (PAR)
Model 173 Potentiostat/Galvanostat, a PAR Model
179 Digital Coulometer, a Hewlett-Packard Model
7040A X-Y Recorder, and an R5103N Oscilloscope.
Charged and discharged electrodes were mounted on
plastic and examined using standard metallographic
techniques. The mounted samples were ground suc-
cessively through silicon carbide paper of grit sizes
120-C, 180-C, 240-A, 400-A, and 600-A, respectively.
Polishing was done with alumina powder of 0.3 and
0.05 um particle size. The last two operations were

* Electrochemical Society Active Member.

Key words: LiAl electrode, molten salt electrolyte, LiAl struc-
ture and morphology, anodic discharge behavior.
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Fig. 1. Experimental apparatus

both done under oil using a Dow Corning 200 fluid
(a dimethylpolysiloxane). Samples for electron mi-
croprobe analysis were ground with silicon carbide
paper using HYPRES OS lubricant (Engis Equipment
Company, Morton Grove, Illinois), polished with dia-
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Fig. 2. Anodic polarization curves for successive discharge of
LiAl wire electrodes (current density — 107 mA/cm2 based on
wetted area of original wire, T = 450°C).
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mond paste, and then ultrasonically washed with
Freon-113 (Matheson Gas Products).

Results and Discussion
Cyclic discharge behavior of LiAl wire electrodes.—
Figure 2 shows typical polarization behavior on cyclic
discharge of LiAl wire electrodes that have been ini-
tially charged to the g-phase (48 a/o Li). As can be
seen from this figure the anodic overpotential remains
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flat for some time and then increases rapidly. On subse-
quent discharges (following replacement of the Li re-
moved by recharging at the same current density as
initially used), a decrease in anodic polarization and
an increase in transition time is observed. Coulometric
determination of the charge passed at the transition
point shows that the Li extracted anodically is 66, 78,
and 81% of the initial loading for the first, second, and
third cycles, respectively. The occurrence of a transi-

Fig. 3. (a) Photomicrograph of original Al wire (marker = 0.025

cm); (b) photomicrograph of partially charged wire, i — 80 mA/
cm2 (marker = 0.025 c¢m); (c) photomicrograph of fully charged
wire, i = 105 mA/cm2 (marker = 0.025 cm).
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tion time in the discharge curves has been attributed
by L'vov (4) and James (5) to diffusional limitation
in the solid state. The increase in transition time with
cycling indicates an apparent increase in Li diffusivity.
Using Sand’s equation (8) the values calculated for the
curves shown correspond to 1.6 x 106, 1.9 x 10—6, and
2.02 x 10—6 cm?2/sec, respectively. This “development”

of the electrode during cycling is presumably asso--

ciated with structural changes in the electrode or the
creation of defects. Difficulty in obtaining reproducible
results was encountered in our attempts to carry out
further cycling. In addition the electrode would not
maintain its physical integrity. A slight decrease in
the cathodic overpotential is also observed with cy-
cling, but is not as pronounced as that on discharge.

Microstructure of charged electrodes.—Figure 3b
shows a metallographically polished cross section of
an aluminum wire partially charged with Li to 70% of
capacity (based on conversion of the wire to g-LiAl,
i.e., 48 a/o Li). For comparison, a section of the original
Al wire (0.145 cm diam) is shown in Fig. 3a. The light
central core of Fig. 3b represents the unreacted portion
of the wire (Al), whereas the annular region corre-
sponds to that portion which converted to the g-phase
(LiAl). A difference in optical reflectivity of some areas
in the latter region is apparent. The presence of a
“vein-like” structure emanating from the core is par-
ticularly striking. Such “veins” appear to persist even
in the fully charged electrode (Fig. 3c). Electron mi-
croprobe analysis showed that areas of different optical
reflectivity vary in aluminum content, i.e., lighter areas
are richer in Al (lower Li) than darker ones. This is
illustrated by the Al K, x-ray map (Fig. 4b) of area
X in Fig. 4a. The intensity of white dots in the x-ray
picture is proportional to the amount of Al present.
Therefore, during charging, the incorporation of Li
does not appear uniform throughout the electrode.
Even in the fully charged state, Al-rich areas repre-
sented by the “veins” are present. Two other features
worth pointing out here are: the presence of cracks on
charged electrodes and the increase in diameter from
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0.145 cm for the original Al wire to 0.213 cm for the
fully charged LiAl electrode. This latter exemplifies
the lattice expansion that accompanies the transition
from pure Al or «-phase (lattice constant = 4.05A)
to g-LiAl (lattice parameter = 6.36A). The cracks ob-
served in the photomicrographs may be due to the
mechanical stresses set up during the volumetric ex-
pansion.

Discharged electrodes.—Figures 5a and 5b show the
structure of partially and nearly fully discharged elec-
trodes, respectively. The breakdown of electrode struc-
ture is evident, and is obviously more prominent on
discharge than on charge. The «-phase on the near
surface layers of Fig. 5a (light areas) was confirmed by
microprobe analysis. A g-LiAl core remains in the
electrode of Fig. 5b as shown in the enlarged picture
of Fig. 5c. It appears that, on anodic extraction of Li,
the Al structure is not able to reform to the original
and does so only in patches resulting in the broken-up
appearance shown. The effect of depth of discharge on
structural breakdown is also brought to light in these
pictures. It appears in Fig. 5b that the g-phase holds
the radial structure together. Presumably if the dis-
charge can be carried to completion (i.e., 100% Li
recovery), the structure would fall into pieces. The
progressive increase in electrode area on discharge
probably counteracts the increasing anodic polariza-
tion with time giving rise to the relatively flat portion
of the discharge curve.

Structure after cycling.—Figure 6 shows the micro-
structure of a LiAl electrode after three charge-dis-
charge cycles. The anodic polarization curves for this
electrode are the ones shown in Fig. 2. It is obvious
that the observed decrease in electrode polarization
with cycling must be due to comminution of the elec-
trode. The presence of unutilized Li is shown by the
p-core (center) in the picture.

Effect of current density and potential on struc-
ture.—In order to examine the effect of charging po-
tential and current density on electrode structure, Al
wires were charged completely to g-LiAl composition

Fig. 4. (a) Enlarged area of portion of Fig. 3b (marker — 0.0125 cm); (b) aluminum K, x-ray map of area “X” in 4a



730 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

May 1978

at constant potentials of —10, —20, —30, —40, —50,
and —80 mV wvs. LiAl and at current densities of 25,
50, 100, 150, 200, 300, and 500 mA/cm?2, respectively.
The charged electrodes were mounted in plastic, then
ground and polished metallographically. While a dif-
ference in structure among the electrodes is observed,
we were unable to obtain any systematic correlation
between the extent of structural breakdown and the
charging potential or current density. Samples were

Fig. 5. (a) Photomicrograph of partially discharged LiAl elec-
trode, i — 380 mA/cm?2 (marker = 0.025 cm); (b) photomicrograph
of nearly fully discharged LiAl electrode, i = 70 mA/cm2 (marker
= 0.03125 cm); (c) photomicrograph of 8-LiAl core portion of 5b
(marker = 0.01 c¢m).

also charged at a constant current density of 100
mA/cm?, then discharged at current densities of 50,
100, 150, 200, and 300 mA/cm2. A progressive decrease
in the thickness of the outer «-phase layer (cf., Fig.
5a) is observed with increasing current density due to
the shorter transition times and progressively lower
utilization. The effect on structure is roughly the
same as that observed with varying the depth of dis-
charge at constant current.
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Fig. 6. Photomicrograph of discharged LiAl electrode after three
cycles, i = 107 mA/cm2 (marker = 0.025 cm).

Summary

A study of the anodic polarization behavior of LiAl
wire electrodes shows a decrease in overpotential and
an increase in transition time for Li extraction on suc-
cessive discharge cycles. This appears to correlate
with changes in the electrode structure as examined
by metallographic techniques. The degree of electrode
breakdown was found to be more pronounced on dis-
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charge than on charge and to depend mainly on the
depth of discharge. Li distribution in wire electrodes
during charging appears to be nonuniform. The results
obtained show the need to consider structural changes
in the interpretation of measurements of transport
properties in solid alloy electrodes. Electrode com-
minution can lead to current collection problems and
loss of active material in engineering-type cells; these
can be important factors in determining the cycle life
of such cells.
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Propagation of Pitting on Aluminum Alloys

Steven Dallek*! and R. T. Foley*
Department of Chemistry, The American University, Washington, D.C. 20016

Previous reports from this laboratory have dealt
with the effect of anions on the pitting of aluminum
(1, 2). The technique employed was based on a de-
rived relationship between the pitting induction time,
t, and the concentration of the halide ion and it
yielded a stoichiometric number, n, the number of
halide ions associated with an aluminum reaction site
during the primary pitting process. This number for
several aluminum alloys varied between one and four,
dependent on the halide and the pH of the solution.
The current-time curve obtained from the experiment
also allows an observation with respect to the kinetics
of the propagation of the pit which, with microscopic
examination, produces some understanding of the in-
fluence of anions in promoting pitting. This is the sub-
ject of the present note.

¢ Electrochemical Society Active Member.

1 Present adaress: Naval Surface Weapons Center, White Oak
Laboratory, Silver Spring, Maryland 20910.

Key words: pitting corrosion, anion eftects, halide effects, cor-
rosion kinetics, pit geometry.

Experimental

The method of investigation (2) involves holding
the metal sample potentiostatically in the passive
anodic range in an appropriate electrolyte, rapidly in-
jecting into the cell a specific concentration of halide
solution, and then measuring the resulting current
flowing at the electrode as a function of time. Follow-
ing an induction period, ti, which is a measure of the
rate of pit initiation, the anodic current increases ex-
ponentially coinciding with the onset of visible pitting.
The resulting current-time curve is a measure of the
faradaic reactions associated with the growth of pits
on the electrode surface. Furthermore, the shape of
the curve can provide information on the morphology
of the resulting pits, as discussed below. Experiments
were conducted with aluminum alloys 1199 (99.997%
Al) and 7075 (Zn, 5.1-6.1; Mg, 2.1-2.9; Cu, 1.2-2.0; Cr,
0.18-0.40; Fe, 0.7; Si, 0.5, Mn, 0.3; remainder Al) at
pH’s of about 1 and 6. The halides injected into the
1N H»SOjy solution were solutions of NaF, NaCl, NaBr,
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and Nal. Experiments were conducted over the tem-
perature range of 15°-60°C.

Results and Discussion
Microscopic observations of the pits formed on alu-
minum alloy 7075 in halide solutions, excluding fluo-
ride solutions, showed that the pits were predomi-
nantly hemispherical. The rate of propagation ex-
pressed as current. as a function of time took the form

i—ip=a (t—t)b

where i = the dissolution current; i, = the passive
current; t = time; t; = induction time; a = a con-
stant dependent on the halide; and b = a constant de-
pendent on the geometry of the pit. In Fig. 1 the cur-
rent-time curve for pitting initiation and propagation
by Br— ion in 1N H2SO; is presented as a typical curve.
A plot of log (i — ip) vs. log (t — ti) the slope of
which is “b”, is given in Fig. 2. An equation similar to
the above was obtained experimentally and derived
theoretically by Engell and Stolica (3) for the pitting
of iron by chloride solution. In their derivation they
assumed that the pitting sites are hemispherical, that
the dissolution current density is much greater than
the passive dissolution current density and is propor-
tional to the sum of the pit cross sectional areas, and
that the rate of development of new pits is linearly
dependent on time. According to the derivation, when
the number of pits is constant with time, b is 2; when
the number of pits is proportional to time, b is 3. The
data plotted for the aluminum alloy in Fig. 2 appar-
ently meet or approximate these specifications, as
the data fit the cubic equation quite well.
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Fig. 1. A typical pitting initiation and propagation curve
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The data plotted in Fig. 2 follow the equations

for 3 x 10~2N1I- (i —1p) = 0.073 (t — t;)3
for 4 x 10-3N Cl- (i —1p) = 0.0051 (t — ty)3
for 8 x 10-3N Br— (1 — 1) = 0.00195 (t — t1)3

It is important to recognize that the behavior of
aluminum alloys described here probably represents a
special case insofar as the curves experimentally yield
a b = 3 or exhibit cubic behavior. Tousek (4, 5) in-
vestigating the pitting corrosion of iron and nickel,
developed equations for different current-time de-
pendencies and then used the equations to describe
the dimensions of the active pits. For iron, a value of
b = 3 was obtained, but for a Cr-Ni-Fe alloy we ob-
tained a value of b = 2. Stolica (6), investigating a
number of Cr-Fe alloys, found that b = 3 for a 5.6%
Cr-te alloy and a 149% Cr-Fe alloy, but for several
others the current-time curves were too irregular to
yield consistent exponents. The literature on the ki-
netics of pitting has been extensively reviewed by
Szklarska-Smialowska (7, 8) and she has concluded
that the Engell-Stolica treatment is oversimplified to
apply in a general way to all cases of pitting. Rather,
the pits should be placed in one of the three categories
(8): (i) Case I. The pits are hemispherical and the
radius of the pit approximates the pit depth; (ii) Case
II: The pit is nonhemispherical, the radius is greater
than the depth; (iii) Case III: The pit has a cylindri-
cal shape with the radius less than the height of the
cylinder. For this reason, experimentally, b values
varying from 0.5 to greater than 5 have been obtained.
Moreover, in the pitting of Ni in solutions containing
various concentrations of SO4= and Cl— the b value
changes with the ratio of the two ions (9). From the
foregoing, it is concluded that a value of b = 3 con-
forms with hemispherical pits growing in cross section
linearly with time with the number of pits also in-
creasing linearly with time.

It is generally accepted that the morphology of the
pits bears directly on the kinetics of pit growth. From
the present study it is possible to record some qualita-
tive trends from microscopic examination of the pit-
ting specimens. The hemisphericity of pits propagated
in chloride solution was always greater than those
formed in bromide or iodide solution. In fluoride so-
lution, pitting corrosion did not occur, but rather uni-
form surface corrosion resulting in the formation of
an insoluble fluoride compound on the surface. Hemi-
sphericity was also enhanced by going from near-
neutral solution (pH = 5.8) to an acidic medium (pH
= 0.3). The greatest deviations from hemisphericity
were always observed in pits developed in bromide
solution.

In addition to aluminum alloy Type 7075, experi-
ments were performed with chloride and bromide on
alloy Type 1199 to test the effect of alloy composition
on pit morphology. The pits produced in chloride so-
lution became almost perfectly hemispherical, although
the most striking change occurred in bromide solution
where the pit morphology also became hemispherical
as compared with some iregularly shaped figures ob-
served on alloy Type 7075,

There has been very little reported in the literature
regarding the morphology of the pit as affected by the
nature of the aggressive anion. Politycki and Fischer
(10) described the different etching patterns formed
on high purity aluminum by attack in HCIl, HBr, HI,
and HF. Cubic cavities were formed in HCl and HBr
solutions, cubooctahedral cavities in HI, and no well-
defined etch figures in HF solution. These patterns
were explained in terms of steric relationships that
derive from the direct contact between halide ions of
a given radius with surface aluminum atoms separated
by a given distance in the metallic lattice.

Tokuda and Ives (11) studied the pitting corrosion
on nickel by chloride ion in sulfuric acid solution and
analyzed the pit morphologies by simulation of dis-
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solution, based on the assumption that a metal atom
which has fewer nearest neighbors, and hence fewer
bonds, is removed preferentially. However, this simple
model failed to adequately account for the observed
pit morphologies, and the authors thus incorporated
inio their model the concept of dissolution based on
the accessibility of aggressive ions, a concept which
correctly predicted the pit morphologies.

Conclusions

Pit propagation on aluminum alloys in chloride,
bromide, and iodide solutions follows a cubic time ex-
pression due to the approximate hemisphericity of the
pits. This is considered to be a special case in the gen-
eral pitting of metals. The different pit morphologies
obtained on aluminum depend on both the nature of
the agressive anion in solution and on the composition
of the metal sample.
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ABSTRACT

The moisture pickup characteristics of selected dusts, contaminants, cor-
rosion products, and aged insulation and substrate materials have been deter-
mined in a dynamic humid environment by instrumental gravimetric analysis.
These are compared with pure salts and other standard materials to categorize
their relative hygroscopicities during the initial adsorption stage and sub-
sequent stages of moisure pickup. In addition, the minimum relative humidities
at which some pure salts and a variety of other substances will pick up

moisture are reported.

Humidity has long been recognized as a dominant
factor in the rate of deterioration of electronic de-
vices. Degradation may occur as a result of inappro-
priate choice and design of materials, or because of
in-service contamination or corrosion problems. In
spite of the importance to the electronics industry of
knowledge about the moisture pickup characteristics
of components, contaminants, and corrosion products,
the “hygroscopicity” of most substances is generally
not known. This is due in part to the lack of a uniform
concept of hygroscoricity. There are nearly as many
definitions of the term as there are papers on the sub-
ject.

Since Vernon’s (1) recognition nearly 50 years ago
that significant corrosion of most materials will only
occur above a ‘“critical relative humidity” (CRH),
attempts to predict the effects of humidity on devices
have usually been based on knowledge or an estimate
of this number. In many cases, Vernon’s CRH relates
to the thermodynamic CRH of the surface components.
For composite materials, contaminants, and some cor-
rosion products, it is generally not appropriate to apply
the thermodynamic concept of the CRH because of the
insoluble nature of the substances. In this work, the
term will usually be used broadly to describe an effec-
tive relative humidity (RH) at which a surge in
moisture pickup occurs.

Some information is available on the over-all mois-
ture pickup at elevated humidity of substances often
encountered in the electronics industry. In some early
work, Mulder (2) found that CaCl: on exposure to
water-saturated air at 16°-20°C increased its weight by
712% in an unspecified period. A 0.6% weight increase
is documented by Mellor (3) for sodium chloride ex-
posed to air, but the RH and exposure time were not
specified.

Preston and Sanyal (4) reported that CaCl; and
NaCl showed weight increases of 625 and 314%, re-
spectively, during exposure to an atmosphere main-

* Electrochemical Society Active Member.

Key words: moisture pickup, deliquescence, critical relative hu-
midity, device deterioration.
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tained at 97% RH (at room temperature) for 14 days.
Lindsay (5) has studied the moisture content at in-
tervals from 0 to 100% RH of fibrous materials used
for electrical insulation, including manila paper, press
board, leatheroid paper, silk, empire cloth, and as-
bestos paper. Excess water content ranged from 1 to
6% by weight at 30% RH and from 4 to 18% at 90%
RH. Asbestos paper was the least hygroscopic material
examined.

Alkali halides have been recently studied by Kana-
zawa et al. (6). The “hygroscopicity” of powdered
NaCl, KBr, and KI, prepared by recrystallization from
ethanol, was studied by comparing the surface con-
ductivity of the salts with their water adsorption iso-
therms. Water molecules which were adsorbed to a
thickness of less than two monolayers were stated to
be physisorbed. Water films thicker than two mono-
layers were thought to dissolve salt and form mobile
hydrated ions. The vapor pressures at which the ad-
sorbed water molecules were said to form hydrated
ions at 30°C were 33, 36, and 27%, respectively. Hara
et al. (7) studied the effects of crystal structure and
surface energy on the hygroscopicity of NaClO3 and
found that increasing strain within the crystal was
coincident with an increase in hygroscopicity.

A number of workers have studied the moisture pick-
up of ammonium salt formulations used for fertilizers
and explosives. Pawlikowski et al. (8) have studied
the edect of grain size on “the velocity of water sorp-
tion” of ammonium nitrate fertilizers. Vakhrusev and
Gradinar (9) have found that the “hygroscopic point”
of ammonium nitrate fertilizers decreases from 63.3%
RH for granulated material to 55.6% RH for fine
grained material. Further, he finds the “hygroscopic
point” decreases with increasing urea concentration
by as much as 20% from 65% RH. On the other hand,
Trzesniowski (10) found by gravimetric methods that
granule size, mole ratio, and phosphoric acid content
had no effect on the CRH of N-P fertilizers, though
the CRH increased somewhat with increasing ammo-
nium sulfate content. Shokin and Solov’eva (11) de-
termined that coating ammonium bicarbonate ferti-
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lizers with petroleum products was very effective in
reducing the rate of moisture ‘“absorption.” Runge
(12) has developed equations based on percent weight
changes for calculating the moisture pickup capacity
of similar fertilizers based on the initial moisture and
composition. Yee (13) has studied the CRH of water
soluble fertilizers by measuring the RH over satu-
rated salt solutions with an electric hygrometer.

Puri and Bhushan (14) have examined the moisture
pickup capacity by percent weight gain of zinc, nickel,
chromium, and cobalt oxides prepared in a variety of
ways. At 50% RH, moisture pickup for zinc oxide
ranged from 0.5 to 2.4%, for nickel oxide from 2.7 to
10.3%, for chromium trioxide from 0.9 to 4.8%, and for
cobalt oxide from 0.2 to 2.5%. At 99% RH, the moisture
pickup for zinc oxide ranged from 0.7 to 9.1%, for
nickel oxide from 5.9 to 32.5%, for chromium trioxide
from 3.8 to 15.2%, and for cobalt oxide from 3.2 to
30.0%. These wide variations indicate that the hy-
groscopicity of many substances cannot generally be
estimated from a single physical measurement.

Kearsley and Birch (15) recently measured the hy-
groscopicity of glucose syrup fractions as percent
weight gain at saturation (approximately 14 days at
75% RH) and found that the moisture content in-
creased from 14 to 34% as the glucose fraction in-
creased from 0.3 to 61.6%. The method of drying
was found to affect the initial rate of moisture pickup
but not the final moisture content of the sample. The
presence of inorganic contaminants was determined to
increase the rate of pickup and the capacity. Whittier
and Gould (16) used vapor pressure meaurements for
saturated solutions as the basis for comparing “hygro-
scopic tendencies” and determined the equilibrium
humidities for sucrose, glucose, galactose, and lactose
to be 77, 81, 81, and 93% RH, respectively.

Grebennikova et al. (17), Twomey (18), and Bak-
hanova and Ivanchenko (19) have investigated the
growth of hygroscopic dust particles and droplets in
moisturized air streams by in situ microscopic exami-
nation. Unkown dust particles were often identified by
the relative humidity at which visible moisture col-
lected on their surfaces.

Markowitz and Boryta (20) have determined “hy-
groscopicity potentials,” for saturated salt solutions at
various temperatures. These authors defined the hy-
groscopicity potential (HP) as being RT In (Pis0, pure/
DH30, system). By this procedure the thermodynamic
imbalance in chemical potential between ambient
water and system water is emphasized. Pawlikowski
et al. (21) prefer a “hygroscopic value” Ap = pn-pr,
where pn is the vapor pressure of the saturated salt
solution and pr is the ambient water vapor pressure.

Modrzejewski and Pokora-Bartyzel (22) have de-
fined the “hygroscopic point” of pulverized pharmaceu-
tical substances as the RH at which the material takes
on 1% moisture in 24 hr. They state that the value is
somewhat lower than the CRH of saturated solutions
but that it is constant and characteristic of each sub-
stance. Moisture pickup was monitored gravimetrically
for samples stored in 10 chambers maintained at uni-
formly distributed RH’s between 10 and 100%. The
“hygroscopic point” was determined from a percent
moisture vs. relative humidity plot.

Shen and Springer (23) presented expressions for
moisture content as a function of time for homo-
geneous and composite materials exposed to humid
air or water. Test data for graphite T-300 Fiberite 1034
composites supported the mathematical analysis. The
method requires knowledge of the maximum moisture
content and the moisture diffusivity and unfortunately
is readily applicable only if the initial moisture con-
centration inside the material is uniform and the tem-
perature and moisture content of the environment is
constant. Balarev et al. (24) have recently tabulated
140 inorganic salts according to their increasing hy-
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groscopicity. The rankings were based on the equilib-
rium vapor pressures of saturated salt solutions. Phipps
and Rice (25) have described an extremely sensitive
gravimetric method employing a quartz crystal oscil-
lator to detect monolayers of water on thin metal films.
Unfortunately, the technique is readily useful only
under vacuum conditions and consequently is not di-
rectly applicable to the measurement of moisture pick-
up rates and capacities of contaminants, corrosion
products, and many electronic materials. Very re-
cently Foster and Arbach (26) used a recording micro-
balance to measure the moisture pickup characteristics
of p”-sodium gallate as a function of particle size at
50% RH and found finely divided powder picked up
approximately one mole of water for each gram-atom
of sodium whereas monocrystals showed no measure-
able water pickup.

Mansfeld and Kenkel (27), Sereda (28), and Gut-
man (29) have developed atmospheric corrosion moni-
tors which measure the “time-of-wetness” which local
environmental contaminants produce under extended
exposure to atmospheric humidity. The time-of-wet-
ness is an experimental determination of the sum-
mation of time intervals during which the CRH of
the surface contaminants is exceeded. Berukshtis and
Klark (30) have attempted to correlate time-of-wet-
ness and pollutant concentrations with corrosion rates
of steel, aluminum, zinc, cadmium, and copper for
several urban environments.

In ranking substances according to their experimen-
tal hygroscopicities, a number of factors should be
considered, including the magnitude and rate of mois-
ture pickup in a selected time interval and the tem-
perature, RH, and flow characteristics of the test atmo-
sphere. In this work the moisture pickup parameters
for several pure salts were examined in a static mois-
ture-saturated environment to gain further under-
standing of the factors which have, in the past, led to
classifying pure substances as hygroscopic or non-
hygroscopic. From this data and the work of the
authors already described, gravimetric measures were
recognized as being best suited to estimating moisture
pickup characteristics. Subsequently, an instrumental
gravimetric method was developed for rapidly mea-
suring the CRH and moisture pickup rates for samples
of electronic materials, corrosion products, dusts, and
other contaminants. Through this information an in-
dexing method evolved for ranking substances accord-
ing to their hygroscopicities and, thereby, for assess-
ing corrosion or device failure hazards.

Experimental

Static atmospheres.—Measurement of the moisture
pickup of pure salts in a static environment was ac-
complished with small bell jars sealed through ground
glass joints with Apiezon N. A beaker of distilled
water and a beaker containing 1.0g of a reagent grade
anhydrous salt were placed in each bell jar. The RH
was presumed to equilibrate at 100% in a time frame
which was negligibly small relative to the interval be-
tween measurements. The salts analyzed were CaCly,
ZnCl,, CuCly, FeCly, and NaCl. The bell jars were
periodically opened and the water pickup by the salts
was monitored gravimetrically. The time required
for complete dissolution of each salt was noted.

Flowing atmospheres.—Rapid determination of the
moisture pickup characteristics of pure salts, com-
posite materials, contaminants, and corrosion products
was accomplished with a du Pont 951 thermogravi-
metric analyzer coupled to a 990 thermal analyzer.
Continuous moisture pickup rates for the various ma-
terials at nearly 100% RH at 23°C were determined by
passing a stream of air, which had been moisturized by
bubbling it through distilled water, through the micro-
balance sample tube (2.5 cm diam X 12 cm long). It
was found that flow rate strongly affected the moisture
pickup rate. Commercial “Arizona Road Dust” (AC
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Fine prepared by the AC Spark Plug Division of Gen-
eral Motors Corporation) was analyzed at flow rates
of 10, 100, and 1000 ml/min and was found to increase
its weight by 1.0% after 570, 55, and 18 min, respec-
tively. The substantial acceleration possible at rapid
flow rates was offset by the reduced sensitivity and
resolution caused, in part, by increased turbulence in
the balance housing. A flow rate of 10 ml/min provided
sufficient acceleration for the work anticipated for this
study. Relative to flow rates found in buildings hous-
ing elecironic equipment, a flow rate of 10 ml/min,
when translated to linear dimensions, is about an order
of magnitude lower than those typically encountered.
The apparatus is capable of handling samples weighing
from 0.1 to 110 mg and, if the atmosphere and sample
are properly equilibrated prior to loading, the mini-
mum detectable weight change is approximately 10
ug/hr.

Weight was recorded graphically as a function of
time, and each run was allowed to proceed until the
rate of weight gain approached zero or reached an ex-
tended steady state. It is impractical to provide weight
vs. time profiles for every sample examined, but the
general characteristics of each sample can usually be
sufficiently described through knowledge of the initial,
final, and average percent weight gain rates along with
sample weight and total exposure time or total weight
gain. Field samples were generally equilibrated for
several days or weeks with the laboratory atmosphere
(RH approximately 30%) before they were analyzed
in the microbalance. Weight increase with time at 23°C
was initially recorded for 19 pure chemicals whose
hygroscopicities spanned a wide range. Sample weight
for the laboratory samples varied from 25 to 107 mg
with only two samples weighing less than 50 mg. The
amount of water vapor passing through the sample
chamber was in very large excess of the amount of
water picked up by the samples. Therefore, the sample
size effect is probably minimal except perhaps for the
smaller samples. The texture and crystallinity of the
samples were variable and probably contribute to the
results.

CRH measurements were made using the same bal-
ance with a modified air stream apparatus. A minimum
RH in the balance housing (maintained at 23°C) of
22% was achieved by passing a stream of dry air
through a dispersion frit submerged in distilled water
cooled to 0°C. By allowing the water to warm from
0°C to nearly 23°C under ambient control, the RH in-
creased from 22% to nearly 100%.

The RH vs. time profile is shown in Fig. 1. Flow rates
rahging from 10 to 5000 ml/min were examined. The
lag time in establishing in the balance housing the
specific RH created at the humidity source was sub-
stantial at the slower flow rates, but the faster flow
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Fig. 1. Relative humidity program
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rates caused severe turbulence. A flow rate of 1500 ml/
min was found to be rapid enough to insure rapid
response in the sample chamber to humidity variations
without producing a severe loss of sensitivity or resolu-
tion because of turbulence. The unloaded apparatus
including the sample pan registered a weight increase
of 0.02 mg on increasing the RH from the minimum to
the maximum level, which is a negligible correction
for most of the samples encountered. A recording of
weight vs. time was translated to weight (normalized
to 20 mg) vs. RH using hand recorded data of water
temperature vs. time. The relative humidity at which
an onset in weight gain occurred was taken to be the
CRH. For the pure salts examined, the moisture pick-
up process was reversible and the measured CRH re-
mained constant.

Discussion

At least three different stages of moisture pickup,
each of which should have a characteristic rate be-
havior, can be considered in evaluating the hygro-
scopicity of a pure dry salt which becomes exposed to
a humid atmosphere. Initially, presuming the water
vapor pressure in the atmosphere is greater than that
of adsorbed water or water of hydration, water will
be chemisorbed and physisorbed on the surface. The
surface area and surface energetics of the salt will be
dominating rate factors at this stage. Included in this
phase will be the formation of possible hydrates. Sec-
ondly, as the hydration layers continue to physisorb,
a thin continuous film of water will form on the sur-
face. At this stage the thin continuous film will be a
saturated salt solution and the water pickup rate will
be a function of the difference between the vapor pres-
sure of the saturated salt solution and the vapor pres-
sure of the atmosphere. Eventually the salt will com-
pletely dissolve and the solution will begin to dilute.
The rate of moisture pickup will then decrease as the
solution dilutes and its vapor pressure increases. These
stages are denoted phase one, phase two, and phase
three in the following discussion.

Hygroscopicity of pure salts in a static environment.
—The rate of moisture pickup of a substance will de-
pend in part on its initial state, which will generally
be either a phase one or phase two condition. It will
also derend on the temgerature, the humidity, and the
moisture transport processes taking place at the sur-
face. Moisture transfer in a static environment will be
diffusion controlled but in an environment where con-
vective transport processes occur, the air flow rate
over the surface will be important.

The acquisition of moisture by 1.0g samples of 5
salts at 100% RH was monitored for 133 days. These
results are shown in Fig. 2. The amount of moisture
pickup registered for CaCly or NaCl after 14 days is
about one-third of that found by Preston and Sanyal
(4). This discrepancy is probably caused by differences
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Fig. 2. Hygroscopicity of 1g samples of selected salts at 100%
RH as measured by the percent weight increase.
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in the experimental configurations. In both experi-
ments CaCl, picked up twice as much moisture as
NaCl in 14 days. ZnCl; and CaCl; picked up a sufficient
amount of moisture to completely dissolve in 3 and 6
days, respectively, while CuCls, NaCl, and FeCly dis-
solved in 20, 34, and 46 days, respectively. These ob-
servations are consistent with the usual expectation
that ZnCl, and CaCl, are very hygroscopic materials
while the other salts are moderately hygroscopic. Once
a film of water has collected on the dry salt, a satu-
rated salt solution will form. A saturated ZnCly solu-
tion (CRH approximately 10% and vapor pressure ap-
proximately 2.4 mm Hg at 25°C) and a saturated CaCl,
solution (CRH 31% and vapor pressure 7.3 mm Hg at
25°C) are expected to exhibit a stronger tendency to
pick up water from a water-saturated atmosphere than
a saturated NaCl solution (CRH 75.7% and vapor pres-
sure 18.0 mm Hg at 25°C). The initial quantitative
weight gains, as indicated by the percent weight in-
creases, reflect this expectation but also indicate that
the differences in solubility of these salts are partially
responsible for the hygroscopicities commonly as-
cribed to them. The solubilities of ZnCly, CaCly, and
NaCl are 4320, 819, and 350g solute/1000g water, If
NaCl were as soluble as ZnCl; it can be very roughly
estimated from the solubilities and the dissolution
times that NaCl would have required about the same
amount of time as ZnCl; to dissolve. Similarly, the dis-
solution time for NaCl, if it were as soluble as CaCls,
would have been only two or three times that of CaCls.
Dry NaCl, then, gains weight at a rate which is ini-
tially somewhat slower than ZnCly and CaCls, but not
nearly as slowly as the usual recognition of its hygro-
scopicity implies.

After dissolution of all the salt has occurred, the
ionic molality of the solution is expected to determine
the rate of moisture pickup more or less independently
of the salt involved. If the magnitude of the water
pickup is calculated in terms of the reciprocal of the
ionic molality, which is a measure of the water pickup
potential per ion present in solution, then the time re-
quired to attain a selected minimum value of this re-
ciprocal may also be a useful method of expressing
hygroscopicity. The reciprocal of the ionic molality is
specified as a function of time in Fig. 3. The nonuni-
form behavior found for NaCl using pure percent
weight gain information is no longer apparent. If the
selected value for the reciprocal is arbitrarily chosen
to be 0.20, the hygroscopicity is found to decrease in
the order CaClp > ZnCl, > CuCl,; > NaCl > FeCl,. For
salts of only moderate solubility a higher minimum
for the selected reciprocal value would be required to
permit comparisons. The data suggest that selection
of moderately higher values will lead to only minor
variations in the relative order. For all the salt solu-
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Fig. 3. Hygroscopicity of saturated solutions of selected salts at
100% RH as measured by the reciprocal of the ionic molaiity.
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tions the rate at which water vapor is condensed in
the beakers decreases in a uniform manner consistent
with a uniform increase in the vapor pressure of the
solution as the salt concentration decreases.

Interpretations based on solution concentrations are
probably most useful and informative in analyzing
laboratory data for pure salts, but the total capacity
to pick up moisture in specific time intervals may be
more useful in analyzing field samples, including dust,
silt, and corrosion salts, since the amount of hygro-
scopic material in the sample may be very small. In
this case, the extent to which the nonhygroscopic con-
stituents can be dissolved and dispersed by the total
amount of water present may be the dominant factor
in terms of corrosion potential and other deleterious
effects. It is apparent from the percent weight increase
data given in Fig. 2 that once dissolution of the salts
occurs, a beaker containing 1g of NaCl will pick up
more water than a beaker containing 1g of ZnCl,. This
trend is expected to continue indefinitely. Similarly, a
beaker containing 1g of NaCl will gain more weight
than a beaker containing 1g of CaCl, for exposures to
water-saturated air in a static environment of over
90 days. For some humid field environments, this sug-
gests that contaminants and corrosion products con-
taining NaCl in an otherwise nonhygroscopic matrix
could be more hazardous than samples containing
comparable amounts of ZnClp or CaCls.

Table I summarizes some data for various procedures
which could be used to estimate the hygroscopicity of
pure salts. All the rankings, except those based on the
CRH and solubility, were experimentally determined
in this work.

The rank orders based on percent weight gain after
10, 40, and 100 day exposures are identical except for
the position of NaCl, which ranges from the least to
the most hygroscopic salt. It is surprising that ZnCl,
appears somewhat less hygroscopic than CaCly by
either the percent-weight-gain or reciprocal-of-the-
ionic-molality methods in that, because of its low CRH,
dry ZnCl, becomes wet in all but the very driest of
atmospheres, whereas CaCl; remains dry at RH’s less
than about 30%. Similarly, nonuniform characteristics
are found for the set ¥eCly, CuCly, and NaCl. Their
CRH’s are 40, 69, and 75%, respectively, but the rank
order of their hygroscopicities based on the reciprocal
of the ionic molality is CuCly > NaCl > FeCl. In a
humid atmosphere, the CRH of a substance is ap-
parently not always a satisfactory indicator of its hy-
groscopicity, but weight gain data by themselves, par-
ticularly if only one measurement period is examined,
are not sufficient either. The length of the exposure
affects the relative ranking and will be important in
estimating moisture hazards with electronic devices.
Whether a macroscopic method should be chosen or
one which implicitly includes the effects of each ion
in solution will depend on the circumstances and
rather arbitrary preferences.

For most substances of interest to the electronic de-
vices field, methods requiring measurements in solu-
tion will not be applicable. Modern instrumental gravi-
metric procedures readily provide a precise record-
ing of weight change information which can be used

Table 1. Relative hygroscopicities

Criteria for estimation Rank order

. Dissolution time

. Solubility (g solute/
10002 water) .

Percent weight gain
after 10 days

. Percent weight gain
after 40 days

Percent weight gain
after 100 days

. Reciprocal of the

ionic molality

. Critical RH

ZnCl2 > CaClz > CuClz > NaCl > FeCl:
ZnCl: > CaCl: > CuCl: > FeCl: > NaCl
CaCla > ZnCl: > CuClz > FeCl: > NaCl
CaCl: > NaCl > ZnCl: > CuCl: > FeCl:
NaCl > CaCl: > ZnCl. > CuCl: > FeClz

CaCl: > ZnCl: > CuCl: > NaCl > FeCl:
ZnClz > CaCl: > FeCl: > CuCl: > NaCl

N o U os W N
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for ranking substances according to their hygro-
scopicity. The remainder of this paper describes such
a procedure. By employing a flowing atmosphere, vari-
able accelerations are feasible. Measurement of an ef-
fective CRH can be accomplished with RH program-
ming of the flow system.

Critical relative humidities of pure salts and field
samples.—Corrosion products and other contaminants
contain varying amounts of hygroscopic materials, and
consequently their moisture pickup characteristics are
less predictable than those of pure salts. The surface
area of the nonhygroscopic substances in the contami-
nant mixture, particularly if these substances are of
low solubility, may be sufficient to chemisorb and
physisorb most of the hygroscopic substances and all
the moisture picked up by these substances, effectively
stopping the moisture pickup process before a thin
continuous film of water forms. For this and other rea-
sons one of the most important moisture-related fac-
tors in considering corrosion and contamination prob-
lems with electronic devices is the rate at which a sub-
stance collects moisture in the first few hours of ex-
posure to humidity levels above its CRH. Initial ex-
perimentation established that a significant weight
change in a salt could be produced at the CRH start-
ing with either a dry sample and increasing the RH or
starting with a moist sample and decreasing the RH.
For pure salts which were stable to moisture and did
not react significantly with the aluminum sample pan,
reproducible minima and maxima were recorded at
the same RH for repetitive scans of the same sample.
However, for corrosion products, dusts, and some ma-
terials the weight vs. RH plots were often complex and
repetitive scans were not always reproducible. Gen-
erally, this behavior was caused by chemical or physi-
cal changes associated with the moisture pickup which
were irreversible at reasonable conditions. For these
reasons, the usual procedure for most samples was to
equilibrate the sample at 22% RH and then to record
a single run from low (22%) to high (nearly 100%)
RH. .

The results for four pure salts are shown in Fig. 4.
The literature values for the CRH of KCNS and NaNO,
(31) are 47 and 66%, respectively, at 20°C. The onset
of weight gain for these salts in this work (23°C) oc-
curred at 46 and 66%, respectively, establishing that
the method is sufficiently sensitive and accurate to
measure the CRH of many substances. The onset of
weight gain for NaCl occurred at 84%, which is some-
what higher than the literature value of 76% (31),
but NaCl was later found, as is discussed below, to pick

KCNS

I L (47) .
=
T = 4
I}
w
= NaNo,
g )
@
<
w
'3
o o ]
E ——/

= NacCl B

(76)
1 1 ]
20 40 60 80 100

RELATIVE HUMIDITY (PERCENT)

Fig. 4. Moisture pickup onset for selected salts on exposure to
increasing RH.
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up moisture at a slower rate during the initial ad-
sorption phase than during the later stages controlled
by the solution vapor pressure. It is anticipated that
if the RH programming had proceeded at a slower rate
the observed critical RH would be lower for this salt.
This measurement requires development of more
sophisticated humidity control equipment which is in
progress. Moisture pickup for CrOjg is initiated at 29%
RH, which is somewhat below the literature value of
35% (31). This discrepancy may be due in part to the
procedure used to determine the RH of the system. The
vapor pressure of water in the air stream was assumed
to be identical to the vapor pressure of the distilled
water bath. The vapor pressure of the bath was esti-
mated from its temperature. The temperature differen-
tial between the input air stream and the water bath
for the low humidity readings was substantial and
could lead to significant warming of the water at the
surface of the air bubbles, thereby increasing the vapor
pressure and the corresponding RH. The determined
RH would be low consistent with the observation for
CrOs. An improved apparatus which will eliminate this
uncertainty is under construction.

The results for several field samples are shown in
Fig. 5-8. The electrolytic corrosion product samples
No. 1 and 2, shown in Fig. 5, each exhibited two weight
gain onsets but are otherwise very different. The elec-
trolytic corrosion products from sample No. 2 were
produced with relatively clean water and consisted
primarily of copper and nickel oxides and carbonates
with minor amounts of chloride salts. The weight on-
set at approximately 27% RH is probably associated
with dust that was unavoidably collected with the cor-
rosion products. The second onset at about 50% RH
could be due to chloride salts. The concentration of
such salts must be low, however, since the weight gain
rapidly approaches saturation at approximately 65%
RH. Corrosion product No. 1 was the result of water
contamination from a water line serving an air con-
ditioning system. The water contained chromate salts
and possibly other additives for rust inhibition. The
initial onset at 23% RH saturated at about 32%. The
identity of this contaminant was not clear. The second
onset is somewhat obscured but appears to occur at
roughly 30% RH. This onset appears to be caused by
a major hygroscopic component in the corrosion prod-
uct as there is no indication that saturation is ap-
proached during the remainder of the run. The identity
of this product was ascertained from chemical analysis
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Fig. 5. Moisture pickup onset for corrosive contaminants on
exposure to increasing RH.
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to be a combination of copper, zinc, and calcium
chromates.

The data for a contaminant found on an electro-
mechanical switching device after a nearby battery
fire had been extinguished with “dry chemical powder”
are also shown in Fig. 5. Again, two onsets occur. The
first onset at 27% RH is probably due to adsorption on
dust present before the fire and on soot and dry chemi-
cal powder. The second onset at 55% RH can be at-
tributed to the formation of a thin aqueous film on
the dry chemical powder and the subsequent initiation
of rapid moisture pickup. The dry chemical powder
was primarily sodium bicarbonate.

The results for dust samples from Holmdel (No. 1)
and two locations in New York City (No. 2 and 3) are
shown in Fig. 6. The samples exhibited similar charac-
teristics with initial moisture pickup occurring at
about 26% RH. These dusts are not known to have
caused significant moisture-induced problems on elec-
tromechanical switching equipment except at elevated
humidity levels, suggesting that moisture pickup is
primarily limited to an adsorption process. The large
surface area and complex composition typical of dusts
permit a significant weight increase to occur before
appreciable thin films of aqueous salt solutions are
created.

The information summarized in Fig. 7 and 8 demon-
strates the utility of this method in ascertaining the
quality of materials for electronic devices and assess-
ing contamination or corrosion problems. Data for
insulating materials used as substrates and for other
purposes are shown in Fig. 7. A number of phenol
fiber samples were examined and they exhibited
widely variable behavior. The data for a typical sam-
ple are shown. An alumina ceramic material exhibited
a moderate tendency to pick up moisture at very high
RH. The epoxy glass sample was only slightly sus-
ceptible to moisture pickup at high RH. Aged textile
insulation materials removed from copper wire from
two locations in New York City are compared in Fig.
8 with recently manufactured product. Sample No. 1
is from a location which experienced contamination
from hydrochloric acid. The onset point at 26% is
substantially more pronounced than that of sample No.
2 (which was of similar vintage) or that of the new
material. This difference is attributable to the presence
of chloride salts in sample No. 1.

Hygroscopicity of substances in a dynamic environ-
ment.—Information on the moisture pickup character-
istics of substances at high RH is useful for assessing
contamination and corrosion hazards and for engineer-
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Fig. 6. Moisture pickup onset for dusts on exposure to increasing
RH.
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Fig. 8. Moisture pickup onset for textile insulation materials on
exposure to increasing RH.

ing equipment specifications and building environ-
ments. In this study these measurements were ac-
complished rapidly for a wide variety of substances
using a 10 ml/min flow of air nearly saturated with
water vapor to simulate typical indoor environments in
an accelerated time frame. The substances are ordered
on a time-averaged weight-percent basis in Tables II
and III according to the increasing tendency of the
various materials to gain weight through pickup of
water from the nearly saturated air stream. The sam-
ples span a broad range of hygroscopicities and are
arbitrarily categorized as strongly, moderately, or
weakly hygroscopic according to whether their average
weight gain rate is greater than 0.110, 0.011-0.110, or
less than 0.011 % /min, respectively.

While ordering the samples on this basis seems
generally most appropriate, examination of the data
indicates this arrangement disguises some factors. For
instance, FeCl3 was determined to undergo an aver-
age percent weight gain of 0.421 %/min, but the rate
decreased over the 94 min exposure period from 0.58
to 0.19 %/min. On the other hand, CuCly-2H,0 gained
weight at an average rate of 0.087 %/min throughout
a 324 min exposure period, and the weight gain rate
for FeCly'4H»O and NaCl actually increased slightly
over the duration of the experiments. While it is pos-
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Table I1. Hygroscopicity studies

Weight gain Total weight Average weight Initial
Initial rate of rate at ain at Total gain rate sample
weight gain® terminationt termination exposure throughout run weight
Material (%/min) %/min) (%) time (min) (%/min) (mg)
A. Substances of very low hygroscopicity
Phenol fiber insulation No. 3 (extended urban exposure) <0.01 <0.0 0.27 1,350 0.0002 62
Epoxy glass (shredded) 0.01 <0.01 0.68 2,295 0.0003 67
Alumina ceramic (chips) <0.01 0 0.18 600 0.0003 106
PbCOs (powder) <0.01 0 0.03 68 0.0004
CuO (chopped wire) <0.01 0.0 0.1 165 0.0006 58
Bakelite (chunks) 0. <<0.01 2.1 2,640 0.0008 66
Phenol fiber insulation No. 2 (freshly manufactured) 0.02 <<0.01 34 4,305 0.0008 57
Arizona Standard Dust 0.02 <<0.01 1.1 1,050 0.001 64
Phenol fiber insulation No. 4 (extended urban exposure) 0.02 <<0.01 2.7 1,380 0.002 35
Talc (hydrous magnesium silicate) 0.03 <<0.01 0.5 165 0.003 54
NaHCOs (powder) 0.01 <0.01 0.6 135 0.004 87
Textile insulation No. 1 (extended urban exposure) 0.08 0 4.1 825 0.005 58
Textile insulation No. 3 (freshly manufactured) 0.09 0 4.3 860 0.005 43
Textile insulation No. 2 (extended urban exposure) 0.09 0 6.0 1,200 0.005 45
Soot and fire extinguisher powder (White Plains) 0.05 <0.01 78.7 11,250 0.007 60
CusSO0q - SHxO (crystalline) 0.06 <<0 01 08 107 0.007 69
ZnCOs (K der 0.06 0.00 11 128 0.009 25
Phenol fiber msulatlon No. 1 (freshly manufactured) 0.03 0.01 11 113 0.010 73
B. Moderately hygroscopic substances
Dust (New York, 30th Street) 0.10 0.01 36.0 3,000 .012 20
Electrolytic corrosion (Philadelphia) 0.11 <0.01 16.2 1350 .012 13
Dirt (Red Bank) 0.06 .00 11 84 .013 69
CuCOs (powder) 0.05 <<0.01 2.1 167 .013 102
Dust (New York, 36th Street) 0.06 .01 21.6 1,545 .014 31
Dust (New York, Second Ave.) 0.30 <0.01 12.9 860 0.015 21
Electrolytic corrosion (New York) 0.34 <0.01 33.4 1,760 0.019 19
KCI (crystalline) 0.02 0.02 2.2 0.024 50
AgsS (granules) 0.03 .03 2.0 75 0.027 80
Electrolytic corrosion (Belle Harbour) 0.14 .00 2.7 100 0.027 12
Cotton 0.36 .00 1.7 .028 22
Dust (Holmdel) 0.32 .01 38.8 1,295 .030 18
NaCl (crystalline) 0.03 .04 3.8 11 .035 87
SnCl: - 2H»0 (crystals) 0.05 .03 6.9 145 .048 57
FeClz - 4H:0 (cr)stals) 0.05 .06 8.9 175 .051 80
NiCOs (powder 0.13 .03 8.8 143 0.062 45
CuClz + 2H0 (crystals) 0.09 .09 28.2 324 0.087
C. Very hygroscopic substances
Electrolytic corrosion (Albuquerque) 0.30 .00 39.5 323 0.122
Drierite (calcium sulfate) 0.17 .07 49 0.123 107
Silica gel 0.15 .11 3.5 26 0.135 87
ZnCls 0.28 .19 8.7 34 0.256 102
CaCla 0.34 .34 8.1 24 0.338 53
FeCls 0.58 0.19 39.6 94 0.421 52

* Averaged for the first 2 min.
t Averaged tor the last 2 min.

sible to measure or, in principal, calculate the percent
weight increase of an initially dry sample maintained
at a specific relative humidity until equilibrium is at-
tained, the hazards of estimating corrosion rates of
contaminated surfaces solely from such determina-
tions are apparent. Thus, NaCl exposed to 95% RH has
a theoretical potential to increase its weight to 1136%
of its dry weight (see Table 1I), while ZnCl; will in-
crease to only 610% of its dry weight. In a practical
sense, however, a surface contaminated with NaCl
gaining weight at the rate of 0.035 % /min at 100% RH
would require about 48 hr to gain its own weight in
water, while a similar amount of ZnCly picking up
moisture at the rate of 0.19 %/min (the experimental
rate at termination of the experiment) would achieve
the same weight gain in less than 6 hr. At these rates
a 100 mg sample ot ZnCl, (solubility 4320g/1000g H>0)
would completely dissolve in about 90 min, while a 100
mg sample of NaCl (solubility 350g/1000g H2O) would
require about 140 hr to completely dissolve.

A number of samples of corrosion products and con-
taminants, as well as materials used by the electronics
industry, are ranked in Tables II and III with the pure
chemicals. The manner in which the data can be used
for assessing corrosion and contamination problems
can be illustrated with a few examples.

Electrolytic corrosion products which contaminated
equipment in an Albuquerque switching center that
had been flooded are seen by this ranking procedure
to be more hygroscopic than CuCly-2H20 and of simi-
lar hygroscopicity to Drierite and silica gel. SEM/x-ray
analysis of the contaminants indicated that a major
component, in addition to sandy soil, was copper chlo-
ride or oxychloride. The data indicate the contamina-
tion on the Albuquerque equipment could produce

serious consequences in the event a high humidity
condition occurs. Caution must obviously be exercised,
however, to avoid drawing unjustified conclusions
based only on the average weight gain rates. For in-
stance, the Albuquerque sample initially picks up
moisture at a rate of 0.30 %/min but the rate de-
creases to essentially zero after 323 min. CuCl; - 2H20
was found, though, to gain weight at a constant rate of
0.09 %/min throughout a 320 min run. Although the
average weight gain rate is significantly higher for the
Albuqueique sample, it would be inappropriate to pre-
dict, on this basis alone, that the Albuquerque sample
would pose a greater hazard than contamination by
pure CuCl, - 2H20. In a humid environment the CuCl; -
2H>0 would eventually pick up moisture equivalent
to several times its initial dry weight, while the Al-
buquerque sample would pick up a maximum of 39.5%
of its initial weight. The sandy soil and other insoluble
components present in the Albuquerque sample ad-
sorb the cupric chloride and disperse the moisture
picked up by the cupric chloride very effectively. Ex-
posure to humidity levels above the calculated CRH
for cupric chloride of 69% is rare for heated indoor
environments in Albuquerque, so that the hazard
posed by this contaminant was estimated to be minimal.
Several years of successful operation of most of the
equipment since the flood occurred indicates that this
is indeed the case.

The electrolytic corrosion sample from the Belle
Harbour (New York) equipment, in contrast to that
from Albuquerque, contains only traces of chloride
salts and is substantially less hygroscopic than the
Albuquerque sample. On this basis, only minimal prob-
lems were anticipated if exposure to high humidity
could be eliminated. The Belle Harbour switching
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Table 11l. Hygroscopicity studies
Cx'l'.lilcax;‘1 r;!lenﬁve
u;
Average Maximum Y
weight theoretical Liter-
gain rate uptake of water at ature
through- Solubility 95% relative or cal-
out run (g solute/ humudity (percent From thls culated
Material (%/min) 1000g water) * of dry weight)* work values
A. Substances of very low hygroscopicity
Phenol fiber insulation No. 3 (extended urban exposure) 002 <22
Epoxy glass (shredded) .0003 Nondiscrete
Alumina ceramic (chips) .0003 Nondiscrete
PbCOs (powder) .0004 0.0014 (20°C)L
gul? l(lghom;led lvévi)re) ! .0006
akelite (chunks .0008 is
Phenol fiber insulation No. 2 (freshly manufactured) .0008 Nondz_’crete
Arizona Standard Dust .001
Phenol fiber insulation No. 4 (extended urban exposure) .002 25
Talc (hydrous magnesium silicate) .003
NaHCOs (powder) .004 69 (0°)CRC
Textile insulation No. 1 (extended urban exposure) .005 26, 50
Textile insulation No. 3 (freshly manufactured) .005 27, 55
Textile insulation No. 2 (extended urban exposure) .005 23, 47, 69
Soot and fire extinguisher powder (White Plains) .007 27, 50
CuSOs - 5H=0 (crystalline) .007 55 (30°C)ST 98CRO
ZnCOs_(powder) 0.009 0.206 (25°C)L
Phenol fiber insulation No. 1 (freshly manufactured) 0.010
B. Moderately hygroscopic substances
Dust (New York, 30th Street) .10 27
Electrolytic corrosion (Philadelphia) .012 23, 30
Dirt (Red Bank) 012
CuCOs (powder) .013 <0.03 (18°C)L
Dust (New York, 36th Street) .06 26
Dust (New York, Second Avenue) .015 25
Electrolytic corrosion (New York) .019 217, 50
KCl (crystalline) .024 373 (30°C)8T
Ag:S (granules) .027 9 x 10-% (13'0)0-!0
Electrolytic corrosion (Belle Harbour) .027
Cotton .028
Dust (Holmdel) 0.030 26
NaCl (crystalline) .035 350 (25°C)IcT 1136PM 84 75.76R0
SnClz - 2H,0 (crystals) .048 839 (0°C)CRrC
FeCl: - 4H:0 (crystals) K al 684 (25°C)icT 8557 40P¥
NiCOs (powder) X 0.8 (15°C)L
CuCls - 2!{:0 (crystals) X 87 770 (25°C)IcT 735PM 69PN
C. Very hygroscopic materials
Electrolytic corrosion (Albuquerque) 122
Drierite (calcium sulfate) 123 0.67 (20° C)L
Silica gel .135 0.12 (25°C)L
ZnCla 256 4320 (25 C)icL 610PM 1010
CaCla 338 819 (25°C)IcT 97174 310RC
FeCls 421 918 (20°C)L
* L, W. F. Linke, Editor, “Solubility of Inorganic and Metal Organic Compounds,” 4th ed (1965). CRC, “Handbook of Chemistry and

Physms, 56th ed. (1v75). ST “Smithsonian Tab:es,” 9th ed. ITC,

“International Critical Tables,”

Vol. 4 (1929). M, From calculations

by P. C. Muner, LG, “Lange’s Handbook of Chemistry and Theoreticat Chemustry,” 1ith ed.

center is located in a very humid environment one
block from the Atlantic Ocean, but, unfortunately, at
the time this water damage occurred, the method de-
scribed above for determining the CRH was not avail-
able and it was not feasible to estimate the CRH by
other means. Consequently, specific recommendations
concerning the maximum tolerable humidity were not
possible.

Recently an electronic switching center in Phila-
delphia was contaminated with water containing a rust
inhibitor. The equipment was powered and electrolytic
corrosion occurred. The CRH of the primary contami-
nant was found to be about 30%, which suggests a
serious problem could exist, since the local humidity
would nearly always exceed that value. However, the
over-all hygroscopicity based on average weight gain
rate and total moisture pickup after 1350 hr (16%)
was low. This information, coupled with the successful
operation of most of the equipment for several weeks
after the flood indicated that the restored equipment
would continue to operate normally without the need
for extensive modifications to the building humidity
control.

The equipment installation in White Plains (New
York), which suffered the small battery fire described
earlier, was analyzed for moisture pickup by this pro-
cedure. The contaminant was found to be less hygro-
scopic than the Philadelphia sample in terms of the
average weight gain rate, but this average was based
on roughly 10 times the sampling period. The total
pickup before an extended steady state was reached
was 78.7%. This result, coupled with the dramatic in-

crease in moisture pickup observed above 50% RH,
shown in Fig. 5 and discussed above, indicated that
cleaning or replacement of the equipment was neces-
sary.

The dust samples from the New York City locations
and from Holmdel behave similarly, though the dust
from the rural Holmdel environment is, surprisingly,
somewhat more hygroscopic. None of these dusts has
caused particular problems with electronic equipment.
The large surface area of the dusts permits relatively
large amounts of moisture adsorption to occur without
creating thin films of water. The texture of the
Arizona Standard Dust sample was much finer and less
fibrous than the dust found in New York City and
Holmdei, suggesting the surface area per unit weight is
probably greater. The hygroscopicity of the Arizona
Dust is, however, about an order of magnitude lower
than the other dusts. As more locations are sampled,
it is anticipated that unusual dusts bearing localized
hygroscopic components will be distinguishable from
“ordinary” dusts.

All of the insulation and substrate materials ex-
amined fit into the category of substances of low hy-
groscopicity. Obviously, only nonhygroscopic sub-
stances are reasonable candidates for such uses,
Within this category, however, a range of moisture
pickup rates was found, even for similar materials. For
instance, phenol fiber No. 3 picked up moisture at an
average of 0.0002 %/min, while phenol fiber samples
No. 2 and 4 exhibited rates of 0.0008 and 0.002 %/min,
respectively. There appears to be no correlation be-
tween age and hygroscopicity, and apparently the dif-
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ferences are manufacturing in origin for these samples.
Except for one phenol fiber sample, the least hygro-
scopic substrate materials are the epoxy glass and the
alumina ceramic. More data would be needed to draw
firm conclusions about the relative hygroscopcity of
these substrate materials, and these results should not
be extrapolated to all epoxy glass, alumina, and phenol
fiber substrates available. Wide variability is likely to
exist for different manufacturers and in some cases
for different lots. These data demonstrate, however,
that instrumental gravimetric methods can be effec-
tively employed in distinguishing the hygroscopic
characteristics of a variety of substrate materials that
might be considered for device applications.

The behavior of three textile material samples from
insulated wire was very similar at the high humidity
level at which these experiments were run. Samples 1
and 2 had been exposed approximately 35 years to an
urban environment. Sample 2 is of particular interest,
as mentioned earlier, because of its unique exposure
to hydrochloric acid fumes. Textile insulation typically
performs poorly at high humidity levels in terms of
insulation resistance. Normally, these humidity levels
are not encountered at indoor installations. Unfor-
tunately, the present apparatus is not readily suited
to monitoring weight gain characteristics at an inter-
mediate RH, where the effects of contamination on
sample 2 would be pronounced. It would also be in-
teresting to know if the freshly manufactured sample
would be distinguishable from sample 1 at an inter-
mediate RH.

Conclusion

This work was carried out to determine whether in-
strumental gravimetric analysis is suited to readily
measure the moisture pickup characteristics of mate-
rials and substances important to the electronics in-
dustry. It was found that many substances initiate
moisture pickup processes that are detectable at dis-
crete relative humidities. Furthermore, it was found
that moisture pickup characteristics measured gravi-
metrically at high humidity levels can be used to rank
substances in a manner which is useful for assessing
hygroscopicity and corrosion hazards. Unknown mix-
tures of materials weighing only a few tenths of a
milligram can be readily analyzed. Moderately to
strongly hygroscopic materials can probably be ana-
lyzed with even smaller samples. The rate of hygro-
scopicity change was found, in some cases, to be a
signature of the material analyzed, which may prove
useful when analyzing samples of unknown composi-
tion. The information gathered here clearly demon-
strates the need for and the usefulness of an ex-
panded system capable of precise relative humidity
programming. Such a system is now under develop-
ment. Further experiments will include the effects
of pollutant gases introduced into the air stream on
the measured CRH and moisture pickup rates of sub-
stances.

Manuscript submitted Aug. 4, 1977; revised manu-
script received Nov. 29, 1977. Thls was Paper 21 pre-
sented at the Phlladelphla Pennsylvania, Meeting of
the Society, May 8-13, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JourNAL. All discussions for the December 1978 Discus-
sion Section should be submitted by Aug. 1, 1978.
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Kinetics of the Slow-Trapping
Instability at the Si/SiO. Interface

A.K. Sinha* and T. E. Smith
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

The slow-trapping instability can be a potentially major threat to re-
liability of p-channel enhancement-mode IGFET’s. We have determined the
kinetics of slow trapping for Al-gate MOS structures on (111) n-Si and
evaluated the role of surface states, Nss, for n- and p-type Si of (111) and
(100) orientation. Slow trapping, as revealed by negative bias-temperature
aging, generates a characteristic distribution of Ngs with a peak near the
midgap. This effect is responsible for the fact that for n-Si, the threshold
shitt, AVr >> AVpg, the flatband shift, and for p-Si, AVy < AVpp. In the
regime where AVyp is less than the saturation value, our data on slow-trapping
kinetics can be represented by the factorial relationship

e )
kT

where Vg is the applied negative bias (10-40V), t is the time (10-103 min),
T is the temperature (373°-573° K) k is the Boltzmann constant, n = 4.76 —

5.3 x 10-3T, A ~ 1.6 X 103, and ¢, is the thermal activation energy (~0.64 eV).
This equanon emphasizes the strong field dependence of AVrgp at lower tem-

AVFp ~ AIVB["to'z exp (—

peratures.

The so-called slow-trapping instability [instability
No. VI of XVII compiled by Deal (1)] can be a po-
tentially major threat to reliability of p-channel en-
hancement mode IGFET devices (1-4). This instability
is revealed by a negative bias-temperature aging test
which causes a negative shift in the flatband voltage
and hence in the threshold voltage of the device. The
exact mechanism of slow trapping has not been es-
tablished. But it is known that slow trapping is more
pronounced for MOS structures with a high fixed
charge, @ss (4). Slow-trapping instability can be also
aggravated by radiation damage (5) and by a low tem-
perature post Al-metallization Hy anneal (6).

Accelerated aging tests are commonly used to com-
pare the slow-trapping characteristics of different
MOS structures and also to evaluate the effectivity of
various processing improvements [such as high tem-
perature Hy annealing (6)] aimed at reducing the slow
trapping. However, a knowledge of kinetics is also
obviously necessary in order to estimate the lifetime
under device operating conditions and to stimulate
work on understanding of slow-trapping phenomena.

The objective of the present work is twofold. First,
the role of surface states, Ngs, was investigated in the
slow-trapping phenomena. It is shown that a char-
acteristic distribution of Ngs is generated as a result of
slow trapping, and depending upon whether the Si is
n- or p-type, the flatband shift AVgp can be less than
or greater than AVy. Second, detailed kinetics mea-
surements were made of slow trapping in Al/SiOg/
(111) n-Si capacitors. The effect of applied bias (for
a given time and at lower temperatures) is found to
be more severe than previously believed.

Experimental

Slow-trapping measurements were made on both
n- and p-type Si wafers [(111 and 100) orientation,
2 in. diam, Np,a ~ 1015 cm~—3]. The wafers were cleaned
and then oxidized to 1000A thickness at 1100°C in a
dry oxygen ambient in an HCl-cleaned quartz tube.
The oxidized wafers received an in situ Ar-anneal at
1100 C for % hr. An array of MOS capacitors was fab-
ricated by filament evaporating Al-field plates (20
mil diam) through a mechanical shadow mask. The

* Electrochemical Society Active Member.
Key words: MOS devices, reliability, surface states.
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SiO; was etched off from the back side and an Al back
contact was formed also by filament evaporation. The
samples were then Hz-baked at 450°C, % hr.

MOS measurements were made in a test facility con-
sisting of an electroglas 910 prober equipped with a
Temptronix TP 35 thermochuck and enclosed in a
dry Ny glove box (7). High frequency (1 MHz) C-V
measurements were made at a sweep rate of 100 mV/
sec. Quasistatic measurements were made at 20 mV/sec
using the slow-ramp technique (8). The data were
analyzed in the usual manner to give the Si-doping
level (9), the flatband capacitance and voltage, the
oxide fixed charge Qss, and the surface-state density
as a function of the relative surface potential, ys. The
surface-state density was obtained from the high-low
frequency capacitance technique (10) and ys found as
a function of bias using the Berglund techniques (11).

The extent of slow trapping was evaluated through
measurements of negative shitt in the flatband voltage,
AVpp, following bias-temperature aging at various
temperatures in the range 100°-300°C, with applied
negative bias of 10-40V, and for times of 10 min-16 hr.

Results and Discussion
Positive bias-temperature aging under conditions
(105 V/cm, 200°C, 30 min) where slow trapping is very
small caused little or no negative shift (<0.1V) in
the C-V curves, signifying that the mobile charge con-
tamination levels were below 2 X 1010 cm—2,

Representative C-V curves.—Figure 1 shows typical
C-V curves for a MOS structure on (111) n-Si in the
as-received condition and after B-T aging at —23.5V,
250°C, for 15 min. The as-received sample had a Qs
of 2 X 1011 em~2 and a midgap Nss of ~5 X 10! cm—2
eV~-1, Upon negative B-T aging, the slow trapping is
revealed in three ways: (i) the high frequency C-V
curve is shifted to more negative values reflecting an
increase in the apparent @ss and a AVgg of —0.8V; (i)
the initially single minimum in the quasistatic C-V
curve is split into two minima which now occur at sig-
nificantly higher C/Cox; this higher C/Coy is the result
of an order of magnitude increase in the Nss which has
a peak near the midgap, as shown in Fig. 2; (iii) there
is an increase (by ~1.5V) in the negative threshold
voltage from Vr; to Vg, as indicated by the vertical
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Fig. 1. C-V curves for Al/SiO2/n(111)Si capacitors: (A) as-
received; (B) after —23.5Y, 250°C, 15 min bias-temperature aging.
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Fig. 2. Distribution of surface states in various Al/SiO2/Si struc-
tures: (A) as-received; (B) after —23.5V, 250°C, 15 min B-T aging.

arrows in Fig. 1, with AVt >> AVpg. This is due to the
fact that increases in both Qss and Nss due to slow
trapping with n-Si cause threshold shifts in the same
direction, which are therefore additive. Moreover, for
n-Si, there are fewer occupied surface states at Vr
than at flatband voltage. For p-Si, there are more
occupied states at T than at flatbands.

Figure 3 shows the effects of slow trapping in an
Al-gate MOS structure on (111) p-Si. Here too there
is a negative shift in the flatband voltage, AVgp, which
is nearly equal in magnitude to that observed with

(1) p-si 4

(A) AS RECEIVED
(8) -235V, 250°C, 15 min

NORMALIZED CAPACITANCE, C/Cox

BIAS (V)

Fig. 3. C-V curves for Al/SiOo/p(111)$i capacitors:
received; (B) after —23.5V, 250°C, 15 min B-T aging.

(A) as-

May 1978

(111) n-Si. There is also a significant increase in Nss
and a tendency toward splitting of the minimum in
the quasistatic C-V curve. However, in this case, AVt
is much smaller than AVyg, since the apparent AV
components due to additional Qss and Nss now are in
opposite directions. The distribution of Nss(ys) for
the (111) p-Si sample before and after B-T aging is
shown in Fig. 2 and is similar to that for (111) n-Si.
Figure 4 shows C-V data for (100) n-Si before and
after B-T aging. The magnitudes of both AVgg and
AV are smaller by a factor of four than those for
(111) n-Si. It should be also noted that the initial
Qss ( < 101 em—2) and Nss at midgap (~10° cm~—2
eV-1, see Fig. 2) for this sample were lower by an
order of magnitude when compared with (111) n-Si.
This and other recent work support the conclusion
that the initial @ss may be a major factor controlling
the slow-trapping instability—a small Qss correlates
with reduced slow trapping. For (111) n-Si samples,
the Qss can be decreased to < 1 x 10! cm~2 by a high
temperature Hy anneal (800°-900°C, %-1 hr). These
samples show a very small AVgg of ~0.2V after 250°C,
—20V, 15 min aging. On the other hand, a low tempera-
ture Hy anneal (450°C, % hr), which lowers the Nss,
tends to enhance the slow-trapping instability (6).

Kinetics data.—Kinetics measurements were made
for (111) n-Si samples which had received the post-Al
Hp-bake (450°C, % hr) but no high temperature H»
anneal. The AVpp was measured for various conditions
of negative-bias temperature aging in which two of the
three variables, namely, time, temperature, and bias,
were kept constant and the third one was changed.

Figure 5 shows the effect of applied bias Vs on AVggs
induced by slow trapping. Results are shown for vari-
ous temperatures (80°, 150°, 200°, 250°, and 300°C) for
a fixed time of 15 min and for bias voltages ranging
from —4 to —80V. [Although bias voltages are quoted
in this paper, it should be understood that the field
across the oxide and not the voltage is the parameter
that determines AVyp for various oxide thicknesses
(4).] At a given temperature, AVgg is a strong func-
tion of Vg, with

dlog (AVrp)
dlog |Vs|

where the exponent n (1.5 < n < 3.2) is an inverse
function of the aging temperature T (°K), as shown in
Fig. 6. According to this figure, n will approach unity
around 400°C, at which temperature AVgg will be a
simple linear function of Vg. This is the form of AVgg
(Vg) relationship reported by Deal et al. (4) who
plotted the maximum flatband shift measured at
~400°C. At this temperature, saturation in AVgp is
reached in a relatively short time of few minutes.
For the temperatures used in the present work, 15 min
was too short a time to reach saturation or steady-state
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Fig. 4. C-V curves for Al/SiO2/n(100)Si capacitors: (A) as-
received; (B) after —23.5V, 250°C, 15 min B-T aging.
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may be seen that a substantial portion of the slow
trapping shift is revealed in 15 min; however, there
continue to be additional shifts with increasing time.
For the present samples, the time dependence (¢ > 10
min) was relatively weak, with

dlog AVrs
dlogt

This form of time dependence again relates to AVrp
data below the saturation value.

Figure 8 shows an Arrhenius plot in which AV
has been normalized with |Vg|® and t%2. A remark-
ably good fit is obtained for the present set of samples,
giving an apparent thermal activation energy of ~0.64
eV. Also shown in Fig. 8 are certain results taken
from the work by Broydo and Waggener (12). The
combined data show a relatively large degree of scat-
ter, indicating that the slow-trapping kinetics are also
a sensitive function of the starting material and that

0.2 [2]

TEMPERATURE (°C)
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Fig. 6. Temperature dependence of exponent n in Fig. 5

conditions, yet it was adequate to reveal a AVgp of
0.1-5V provided the bias fields were large enough.

The nonsteady-state conditions investigated in the
present work were preferred because they were con-
venient and also because they correspond more closely
to the device behavior during its operation. Thus,
slow-trapping shifts usually cause the device threshold
voltage to go out of specification long before the satu-
ration value has been attained.

Figure 7 shows the variation with time of AVyp at
various temperatures, keeping Vg constant at —20V. It
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Fig. 8. Arrhenius plot of normalized AVrp due to slow trapping
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it may not yet be possible to provide a universal equa-
tion for AVgp.

Results in Fig. 8 for the present samples (a single
lot of six wafers) do indicate, however, that it is pos-
sible to rationalize over 30 measurements of AVgp in
terms of the following simple factorial relationship

€a
AVpp = A|Vg|n(Tt0-2 ex (— ) 3
FB | Vsl p T [3]

where, A = 1.576 X 103, ¢, = 0.64 eV, n = 4.76 — 5.3
X 10-3T. Equation [3] contains only a single thermal
activation energy term and it gives proper weight to
the effects of applied bias and time. As noted earlier,
the above functional dependence is valid only for
AVpp values prior to saturation.

The theoretical implications of Eq. [3] are not clear.
We believe that the present results lend some support
to the model of Deal (1), namely that slow trapping is
caused by field-temperature induced structural re-
arrangements at the Si/SiO; interface. In Deal’s
model (1), a displaced oxygen atom which would
otherwise bridge two Si atoms at the interface can
simultaneously lead to a positive charge in the oxide
and a surface state (dangling bond) in the Si. The ease
of such a displacement would depend on the micro-
strain initially present in the Si-O bond at the inter-
face. It is conceivable that the interfacial strain is re-
lated to the magnitude and screening distance of the
fixed charge (excess Si atoms?) always present at the
SiO/Si interface. It appears that this (compressive)
strain also provides the driving force for slow trap-
ping. The roles of temperature and applied field in
causing dissociation of strained O-Si bonds appear to
be complementary., Thus, as the temperature gets
smaller, Vg tends to have a more pronounced effect on
AVpg.

Summary and Conclusions

The slow-trapping instability has been investigated
for n- and p-type (111) Si and for n-type (100) Si.

1. For well-annealed MOS structures, negative bias-
temperature aging causes a characteristic splitting of
the quasistatic C-V curve; the resulting Nsg has a peak
near the midgap. This Ngg effect is responsible for the
fact that for n-Si, AVt > AVyg whereas for p-Si,
AVt < AVEs.

May 1978

2. For a given time and temperature and AVgs less
than the saturation value, AVgp increases with the ap-
plied field. The field dependence gets stronger at lower
temperatures.

3. For a given field and temperature, and time
greater than 10 min, there is a relatively slow vari-
ation AVgp with time.

4. For a given set of identical samples, it is possible
to normalize AVyg with respect to the applied bias and
time, the resulting temperature dependence yields a
single-valued activation energy equal to 0.64 eV for
the presently studied Al/SiO2/n(111)Si structures.
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ABSTRACT

The dielectric properties of Ta»O; thin films, grown anodically in a phos-
phoric acid solution and subjected to heat-treatment, have been investigated
as a function of frequency in the range 0.1-100 kHz and temperatures from
—100° to 300°C. The experimental evolution of tan d and series capacitance
with the frequency and temperature is reproduced theoretically assuming that
the anodic oxide has two layers with a different exponential conductivity
gradient. The imaginary part of the dielectric constant shows a relaxation
process of the Maxwell-Wagner type, which is also explained by the above

model for the oxide.

In the manufacture of tantalum capacitors the anodic
oxide is normally subjected to temperatures above

v
1Permanent address: Instituto de Optica Daza de Valdes
(C.S.I.C.), Serrano, 121, Madrid-6, Spain.
Key words: dielectric properties, Maxwell-Wagner model, tan-
talum capacitors, heat-treatment in anodic oxides.

200°C in the process of the pyrolytic deposition of
the manganese oxide solid electrolyte. The dielectric
properties of the resulting oxide have been thoroughly
investigated by Smyth et al. (1), who reached the
conclusion that a gradient in the electrical conductivity
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across the oxide is formed due to the migration of
oxygen atoms which are partially dissolved in the
tantalum substrate. Furthermore, the incorporation of
phosphorus in the outer part of the oxide during
anodization in the standard phosphoric acid electrolyte
has been well established by several techniques such
as radiotracer measurements (2), Auger electron spec-
troscopy (3, 4), and infrared reflectance spectroscopy
(5). For these samples, the heat-treatment results
in two layers in the oxide with different electrical
conductivity gradients (1). The outer layer presents
a steeper gradient and lower conductivity than the
inner layer as a consequence of a smaller diffusion of
the oxygen atoms due to the phosphorus incorporation.

Based on the previous work of Smyth et al. (1), the
two-layer exponential gradient model has been quan-
titatively applied in this paper to tantalum oxide
anodized in a phosphoric solution. From the experi-
mental results obtained in this work, all the param-
eters which characterize the dielectric properties of
each layer have been evaluated. Then, according to
the model, the curves of the dependence of capacitance
and loss factor with frequency and temperature are
computed and compared to the experimental values,
resulting in a good agreement. In addition, it has
been mathematically shown in detail how a relative
maximum in the dependence of the loss factor with
frequency arises in the two-layer exponential gradient
model.

Experimental

Tantalum foil from Reframet Hoboken with a
thickness of 0.1 mm and 99.96% purity was anodized
in a 0.01% H3PO, electrolyte at a current density of
about 10A m~—2, Previous to anodization, the samples
were thoroughly degreased and chemically etched in
a 5:2:2 mixture of sulfuric, nitric, and fluorhydric
acids. Samples of 1.5 X 0.5 cm were cut and three gold
counterelectrodes with a diameter of about 2 mm
were evaporated along each of the samples. A thin
copper wire was attached to the gold spot by means
of a gold paint. Finally, the samples were subjected
to a 350°C heat-treatment for 20 min under high
vacuum.

The series capacitance, Cs, and the loss factor, tan
8, n/2 — b being the angle between the current and
the voltage, were measured with a General Radio
1620-A capacitance bridge in which the oscillator
was substituted by a Hewlett Packard 3310-A sinu-
soidal generator in order to increase the frequency
range to 100 kHz. All the measurements were per-
formed with the samples inside a cryostat connected
to a vacuum pump. The temperature was controlled
by means of a Chromel-Chromel Alumel thermo-
couple.

Results and Theoretical Model

Figures 1-4 show the dependence of the capacitance
and tan § with temperature and frequency. These
results suggest the existence of a conductivity profile
(1) with two different exponential gradients. They
also imply the existence of a critical level of con-
ductivity ¢, such that the portion of the dielectric
film with ¢ > o, is short-circuited acting as part of
the electrode. o is given by

0o = weeg [1]

where v is the angular frequency, e the dielectric con-
stant, and ¢, the permitlivity of vacuum. ¥rom Eq.
[1] we can get an idea of the variation of the con-
ductivity across the oxide by plotting the logarithm
of frequency as a function of 1/C, since 1/C is pro-
portional to the effective thickness of the dielectric.
Figure 5 shows such plots, obtained from Fig. 1,
at different temperatures. It can be appreciated that
for a temperature of 193°K and in the frequency range
studied, ¢, should be above the value of ¢ at the
Ta-Ta,O; interface (conductivity profile at T, in
Fig. 6a). As the temperature is raised to 303°K, the
conductivity increases and the most conductive por-
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tion of the profile raises above o, (relative position as
for the profile at T, in Fig. 6a). As the temperature
is further increased to 383°K, the most resistive or
outer layer of the film starts to appear and at 433°K
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Fig. 6. (a) Double exponential gradient conductivity profile across
the oxide for three temperatures Ty < To < T3 and fixed fre-
quency. (b) Equivalent circuit for the two-layer dielectric.

the conductivity of an important part of this layer
is above o, (conductivity profile at T3 in Fig. 6a).

The oxide’s equivalent circuit chosen for our model
is shown in Fig. 6b. It is formed by two capacitance-
resistance series circuits, each representing one portion
of the film, connected in series. Young (6) has ob-
tained expressions for the series capacitance Cs and
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the equivalent series resistance R of a dielectric with
an exponential gradient conductivity profile of the form

7 = 0o €Xp(— ax) [2]
These expressions are
1 weeg weeq
R: = tan—1! — tan—! [3]
aAwee, goead ao
14 ( weeo )2
1 1 goe2ad
—_—= log [4]
Cs 2aAee,

WEE, 2
Sl
o
where A is the electrode’s area and d is the thickness
of the dielectric. In this derivation e is supposed to
be a constant, that is, the influence exerted on the
capacity as a consequence of the variation of e with
frequency will be neglected in comparison to the influ-
ence due to a change in the effective dielectric thick-
ness when ¢ > ¢.. We will apply next Eq. [3] and
[4] to each of the layers in the dielectric.
At a distance x from the Ta-TaO; interface and
at a temperature T, the conductivity of the oxide can

be expressed as
= ) (5]
kT

where E., the activation energy of the conductivity
(7), is given by

o7 = B exp ( —

E.=E, + bx (6]

In this equation, E, is the activation energy at the
Ta-Tay0; interface and the value of the coefficient b
depends on the value of the slope of the exponential
gradient. We will also take into account the variation
of the dielectric constant with temperature according to

e = ¢ + aT [71

The values of ¢ and « can be deduced from the ex-
perimental values of Fig. 1 in the region of low tem-
peratures where o, > o0;=9(T) and the decrease of
the effective dielectric thickness has not occurred yet.

Taking into account the dependence of ¢ and e with
temperature by means of Eq. [5] and [7] and defining
R and Cs for each layer of the dielectric by Eq. [3]
and [4], we get

Csi(T,w) + Coa(T,w)
Cs(T,w) = 8
(08) = (T o) 7 Ca(Tho) (el
Rs(T,w) = Ra(T,w) 4+ Rea (T, w) [9]
tanﬁ('l‘, w) = RS(T,w)Cs(T, w)w [10]

The theoretical results predicted by the double layer
conductivity profile model are obtained from Eq. [8]
and [10] and later on compared to the experimental
results. The parameters ¢,=(T), oz=1(T), a1 (T), and
a>(T) in Eq. [8]-[10] are opntained from the experi-
mental values. The dependence of «; and a; on tem-
perature can be derived from Eq. [2], [5], and [6]

by by -
1 =—, dg=——
Ym0 T RT

The values of the electrical parameters shown in
Table I have been obtained by the procedure just
indicated from the results of Fig. 1 and 2. The posi-
tion 1 within the oxide (see bottom of Table I), where
the exponential conductivity gradient changes, is first
obtained from the break in slope of the lines in
Fig. 5 and further adjusted by fitting the curves ob-
tained from Eq. [8] and [10] to the experimental
values.

The dependence of the capacitance and tan § with
temperature, at several frequencies, which is given
by Eq. [8] and [10], has been calculated by means
of a computer and are compared in Fig. 7 and 8 with
the experimental results.
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Table I. Values of some significant parameters for the sample
described in Fig. 1

Formation voltage Vi = 100V

b1 = 1.554 x 10-* eV A-1

ax (at 293°K) = 6.15 x 10-3A-1 az (at 293°K) = 4.61 x 10-2A-1

a1 (at 520°K) = 3.47 x 10-3A-1 as (at 520°K) = 2.60 x 10-2A-1

At 293°K: 0o = 8.62 x 10-%Q-cm-!; o1 = 1.2 x 10-1%Q-'cm-!
ga(extrapolating) = 5.3 x 10-*Q-cm-!

At 520°K: 0o = 2.75 x 10-3Q-cm-; o1 = 6.8 x 10-°Q-lcm-!
ou(extrapolating) = 2.0 x 10-2Q-¢cm-?

Activation energy at interface Ta-Ta205: Eo = 0.60 eV

Act‘i’vation energy at interface between layers I and II: E1 = 0.76

)

b2 = 1.164 x 10-8 eV A-1

B = 179 x 10°Q-‘cm-*

€ = ec + T, where ec = 23.36 and a = 3.44 x 103 K-!

Thickness d = 1730A [assuming an anodization constant of k =
17.3 A/V (11)]

1 (distance between the Ta-Ta:0; interface and the layer I-layer II
interface): 1063A

Discussion

The agreement between the values deduced from
the two-layer conductivity profile model and the ex-
perimental values is quite good as it can be appreciated
from Iig. 7 and 8. T'he maxima in the tan o vs. T
curves are usually higher and more pronounced for
the computed curves. This is attributed to the hy-
pothesis that the dielectric is only formed by two
layers, the exponential conductivity gradient being
constant in each layer. In practice, at the two metal-
oxide junctions as well as at the junction between
the two layers in the dielectric, the conductivity might
have values quite different from the assumed ones.
One refinement, therefore, could be to assume that
the dielectric is divided into three zones, with one
intermediate in which the exponential gradient has
a slope with a value between a; and a,.

The evolution with frequency of some of the param-
eters characterizing each of the two layers is repre-
sented in Fig. 9. From Eq. [8] and [9], tan d can be
written as

Cslcs2
tand = w(R Rgp) —m8M8M8M — 12a
"J( st + 52) Cs‘ T ng [ ]
or
C C

tan 6 = tan 81—-—52——- + tan 62—51

csl + c52 csl + Cs2
[12b]

where tan §; = wRiCs;, (i = 1, 2).

16 o
o
f=0.5Khz
12 -
8+
4 oo
16 L 1 L

Cs (F)x109

oo
L 1

1 1 1
200 400 200 400 200

T(°K )
Fig. 7. Temperature dependence of capacitance for the sample

of Fig. 1. The dots represent the experimental values and the lines
represent the values computed from Eq. [8].
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Fig. 8. Temperature dependence of tan § for the sample of Fig. 1
(The symbols as in Fig. 7).
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Fig. 9. Frequency dependence at T — 68°C of several parameters
computed from the double layer model for the dielectric (same
sample as in Fig. 3).

At low frequencies (much lower than the frequency
at which log ¢ changes its slope, about 1 kHz in this
particular case), it can be observed in Fig. 9a that
Rss >> R, and according to Eq. [12a]

Cs1
tan § ~ tan g —————— [13]
2 Csl + cs2
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In addition, for these frequencies, Cs; >> Cs (Fig.
9c¢) and therefore
tan  ~ tan 8, [14]

For frequencies much higher than the frequency
at which Rs; = Ry in Fig. 9b, we have Rg; >> Rss and

tan d ~ tan Cu [15]
an 0 ~ tan —_—
! Cs1 + Cs2

In this case, as the frequency gets higher, Cs/(Cs1
4+ Cs2) increases much slower than tan d,; decreases
and as a result of this tan & given by Eq. [15]
presents a maximum (Fig. 9f).

As the frequency increases, Cs; decreases and be-
comes comparable to Cs; (Fig. 9c), thus having a
more important contribution to the total capacitance.
All of this is in agreement with the existence of a
critical level of conductivity s, as proposed by Smyth
et al. (1). It is also interesting to notice that the
graph of tan d vs. log f is the specular image of the
graph of tan § vs. T as it should be expected from
the conductivity profile model and has been experi-
mentally checked (Fig. 4 and 8).

Figure 10 represents log f as a function of the value
of 1/T for the occurrence of the maxima of tan §
in Fig. 8. From the slope of this line, an activation
energy E; = 0.726 eV can be gotten by assuming the
following expression for the angular frequency

E
@ = wo €XP (_k—; ) [16]

It can be easily shown that Es is the activation energy
of the conductivity at the point in which the conduc-
tivity profile corresponding to the temperature for
the occurrence of the maximum intersects the line
¢ = o = wee, and that the distance from this point
to the Ta-Ta;0O; interface is the same for every
temperature. Accordingly, it is not surprising that
the value found for E; is of the same magnitude as
the value reported for E; in Table I since the appear-
ance of the maximum is related to the point where
the exponential conductivity gradient changes its
slope from a; to a;. Similarly, a value for w, equal
to 8.6 x 104 sec—1! is obtained from Eq. [16], which
multiplied by e, yields a value of the constant B
which is very close to the one reported in Table I.

It can be concluded from this work that the two-
layer exponential gradient conductivity profile model
predicts, in the case of thermally treated Ta,Os films
anodized in phosphoric acid solutions, a dependence
with frequency and temperature of the electrical
parameters which is in satisfactory agreement with

10°
10°
N
T
103 |
102 1 1 1 I
24 26 28 30 32

1/T x 104

Fig. 10. Log f vs. 1/T for the occurrence of the maxima of tan &
in Fig. 8.
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the experimental results. The agreement could still
be improved by introducing some additional zones
in the dielectric, the computations still being straight-
forward. The two-layer model can be assimilated to
a generalized Maxwell-Wagner model (8) with a
distribution of resistivity values and just one value
for the dielectric constant. The behavior of tan 3 with
frequency found in this work is similar to the one
predicted by the Maxwell-Wagner model.

As far as the value found for ! in the present work
(Table I), which implies that the bounaary between
the two layers in the oxide is closer to the oxide-
counterelectrode interface, it is in qualitative agree-
ment with the conclusions reached by Smyth et al.
(1) for anodization in a low concentration phosphoric
acid electrolyte. Applying the infrared reflectance
spectroscopy technique, Kihara-Morishita (5) mea-
sured the relative thicknesses of the phosphorus-free
and phosphorus-contaminated layers and found that,
for Ta;O5 films of the thickness employed in this
work, the boundary between the two layers is around
the location computed in this paper. l'he conditions
of anodization, i.e., the concentration of the electro-
lyte and the current density, influence the amount of
phosphorus incorporated, which in our case might
be estimated as 0.03 moles of phosphorus per mole
of Ta5+ (2).

Young (6) applied the one-layer exponential con-
ductivity gradient to explain the behavior or Rs and
C; with frequency and obtained a straight line for
the plot of 1/Cs as a function of log f. Winkel and
Groot (9), advocating the multiple distribution of
relaxation times model of Gevers and du Pré (10),
emphasize that in some experimental results a curva-
ture of the 1/Cs plots is observed at frequencies above
1 kHz, thus deviating from Young's simple model.
In this context, it is interesting to observe that the
curvature in the 1/Cs curves can also be explained
by assuming a conductivity exponential gradient with
two or more different slopes as proposed by Smyth
et al. (1). In addition, it can be concluded from this
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work that the double-layer conductivity profile model
can quantitatively account for the values of the di-
electric properties of anodic tantalum oxide thermally
treated. However, we do not believe that this model
will substitute in every case the more general model
of multiple relaxation times.

Manuscript submitted Sept. 21, 1977; revised manu-
script received Dec. 5, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JournaL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.

Publication costs of this article were assisted by the
Universidad Autonoma de Madrid.
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Direct Determination of the Electrical Conductivity-
Nonstoichiometry Relationship in lonically
Conducting Metallic Oxides

J. Fouletier and M. Kleitz*

E.N.S. d’Electrochimie et d’Electrométallurgie de Grenoble, Domaine Universitaire, 38401 St Martin d’Héres, France

ABSTRACT

The small quantities of oxygen driven off zirconia solid solutions by solid-
state electrolysis were accurately measured and the relevant departure from
stoichiometry determined by using oxygen gauges and pumps. The variations
in the electronic conductivity and in the ionic transport number were deter-
mined as functions of temperature and deviation from stoichiometry. By mea-
suring the rate of oxygen release during the first stage of the electrolysis of
prereduced and homogenized samples, the ionic transport number was also
determined according to another independent method. The two sets of re-
sults compared quite favorably. These methods of measurement offer the possi-
bility of investigating nonstoichiometric oxides, especially in experiments in-
volving small departures from stoichiometry and very reducing conditions.

In solid-state electrochemistry, an oxide is tradition-
ally characterized by the variation of its conductivity
as a function of equilibrium oxygen pressure and tem-

* Electrochemical Society Active Member.

Key words: electrical conductivity, ionic transport number, non-

stoichiometry, zirconia.

perature ¢ (poy, T). Recently, Blumenthal and Hofmaier
(1) proposed a technique of measuring the variation of
conductivity with temperature at fixed values of the
stoichiometric ratio.

A sound demonstration of a point defect model fur-
ther requires another independent set of data, for
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example, the variation of the stoichiometric ratio as a
function of the same parameters x(po., T) (2). This
can be determined by using a thermobalanre when the
corresponding weight changes are sufficiently large (3-
5).
In this paper we propose a method of measurement
which allows us to directly determine the variation of
conductivity as a function of the stoichiometry ratio
and temperature o(x,T). We also report on experi-
mental observations which could lead to a second, com-
plementary method of measurement of the ionic trans-
port number employing the same parameters t;(x, T).

These methods, which are based on the utilization of
solid-state oxygen pumps and gauges, can now be ap-
plied because of the recent improvements (6-7) in
the performances and reliability of these devices. For
example, a 10 ppm variation of the oxygen content in
an inert gas stream can be measured within 5%. A
straightforward calculation shows that such a variation
occurring over a period of 5 min in a gas streaming
at 5 liters-hr—! flow rate corresponds to an extraction
(or addition) of only 6 ug of oxygen. If this change
results from oxygen pickup by a 100g sample, the mea-
sured variation corresponds to a relative change in its
weight of 6 x 108 This simple calculation indicates
how attractive the use of these devices can be.

Experimental Setup

The experimental setup is essentially composed of
a gas circuit (Fig. 1) involving a gas cylinder, an oxy-
gen electrochemical pump, the experimental vessel, an
oxygen gauge, and an accurate flowmeter connected
in series. The oxygen content in the inert gas is estab-
lished by the electrochemical pump and measured with
the oxygen gauge on bypassing the experimental ves-
sel. It is also measured by the gauge after the gas
passes over the sample. Argon was used as the carrier
gas. The flow rate ranged from 5 to 20 liters-hr—1
which corresponds to average linear velocities of 8-31
cm-sec!, All the details regarding the pump and gauge
characteristics have been given in previous papers (6-
11).

The oxygen gauge was composed of a laboratory-
made closed-ended electrolyte tube of composition
(Zr02) 0.91 (Y203) 0.09. The electrodes were obtained by
painting with platinum the outer and inner surfaces
of its flat bottom. Air in contact with the outer elec-
trode was used as a reference gas. The temperature
of the cell was 650°C. The oxygen pressure in the work-
ing gas which circulates inside the tube was deduced
from the voltage, E, measured between the electrodes
by application of the Nernst law, the numerical ex-
pression of which was

E(mV) = 19.89 x In 22 [
m —_ y g
0.201

The oxygen pump was formed of a simple tube of
the same composition as the gauge. The electrodes
coated on the inner and outer surfaces were also of
porous platinum. Its operating temperature was 750°C.
The working gas was circulated inside the tube. The
amount of oxygen added or extracted from it per sec-
ond was simply correlated to the current passing
through the pump by the Faraday law

q(InTp * sec™1) = 5803 x 10~8 X I(mA) [2]

The time lag of the gauge voltage after a rapid varia-

By-pass
[ ] accurate

oxygen
pump [T

[S====—— ]

L electric !

circuit

Fig. 1. Experimental setup
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tion in oxygen concentration became significantly
longer than 1 min with oxygen contents lower than
10 ppm. This could have greatly limited the methods
we proposed. To avoid this difficulty, the experimental
conditions were selected so that the oxygen content
was either very low (purified argon) or higher than 10
ppm, apart from short transitions between these two
states.

The sample was a small cylinder 2.2 cm long and
1.1 cm in diameter with porous platinum elec-
trodes at both ends. These electrodes were con-
nected either to an impedance meter for measur-
ing the sample resistance or to a direct current
source for electrolyzing the sample. Its composition
was (ZrO2)0.87(Y203)0.12(Ce0z2) .01 or (ZrY¥Ce)Oj ges.
It was prepared by dry mixing of the oxide powders
(ZrOg, Merck, purity 99.9%; Y,0s;, Pechiney; CeOo,
Pechiney), pressing at 1.5 tons-cm—2 and sintering at
2000°C for 2 hr.

For oxygen pressures higher than 10-7 atm, the
electronic transport number of this material has been
evaluated to a few percent (12). It was neglected in
the following derivations.

Nonstoichiometry Measurement and Control

The intentional modifications of the stoichiometry
and the corresponding measurements of the stoichio-
metric ratio variation were performed as follows.

The argon carrier gas flowing around the sample
was purified by applying a suitable voltage of about
—1.5V to the pump (13). Thus, all traces of free oxy-
gen in the gas were eliminated and the traces of water
vapor and carbon oxides partly reduced. The oxygen
gauge exhibited a voltage around —0.9V. Then, a suit-
able constant current, I, was passed through the sam-
ple for a time, 8. The applied voltage (which included
the ohmic drop in the sample and the decomposition
voltage) greatly depended on the temperature. In the
experiments reported below, it varied between a few
volts and 200V. It was applied in such a way that oxy-
gen evolved from the downstream side of the sample
(positive electrode on this side). After a certain delay,
which corresponded to the flow rate of the gas, the
gauge indicated an enrichment in oxygen which lasted
for a time, d., and then sharply decreased (Fig. 2).
From the plot of the gauge voltage vs. time, the de-
termination of the amount of oxygen released by the
sample during the electrolysis was calculated. The oxy-
gen flux released at a given time was obtained by
multiplying the gas flow rate, D (Intp * hr—1), by the
ratio of the measured oxygen pressure p to the total
pressure, Piotal, in the gauge. The total amount of oxy-
gen, Q, is simply determined by integration according
to the equation

Q (mole) Lo Ib. d dt [3]
mole) = —— - —_—
22.4 0 Diotal

1t is straightforward to deduce from @ the induced de-
viation from stoichiometry x. Accordingly the formula
of the reduced sample was written (ZrYCe); go3— .
This technique constitutes an easy means to con-
trol the stoichiometric ratio by appropriately selecting
the parameters I and 8.. The sensitivity in the adjust-
ment of these parameters is obviously far greater than
the sensitivity in the stoichiometric ratio measurements
and does not limit the performance of the method.
Initially we verified the validity of the method of
measurement. The point to be checked concerned the
possible errors due to measurement of oxygen pres-
sure during transient periods. For that purpose we also
measured the amount of oxygen picked up by the sam-
ple during its reoxidation. The sample was initially
kept under pure argon. The experimental vessel was
bypassed and the oxygen content in the gas fixed at a
value in the range 10-100 ppm. Then the gas was
passed through the experimental vessel and the gauge
voltage recorded. The amount of oxygen absorbed by
the sample was determined as for the reduction proc-
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Fig. 2. Typical curve of the gauge voltage vs. time recorded dur-
ing electrolysis of the sample.

ess. Some reoxidation runs were performed in several
partial steps: purified argon, enriched argon, purified
argon, enriched argon, etc.,, in order to increase the
number of transient periods and to determine their
effects as a possible source of error. Such experiments
were carried out many times and have been reported
in a previous paper dealing with an oxygen getter (10).
For oxygen concentrations in the oxidizing gas higher
than 10 ppm, the calculated amounts of oxygen lost
during electrolysis and dissolved during reoxidation
were always within 5%.

One of the assumptions of this measurement tech-
nique is that the sample exchanges no significant
amount of oxygen when it is kept under pure argon,
i.e., its over-all stoichiometric ratio is fixed. This as-
sumption which has also been made by Blumenthal
and Hofmaier (1) was clearly confirmed by the fact
that the equality mentioned above was also verified
for delays of several days between the electrolysis and
reoxidation runs.

Experimental Results: o(x,T) Relationship

After electrolysis, the sample resistance was mea-
sured in purified argon using the so-called impedance
diagram method (14). In the experiments reported,
several measurements were made after each electrol-
ysis. The first measurements indicated a variation due
to the homogenization of the sample. After a certain
time (always less than a few hours in the runs re-
ported), the results were stable. An example of the de-
pendence of the resistance of the homogenized sample
on the deviation from stoichiometry x is given in
Fig. 3.

With the sample investigated, we could further de-
rive the following. In all the experiments reported,
the concentrations of the vacancies created by the re-
duction (less than 3 X 1020 cm—3) remained small com-
pared to the initial concentration (6.3 X 102! cm~—3)
which resulted from the cationic composition of the
material. So, we could reasonably assume that the re-
duction process did not alter the ionic conductivity. If
this assumption is correct, the variations of the mea-
sured resistance R (x) concerned only the electronic
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Fig. 3. Resistance varigtion as a function of the deviation from
stoichiometry x.

conductivity. Consequently, the electronic resistance
Re(x) of the sample at a given deviation from stoi-
chiometry can be approximately calculated from

1/R(x) = 1/Re(x) + 1/Rionic (X) [4]
or with our assumption
1/R(x) = 1/Re(x) 4+ 1/R(x =0) [5]1

The deduced variations of the electronic resistance as
functions of temperature are shown in Fig. 4. A simi-
lar trend toward lower activation energies as the de-
parture from stoichiometry increases has been observed
by Casselton (15). Figure 5 shows the variations of the
ionic transport number t;(x) calculated from the data
in Fig. 3 using the equation

ti=1— R(x)/Re(x) [6]
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Fig. 4. Arrhenius plot of the electronic resistance of the sample
for various deviations from stoichiometry x.
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Fig. 5. Variation of the ionic transport number as a function of
deviation from stoichiometry.

Direct Determination of t; (x,T) Relationship

This determination is based on a measurement of the
rate that oxygen is driven off the reduced sample dur-
ing its electrolysis.

When a solid oxide electrolyte is a pure anionic con-
ductor, the quantity of oxygen carried by the ions and
the relevant oxygen flow, J, released at the anode of
the cell obeys Faraday’s law

J = I/4F [7]

where I is the current. This has been accurately
checked with oxygen pumps (8).

The results reported above, on electrolysis experi-
ments, also obeyed Faraday’s law under appropriate
conditions. This is consistent with the observations (16-
18) that, during a certain lapse of time, no electro-
chemical coloration occurs on the anodic side. The ionic
transport number remains locally equal to 1 (the small
electronic transport number induced by the presence
of 1% ceria in the zirconia solid solution is neglected).
An example of the oxygen flow released from the sam-
ple, at a constant current, is given in Fig. 6 (x = 0).
In a certain interval, the plot exhibits a plateau, the
ordinate of which obeys formula [6]. After longer times
the reduced zone had reached the anode, the local value
of the ionic transference number markedly decreased

PO, (10 3tm.)

T=1186K

o
T
e

2& x=0 i
x=0.0037
x=0.0094
1 1
(o] 10 20 t  (mn)

Fig. 6. Oxygen flow released from the sample during the electroly-
sis, for various initial deviations from stoichiometry.
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Table I. Comparison of the ionic transport numbers deduced from
Eq. [6] and [8] as functions of the deviation from stoichiometry x
of the sample at 1186°K

z t1 (resistance) ti1 (electrolysis)
0.0048 0.71 0.71
0.0094 0.44 0.42
0.014 0.16 0.13

and consequently so did the oxygen flow. This behavior
also explains the shape of Fig. 2.

A simplistic approach to the general problem for
a mixed conductor would allow us to conclude that
the rate of oxygen evolution from the anode is given by

J=Jwm -t [8]

where t; is the jonic transport number in the close vi-
cinity of the anode and J, the theoretical value corre-
sponding to Faraday’s law.

In order to see whether Eq. [8] was indeed obeyed,
we carried out the following experiment. After the re-
duction of the sample to a certain degree (curve x = 0
in Fig. 6), the sample was maintained for a while in
pure argon under open-circuit condition to let it
homogenize. Then a new electrolysis experiment was
performed, according to the same procedure, on this
prereduced sample. Instead of a plateau, the oxygen
flow vs. time plot exhibited a simple maximum located
at lower oxygen pressure (Fig. 6). From the value of
this maximum, which was assumed to represent the
initial rate of oxygen evolution, we calculated an
ionic transport number t; (electrolysis) according to
formula [8].

To verify the validity of Eq. [8], we compared such
values of the ionic transport number to the values de-
duced from the resistance measurements reported
above: t; (resistance). Three results obtained for vari-
ous degrees of prereduction are reported in Table I;
there is good agreement. This suggests that the mate-
rial was homogeneous up to the electrode surfaces be-
fore the electrolysis voltage was applied and the evo-
lution of oxygen obeyed formula [8].

If this result is confirmed by further experimental
results obtained under more appropriately defined con-
ditions, such measurements could lead to a convenient
estimation of ionic transport numbers. It would be
especially appropriate for average ionic transport num-
bers for which the traditional emf method is frequently
questionable (17, 19). It would also have the advantage
of complementing the first type of measurement as the
emf method complements conventional conductivity
measurements.

It is emphasized that both types of measurement
proposed can be performed however reducing the sys-
tem may be. That is a great advantage over the gas-
equilibration technique which is limited on the low
oxygen pressure side, and over the use of metal-oxide
electrodes which requires tedious manipulations. An
obvious deficiency, however, is the lack of information
they can provide about equilibrium oxygen pressures.

Manuscript submitted Nov. 1, 1977; revised manu-
script received Jan. 3, 1978. This was Paper 78 pre-
sented, in part, at the Washington, D.C. Meeting of the
Society, May 2-7, 1976.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
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Electronic Conductivity in Solid CaF. at High Temperature

J. Delcet, R. J. Heus, and J. J. Egan
Brookhaven National Laboratory, Upton, New York 11973

ABSTRACT
Polarization measurements have been made on CaF; using cells of the type
Ca-Pb(l) | CaFz(s) | Fe(s) (¢9)
Tca = 0.9
and
Fe(s) | CaFa(s) | Ca-Bi(l) 1)
XCa = 0.2

Steady-state values of the currents at various applied voltages yielded the
electronic conductivity in CaF,; as a function of calcium activity. Results
are presented between 800° and 950°C. The experimental arrangement is de-
scribed and appropriate equations are presented. Values of the transference
number of ions are given as a function of temperature and the activity of Ca

in CaFs.

Calcium fluoride has proven to be a useful solid
electrolyte for high temperature emf studies (1-20).
A review has been given by Tretyakov and Kaul (21).
It remains an ionic conductor under very reducing
conditions and is useful for measurements with electro-
positive metals such as U, Th, and Mg in contrast
to solid oxide electrolytes.

The problem of electronic conduction in CaF, has
previously been studied by Wagner (22) and by
Hinze and Patterson (23). Using the measurements
of Mollwo (24) on the number of color centers in
CaF, and their mobility, Wagner has calculated the
transference number of electrons as a function of
calcium activity. Hinze and Patterson have measured
the total electrical conductivity as a function of the
partial pressure of fluorine. They have concluded that
CaF, exhibits negligible electronic conductivity even
when equilibrated with Ca metal. Baukal (25) has
measured the electronic conduction in CaF, doped with
NaF at temperatures between 490° and 550°C.

In this study the electronic conductivity of pure CaF,
is measured directly using a polarization technique
developed by Wagner (26, 27). This technique has
previously been used to study copper halides (28-32),
silver halides (33-36), thallium bromide (37), doped
oxides of zirconium, thorium, and hafnium (38-41),
and lead fluoride (42).

General Approach

The general ideas and detailed equations for the
polarization technique to measure electronic conduc-
tivity in ionic crystals are discussed in detail in Ref.
(27). Cells are employed having a reversible refer-
ence electrode and an inert electrode. Ionic conduc-

* Electrochemical Society Active Member.

Key words: electrical conductivity, transport properties, solid
electrolyte, electrolyte, mass transport,

tivity is suppressed by operating at potentials below
the onset of ionic currents.
To study CaFs the following cell was employed

Ca-Pb(l) |CaF3(s) |[Fe(s) (I
xca = 0.90

where the reference electrode is the Ca-Pb alloy. The
current at various applied voltages, where the Ca-Pb
alloy is negative, is given by the expression

BET Y
+ on’ [exp(%)—l]} [1]

Here G is the cell constant (thickness of CaF; crystal
divided by the area of the electrodes), ¢, and oy
are the electron and electron hole conductivities of
CaF; equilibrated with the reference electrode and E
is the potential applied to Cell (I). A Ca-Pb alloy
was used instead of pure Ca metal for experimental
reasons. Ca-Pb (xca = 0.90) is liquid at 800° and
could be contained in iron cups which fit closely onto
the CaF, crystals. Electrodes of solid Ca formed a
conducting film on the CaF, surface and interfered
with the measurements. The activity of Ca in the
Ca-Pb alloy was calculated from the heat of fusion
of Ca and the Ca-Pb diagram.

If the electron hole conductivity is very small
under highly reducing conditions and the voltage
applied to Cell (I) is small compared to the potential
at which FeF; forms, Eq. [1] reduces to

Eifew(-2)]
b= FG% — exp ~RT [2]
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Results of current-potential curves on Cell (I) yield
the value of ¢.". To obtain the electronic conductivity
at other activities of Ca one may use the equation
,( @ca \*%
G0 = ¢ - [3] TANTALUM WIRE
Qca
Polarization experiments on cells of type (II) where
the inert iron electrode is made negative also yield
electronic conductivity
Fe(s)|CaF;(s)|Ca-Bi(l) (I1) MOLYBDENUM
Xca = 0.25 IRON CUP PLATE
TANTALUM ROD———
Under reducing conditions, the steady-state current t‘oglzlﬁ GG Aé' L&Y
of Cell (II) at various applied voltages is given by OCRZYSTALL
. RT [ ( EF) 1] (4] IRON ROD
1= ge | €XP |\ —+ ) — MOLYBDENUM
FG RT
sTanLEss PHATE L

where o¢” is the electronic conductivity of CaF,; whose
Ca activity is the same as that for Ca-Bi(xca = 0.25).
The activity of Ca in the Ca-Bi alloy is obtained
from emf measurements on the auxiliary cell

Ca-Pb(1) |CaFs(s)|Ca-Bi(l) (11I)
Xca = 0.90 Xca = 0.25
The emf of Cell (III) is given by the expression (43)
1 1Hea'
W tionduca [5]
where
tion = Tion - Cion [6]

1,
e + Gion 7e%ca’ + oion

Here oc° is the electronic conductivity of CaF, with
aca = 1. Equation [5] may then be expressed as

RT aca’ Tion
E=—— ., daca [7]
2F v ac Gca(0e®Aca’ + oion)
RT aca’ RT 5 i
Bl e et S T gy
2F Qca F e + Cion
where
aca’ \*%
o =ae"( d ) 9]
Qca

This equation can be solved for ac,” or the activity
of Ca in the Ca-Bi alloy if one determines ¢.” from
steady-state measurements on Cell (II), knowing the
activity ac,’ from the phase diagram. The activity
acy” is given by the expression

aca"% = [10]
Cion

where
R ’ RT ”
n=E— Wlnac;, —Wln (oion + 0¢”)  [11]
Polarization cells of type (II) were found very useful

for the measurements above 800°C. After determining
acy” the electronic conductivity may be calculated

STEEL PLATE_’Q,

=

Fig. 1. Experimental arrangement for polarization cells

Experimental Details

The experimental setup for both Cell (I) and (II)
is shown in Fig. 1. The iron cup is filled with either
a Ca-Pb alloy or a Ca-Bi alloy. The open end of
the cup is machined to a sharp edge so that it digs
into the CaF; single crystal under pressure. CaF.
softens somewhat around 600°C. The pressure arises
from the cell arrangement, since the iron rod and
cup expand more than the holder made of tantalum
rods. The CaF, crystals were generally between 0.1
and 0.2 cm thick. The diameter of the inert iron
electrode is 1.0 cm for Cell (I) and 1.6 cm for Cell (II).
In order to minimize the edge effect caused by the
CaF,; diameter being larger than the iron electrode
diameter, the ratio of the crystal thickness to the
electrode area was kept small in accordance with
Barrer, Barrie, and Rogers (44). Cell (III) used
essentially the same arrangement as shown in Fig. 1
except that two iron cups were used and the cell
operated in a horizontal position. The entire cell
arrangement was contained in a vacuum-tight Vycor
tube filled with purified argon.

Results and Discussion

Steady-state currents obtained at various applied
voltages for Cell (I) operated at 800°C are shown in
Table 1. Steady values were obtained only after several
days of cell operation at a given voltage. Values of
o’ were calculated from Eq. [2] and values of s.° from
Eq. [3] with aca = 1. Only currents measured on the
plateau of the current voltage curve yielded con-
sistent values of tion.

Attempts to operate Cell (I) at voltages lower than
0.300V proved unsuccessful. It is believed that the

Table 1. Results from cells of type (1)

E i (ua) G e’ e tion® aca’

at any activity by use of the equation 1000 250 0302 817 x 10+ 8.6 x 10~  0.635 090
242 0.302 7.94 x 10-¢ 8.4 x 10-¢ 0.641 0.90

a Y 0.300 183 0302
” Ca [12 1.000 344 3.222 8.27 x 10~ 8.7 x 10-¢ 0.633 0.90
Te = 0¢ = ] 0500 330 0222  7.95x 104 84 x 10~ 064l 090

Qca 0.300 283 0.222

Table I1. Results from experiments on cells of type (11) and (lll)

T'C Em (volts) Clon aca” Ge® aca
800 0.7436 1.5 x 10-3 1.72 x 10-7 3.89 x 10-8 8.72 x 10-¢ 0.632
825 0.7391 2.45 x 10 3.55 x 10-7 5.95 x 10-® 1.46 x 10-3 0.627
850 0.7345 40 x 10-3 7.1 x 10~ 9.47 x 10-5 2.31 x 10-3 0.634
875 0.7300 6.1 x 10-3 1.36 x 10-¢ 1.42 x 10-7 3.61 x 10-3 0.628
900 0.7256 9.3 x 10-3 2.5 x 10 2.16 x 10-7 5.38 x 102 0.634
950 (0.7164) 2.1 x 10-2 8.4 x 10-¢ 4.59 x 10-7 1.24 x 10-2 0.629
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greater solubili_ty of Ca in the crystal at lower voltages
caulsefd a %enslty change in CaF, which breaks the
seal formed between the cup holding the allo

the CaF; crystal. & e

TTTIETTTT TN 3 T TTT
L Fe/CaF,(s)/Ca-Bi(4) 950 °C =
- Xgy=0.25 %00°c
-4.0 —
B 850 °c
O — :
fe [ _
e -50F N
-6.0 ]
:L I T T Y A O A
0 04 0.8 1.2 1.6 2.0
EF
log[exp ( ﬁ)_ 1
Fig. 2. Results of polarization measurements on Cell (I1)
t(°C)
10-! 960 900 850 800
T T T T
1072 |— —
— Tion .
b B o 7
| Oe -
10-3 = —
1074 | IR Y [ Sy O O |
8.0 85 9.0
1/T=10% (k™)

Fig. 3. lonic and electronic (eca, = 1) conductivity of CaF, at
various temperatures.
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Fig. 4. The transference number of ions in CaFy at various Ca
activities.

Results from Cells (II) and (III) are shown in
Table II at temperatures between 800° and 950°C.
Steady-state currents from Cell (II) are shown graph-
ically in Fig. 2. One expects a slope of one for this
plot and experiments showed this to be true. Cell (III)
was operated between 800° and 900°C, the value of
950°C being an extrapolation.

Values of tj,n® were calculated in all cases with
Eq. [6], using the results of Ure (45) for the ionic
conductivity of CaFe. The values of the electronic
and ionic conductivity in CaF; are plotted in Fig. 3, the
electronic conductivity being for CaF, equilibrated
with Ca metal. Figure 4 shows the transference num-
ber of ions in CaF; at various activities of Ca.
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Some Studies on a Solid-State Sulfur Probe for
Coal Gasification Systems

K. T. Jacob!
Department of Mechanical Engineering, University of California, Berkeley, California 94720

and D. Bhogeswara Rao? and Howard G. Nelson
Ames Research Center, NASA, Moffett Field, California 94035

ABSTRACT
Measurements on the solid electrolyte cell
(Ar 4+ Hs 4+ H2S/CaS + CaF, + (Pt)//CaFs//(Pt)

+ CaF; 4 CaS/HsS 4+ H; + Ar)

show that the emf of the cell is directly related through the Nernst equation
to the difference in sulfur potentials established at the two Ar 4+ H, + H.S/
electrode interfaces. The electrodes are designed to convert the sulfur po-
tential gradient across the calcium fluoride electrolyte into an equivalent
fluorine potential gradient with the aid of the reaction, CaFz(s) + % S:(g)
- CaS(s) + Fa(g). The response time of the probe varies from approxi-
mately 9 hr at 990°K to 2.5 hr at 1225°K. The conversion of calcium sulfide
and/or calcium fluoride into calcium oxide should not be a problem in
anticipated commercial coal gasification systems. Suggestions are presented

for improving the cell for such commercial applications.

The ability to continuously monitor the sulfur poten-
tial in coal gasification reactors is of crucial importance
for efficient gasifier operation and for accurate life pre-
diction of corroding construction materials, From an
engineering point of view, in situ solid-state sensors
that directly measure the sulfur potential are prefer-
able to devices that employ liquid electrolytes or in-
volve sampling of gases for low temperature analytical
procedures. Despite the concerted efforts of many lab-
oratories during the last decade to find suitable sulfide
electrolytes, analogous to CaO-ZrO, or Y303-ThO; for
oxygen potential measurements, no acceptable mate-
rial has been identified in which the ionic transport
number is higher than 0.99 over a large range of sulfur
potentials and temperatures.

1 Permanent address: Department of Metallurgy and Materials
Science, University of Toronto, Canada, M5S 1

2 Also from: Materials and Molecular Research Division, Law-
rence Berkeley Laboratory, Berkeley, California £4720.

Key words: sulfur probe, calcium fluoride sensor for sulfur,
galvamc cell, solid electrolyte cell, coal gasification-sulfur control.

The prospect of designing a suitable sulfide electro-
lyte does not appear promising in the near future be-
cause the bandgaps in the sulfides are generally nar-
rower than in the corresponding oxides (1). An alter-
nate approach may be to use calcium fluoride (CaF3)
as the electrolyte in a solid-state cell, in which the
electrodes are designed to convert the sulfur potential
in the gas into an equivalent fluorine potential.

Calcium fluoride has been found to be a suitable elec-
trolyte at high temperatures and over a large range of
fluorine potentials (2-7). Colorless, pure CaF; contains
virtually equal concentrations of interstitial anions
and anion vacancies. The fluoride ions are the mobile
species, and they migrate as interstitials and vacancies.
At very low fluorine potentials or in the presence of
calcium vapor, an excess of calcium dissolves in CaFs
according to the reaction

Ca(g) + 2Fpx > CaF; + 2epx [1]

where Frx is a fluoride ion on a regular anion site,
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and erx is an electron substituted for an anion, pro-
ducing a color (F) center. Wagner (8) has given an
analysis of the onset of electronic conduction in CaF,
due to the dissolution of calcium metal. Patterson (9)
has also discussed the electrolytic conduction domain
for CaF; at high temperatures. Because of the extreme
electronegativity difference between Ca2+ and F- jons
and the correspondingly large forbidden bandgap for
CaF', positive hole conduction will not be significant
until the fluorine pressure is increased to several atmo-
spheres. The open-circuit emf (E) across the electro-
lyte is a direct measure of the chemical potential differ-
ence, provided the fluorine pressures at the electrodes
and the temperatures of operation lie within the elec-
trolytic conduction domain (that is, the transport num-
ber of electrons or holes is less than 0.01).

An advantage of the solid electrolyte sensors is that
the output is an electric potential that can readily be
used to actuate a control circuit. It was, therefore, de-
cided to study the efficiency of the solid electrolyte
cell

Ar + Hj + HyS/CaS+ CaF; + (Pt)//CaF2//(Pt)
+ CaFz + CaS/HyS + Hp + Ar  [2]

as a part of our program on the development of a sulfur
probe. The experimental results, the limitations of this
technique to coal gasification systems, as well as antici-
pated improvements are presented in this paper.

Experimental

Materials.—High purity Ar + Hs + H,S gas mixtures
and their analyses were obtained from Matheson. A
slight decrease in the HyS concentration of the gases
was observed over extended periods of storage, pre-
sumably due to the reaction of HyS with the storage
tank. Correction factors for gas ratios were obtained
by periodically observing the ion intensity ratios of
H,S to H; in a mass spectrometer. For the electrolyte,
optical grade single crystals of CaF,, in the form of
disks of 1.5 cm in diameter and 0.2 cm thick, were ob-
tained from Harshaw Chemical Company. Ultra pure
anhydrous CaF, (99.999%)3 and CaS (99.99%) pow-
ders were supplied by Apache Chemical Company and
Ventron Corporation. Fine platinum powder and
porous platinum sheet with porosity of 29% were ob-
tained from Johnson-Matthey Company. The electrode
pellets were made by double end comgression of an
intimate mixture of —200 mesh size powders of CaFy,
Cas$, and Pt in the molar ratio 1.5 : 1 : 0.2. The pellets
were sintered in evacuated silica capsules at 1225°K
for 12 hr,

Apparatus.—A schematic diagram of the apparatus
is shown in Fig. 1. A disk of CaF; electrolyte was spring
loaded against an alumina tube with a gold O-ring
between them to obtain a gastight joint. The alumina
tube was held firmly in a water-cooled brass head, to
which the springs were attached. Since gold softens
at the high temperatures used in these experiments,
low tension springs were sufficient to produce a gas-
tight joint. Thus, the ceramic components of the as-
sembly were not subjected to high applied stresses.
Electrode pellets containing CaF, + CaS + Pt were
spring loaded on either side of the electrolyte, with a
thin porous platinum sheet sandwiched between the
pellet and the electrolyte. Platinum leads, flame
sprayed with alumina, were spot-welded to the porous
platinum sheets. At the low sulfur potentials used in
the experiments, no chemical attack on the platinum
was observed in the hot zone of the furnace. At the
cooler end, however, there was some evidence of re-
action between platinum and H;S gas. Therefore, in
this region, the platinum leads were protected by an
alumina sheath closed on both ends by alumina cement.

3 CaF: contained the following elements in parts per million
le\:fls: 12.5 Pb, 0.5 Ni, 0.5 Cd, 0.5 Mn, 500 Sr, 100 Ba, 5 Li, 10 Sn,
ant .
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Fig. 1. Schematic diagram of the apparatus used for testing the
CaF; electrolyte-based sulfur probe.

The cell was designed to provide two separate gas-
tight compartments around the two electrode pellets.
Separate gas streams with differing sulfur potentials
were passed through these compartments. The test gas
was admitted to the system at the lower end of the
reaction tube and flowed past the outer electrode pellet
at a rate of 250 ml min—1. The reference gas was passed
around the inner electrode at a flow rate of 100 ml
min—1, The two gas streams were isolated in the reac-
tion tube and escaped through different ports in the
brass head. The escaping gases were bubbled through
two 25 cm high columns of NaOH solution to remove
H,S and HF. The exit gases were further scrubbed be-
fore being pumped through the fume exhaust system.

The entire cell assembly, attached to the brass head,
was lowered into a vertical alumina reaction tube. The
cell was electrically shielded by connecting a platinum
foil, wrapped around the reaction tube, to ground.
The reaction tube was heated by a Kanthal resistance
furnace. Temperatures of the furnace and of the cell
were measured by two separate Pt-Pt (13% Rh) ther-
mocouples. The furnace temperature was controlled to
+1°K by use of a stepless current-compensating con-
troller.

Procedure—The test cell was assembled as shown
in Fig. 1, and the reaction tube was evacuated by a me-
chanical pump to a pressure of 0.5 Nm~2 and then
backfilled with purified argon. The argon purification
train consisted of magnesium perchlorate (to absorb
the residual moisture) and copper turnings at 700°K
and titanium turnings at 1100°K (to remove residual
oxygen). The cell was heated to 500°K, evacuated, and
refilled with argon. The temperature of the cell was
then raised to 1225°K. The reference gas was intro-
duced into the inner gas compartment of the cell,
while argon flow was maintained through the outer re-
action tube. Gastightness of the O-ring seal was
checked by analyzing the argon stream exiting from
the reaction tube for traces of HpS. After ensuring that
the test cell was leaktight and the two gas streams
were isolated, the test gas was introduced into the
reaction tube. Cell voltage was monitored using a
Keithley digital voltmeter with an internal impedance
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of 10120. After the start of the experiment, approxi-
mately 5 hr were required to obtain a steady emf.

Two procedures were followed during the investiga-
tions: (i) During isothermal runs, cell temperature
was kept constant at 1073° or 1173°K and the steady,
reversible emf corresponding to different test gases
was measured, and (ii) for two selected test gases,
the temperature dependence of the steady, reversible
emf was measured.

Results

Response time.—Composition of the test gases and
the reference gas and the emf obtained at 1073° and
1173°K are shown in Table I. Generally, the response
time of the cell at 1225°K, after a small change in
temperature or gas composition, was 2.5 hr, while at
a lower temperature of 990°K the response time was
approximately 9 hr. The cell emf was insensitive to
moderate increase in the flow rate of the test gas
and/or the reference gas. However, when the flow rate
of one of the streams was increased by factors greater
than two, while keeping the flow rate of the other
stream constant, significant changes in the emf were
noted: about 20 mV during the transient period and
about 15 mV during the steady-state period. The
changes were, however, not always reproducible. When
the flow rates of both streams were changed simultane-
ously by the same amount, the cell emf remained vir-
tually constant. It is likely that a substantial increase
in the flow of gas through one stream may have re-
sulted in differential cooling, thus creating a thermal
gradient across the electrolyte. Changes in emf result-
ing from the presence of a steady-state thermal gradi-
ent are quantitatively related to the partial entropy of
fluorine in the gas phase, as discussed by Fitzner, Jacob,
and Alcock (10).

Reversibility of the emf was checked by passing
small currents (5 pA) through the cell in either direc-
tion for 2 min. It was found that the emf returned to
the steady value before the titration in approximately
30 min. After several days of use, the electrode pellets
became fragile and fractured easily.

Calculation of sulfur potentials.—Experimental emf’s
obtained at 1073° and 1173°K for different test gases are
compared in Fig. 2 with known values calculated from
the difference in sulfur potential between the test gas
and the reference gas, The emf developed across a
CaFs, electrolyte can be related through the Nernst
equation to the partial pressure of fluorine (fluorine
potential) across the electrolyte, provided the ionic
transport number is close to unity

Appo® — AursT _ RT pro®

=—In—— [31
nF nF  prT

where E is the emf, Aur,®R and Aur,T are the fluorine
potential at the reference and the test electrodes, F is
the Faraday constant, n is the number of electrons
(= 2) involved in the transfer of one molecule of Fy
gas between the two electrodes, R is the gas constant,
T is the absolute temperature, and pr, is the fluorine
partial pressure. The gas phase containing Ar + Hp +
HsS establishes a partial pressure of sulfur (sulfur po-
tential) over the electrode, depending on the ratio of
H, to HS, by virtue of the reaction

Table I. Composition of the test gas mixtures and the corresponding

cell emf’s
Test gas Composition (vol. %) EMF (mV)
Number H: HsS Ar 1073°K 1173°K
1 40.6 8.3 51.1 —-32 —34
2 50.4 2.05 47.55 43 47
3 54.0 0.79 45.21 87 96
4 55.1 0.18 44.72 160 174
5* 25.2 2.52 72.28 = —

* RBeference gas.
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Fig. 2. Variations of the emf with HyS/H ratio of the test gas at
1073° and 1173°K; — theoretical values Eq. [9].

Hz(g) + % S2(g) > H2S(g) [4]
Y Ausy = RT In psy,2 = AG°4 + RT In (puas/Pu,)
[5]

where AG°4 is the standard Gibbs’ free energy change
for reaction [4] (11). The sulfur potential established
by the gas phase, when in contact with the electrode
pellet consisting of CaS and CaF;, fixes a fluorine po-
tential through the reaction

CaF2(s) + % Sa2(g) - CaS(s) + Fa(g) [6]
Appy = Yo Apsy — AG®g [7]

where AG°g is the standard Gibbs’ free energy change
for reaction [6]. The platinum in the electrode pellet
acts as a catalyst for the reaction. Since there is neither
a ternary compound nor significant solid solubility in
the CaF;-CasS system, the condensed phases in the elec-
trode pellets are present at unit activity. Combining
Eq. [3] and [7], an expression is obtained relating the
emf to the difference in the sulfur potential between
the electrodes

ApsgR — Aug,T _ RT 1 DsoR

E = = n
2nF 2nF DsaT

(8]

Equation [8] may also be expressed in terms of the
ratio of HyS to H; in the gas phase over the two elec-

trodes
R
E :ﬁln (PHos/DPH3) (9]
nF (PHos/DPus) T
The measured emf’s as shown in Fig. 2, do not deviate
by more than 2.5 mV from that calculated using Eq.
[9]. Deviations from theoretical values have the same
sign at different temperatures for each test gas. Thus,
it is likely that these deviations arise from small errors
in gas analysis.
The variation of the emf of the cell with temperature
and with two test gases (3 and 4 in Table I) is shown
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Fig. 3. The temperature dependence of the reversible emf with
test gases 3 and 4 passing through the cell; — theoretical values
Eq. [10].

in Fig. 3. Again, measured temperature dependence is
in agreement with the theoretical value given by the
derivative of Eq. [9] with respect to temperature

dE R ( R
- In DHas/DHz) [10]
ar nF (PHos/PHR) T
Discussion

The activity of calcium at the electrodes, during the
present investigation, can be evaluated by considering
the reaction

CaS(s) + Ha(g) » H2S(g) + Ca(s) [11]
The activity of calcium, ac,, is given by
aca = (sz/p}{gs) exp (— AG°11/RT) [12]

where AG°y; is the standard Gibbs’ free energy change
for reaction [11] (11). It can readily be shown from
known thermodynamic data that the activity of cal-
cium varies from 9.5 x 10719 to 6.0 X 10—17 at 1113°K
over the range of test gas composition (gases 1 and 4,
respectively, Table I). Wagner (8) has suggested that
the electronic transport number of CaF; is 10-2 when
the activity of calcium is 6 x 10-6 at 1113°K. It is ap-
parent, therefore, that the electronic transport number
is much less than 10—2 and contributes very little to
the results of the present study.

The exact factors affecting the slow response time of
galvanic cells based on a CaF, electrolyte have not yet
been determined. The length of the electrolyte may
influence the response time. In the present investiga-
tion the dimensions of the electrolyte were unaltered
and a further study is necessary to relate the response
time with electrolyte length. The more imgortant are
that the kinetics of the electrode reaction [6] may be
rate controlling, or the transport of ions in CaF, may
be slow, such that the composition gradient across the
electrolyte cannot readjust rapidly after a perturbation
in the chemical potential at the electrode. Additionally,
since the fluorine potentials are low (pr, ~ 10~2¢ to
10-28 Nm~—2), gas phase polarization at the electro-
lyte-electrode interface may be the rate-limiting step.
This latter possibility seems rather improbable, how-
ever, because sufficient concentration of HF gas should
be created by the reaction of HzS with CaF, to trans-
port the fluorine potential to the electrolyte surface.

Electrical current techniques, such as voltage record-
ing after a galvanostatic pulse or impedance measure-
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ment at low frequencies, can be used to determine
whether the kinetics of the electrode reaction is re-
sponsible for the slow response of the cell (13). Heyne
and Engelson (14) have recently suggested that for
oxygen probes containing calcia-stabilized zirconia as
the electrolyte, the uptake or release of oxygen by the
electrolyte, when the partial pressure of oxygen in the
ambient atmosphere is altered, is the main reason for
the sluggishness in response and variation with time
of the emf developed. If a similar mechanism is valid
for CaFy, a reduction in the thickness of the electrolyte
or doping, to increase the effective diffusion coefficient,
may accelerate the response of the probe to changes in
sulfur potential. Another alternative is to use g-alu-
mina as the electrolyte (15). g-alumina has much
higher conductivity than CaF, especially at lower tem-
peratures. Further, the electrodes would be redesigned
to convert the sulfur potential gradient into an equiv-
alent sodium potential gradient.

Although systematic studies on the catalytic behav-
ior of platinum or other materials have not been under-
taken, it was found in preliminary experiments that
approximately 0.2 moles of platinum per mole of CaS
is the optimum amount of catalyst in the electrode
pellets. To use the cell for sulfur potentials higher than
those studied in this investigation, a more suitable cat-
alyst than platinum is needed. Platinum readily forms
sulfides at higher sulfur potentials (12). Transition
metal sulfides that do not react with CaS and in which
cations exist in multivalent states may prove to be
good catalysts.

Typical compositions of the raw gases in some coal
gasification processes are shown in Table II. It can
readily be shown that under the conditions of coal
gasification, the conversion of CaS to CaO, according to
the scheme

CaS(s) + H2O(g) - CaO(s) + HzS(g) [13]

is not thermodynamically favorable, However, the re-
action of HyS(g) with CaFy

CaFs(s) 4+ HpS(g) - CaS(s) + 2HF(g) [14]

will result in a partial pressure of HF in the immedi-
ate neighborhood of the electrode that can vary from
2.8 X 102 to 80 Nm~—2, Since all the gas passing through
the probe is not saturated in HF, the average HF con-
centration in the exit gas is estimated to be approxi-
mately 200 ppm and, therefore, must be scrubbed for
the removal of HF. Additionally, for commercial ap-
plication, the probe must be designed in such a way as
to prevent particulate material in the gas from de-
positing on the electrodes of the sensor.

Conclusion

The theory, design, and operation of a solid-state sul-
fur probe based on CaF; electrolyte has been demon-
strated. The cell responds to changes in sulfur potential
in a manner predicted by the Nernst equation. Further
research is needed to determine the main reason for
the slow response of the cell. The rate-limiting steps
may be either the kinetics of electrode reactions or the

Table Il. Composition of raw gases in various coal gasification
processes (16)

Battelle- Bureau
Union Carbide of Mines IGT

agglomerate BCR-Bi-gas synthane Hygas

ash process process process process
Ha 48.8 15 19 19
H:0 14 52 36 20
Cco 26 12 9 17
CO: 5 13 21 16
HaS 0.3 0.53 11 0.78
N2 0.5 — —_ —_
NHs 0.002 0.25 0.6 0.4
CH4 6 7 12 13

Compositions are given in volume percent.
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rate of transport through the electrolyte. If the reac-
tion kinetics is rate controlling, suitable catalysts may
be developed to overcome the problem. If the slow
transport of ions in the electrolyte is the reason for
the sluggish response, a cell based on g-alumina elec-
trolyte may be more suitable,
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Reduction of Excess Phosphorus and Elimination

of Defects in Phosphorus Emitter Diffusions

B. L. Morris and L. E. Katz*

Bell Laboratories, Allentown, Pennsylvania 18103

ABSTRACT

The successful production of LSI bipolar circuits requires that a high
level of transistor junction yield be maintained. One of the chief causes of
junction degradation is the defects induced by the high concentration of
phosphorus normally used in the emitter diffusion of bipolar transistors. This
diffusion results in a total phosphorus concentration that is greater than the
electrically active phosphorus; precipitates and other defects result from
this excess phosphorus. These defects can cause crystal damage which in turn
can degrade junction integrity, and in the worst case lead to emitter-
collector shorts. The purpose of this work was to find processing parameters
which may be used to minimize the excess phosphorus in an emitter diffusion.
We have studied the effect of bubble rate, the amount of preheat time, thick-
ness of preformed barrier oxide, percent oxygen in the gas stream, and
percent time that the bubbler is on for a 1000°C phosphorus diffusion using
PBr;. The diffusions were characterized by sheet resistance, junction depth,
total surface concentration (as measured by an electron microprobe), and
Sirtl etching. It is shown that the proper choice of diffusion processing pa-
rameters minimizes the excess phosphorus, eliminates etching defects, im-
proves transistor junction yield, and results in only a small increase in final
sheet resistance. 'L'his occurs when the total phosphorus concentration, aver-
aged over 0.34 ym from the surface, is kept below 4.0 to 4.5 X 1020 cm =3,

The most common n-type dopant used in silicon
integrated circuit (SIC) processing is phosphorus, and
the two most widely used phosphorus diffusion sources
are POCl3 and PBr;. A considerable amount of work
exists (1-4) on the relationship between the electrical
properties of these diffusions and the process param-
eters. It is well known that for high concentrations
of phosphorus (Catomic = 102°/cm3) the amount of
electrically active phosphorus is less than the total
amount introduced during diffusion (5). The explana-
tion given in the literature for this difference is that
the excess phosphorus forms precipitates which are not

* Electrochemical Society Active Member.

Key words: phosphorus diffusion, defects in silicon, bipolar tran-
sistors.

electrically active (6-9). Although a large amount of
work has been done on the relationship between the
electrical properties of phosphorus diffusions and proc-
essing parameters, very little work has been reported
on how to minimize this excess phosphorus (8).

The work presented here was undertaken to deter-
mine the processing parameters which would result
in a minimum amount of excess phosphorus for the
typical emitter diffusions used in bipolar digital SIC’s.
This is important since the excess phosphorus can
cause crystal damage resulting in the creation of re-
combination-generation centers (9-11) in the region
of the emitter-base junction, and/or emitter collector
shorts. At the same time, the electrically active con-
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centration should be as high as possible since in many
cases the emitter diffusion is used as a diffused cross-
under and a sheet resistance as low as possible is de-
sired to minimize parasitic voltage drops. For circuits
operated at low current levels such as injection logic
and low power transistor-transistor logic, an increase
in the sheet resistance of approximately 50% or less
should not have any effect on the noise immunity of
the circuits.

All of the work described in this paper was done
on 3 in. diam slices using standard bipolar processing.
The goal was to determine processing which can reduce
the electrically inactive phosphorus concentration
without appreciably changing the sheet resistance (i.e.,
the electrically active phosphorus concentration).

Experimental

The diffusion system used for PBr3 predepositions is
shown schematically in Fig. 1. The bubble rate is the
amount of nitrogen that is bubbled through a flask of
liquid PBr3. The oxygen is needed to form a phos-
phorus-doped glass on the silicon surface. It is this
glass which acts as the diffusion source. The main N is
adjusted if bubble rate or O content is changed, so
that the total gas flow is always 8.0 liters/min. This
flow has been found sufficient to assure uniformity and
ciiminate backstreaming.

The processing variables which control the total
amount of phosphorus are: diffusion temperature; total
diffusion time; bubble rate (nitrogen flow: liters/min);
percent oxygen in gas stream; percent time bubbler is
on; temperature of PBr3 source; preheat time (time
elapsed before bubbler is turned on). In a typical bi-
polar process, the desired emitter junction depth is
~1.2 um. Typical total diffusion time and temperature
to achieve this junction depth are 35-40 min at 1000°C.
To first order, all of the other parameters listed above
have a secondary effect on this junction depth, and
hence on the active base width of the transistor. Al-
though it has been shown that higher phosphorus dif-
fusion temperatures can result in a smaller amount of
excess phosphorus than lower temperatures (8), due
to the higher phosphorus solubility at higher tem-
peratures, use of higher temperatures is ruled out due
to the very short, and hence poorly controllable, total
diffusion times.

Two approaches were initially taken io reduce the
electrically inactive phosphorus concentration. The
first of these involved lowering the amount of phos-
phorus in the gas stream by varying the bubble rate,
percent time that the bubbler is on, and percent of
oxygen. The second approach was to grow a thin layer
of thermal oxide on the silicon just prior to the phos-
phorus diffusion. This may be done in a separate oxi-
dation furnace or in situ in the phosphorus diffusion
furnace by using a relatively long preheat time and a
high O level.

All diffusions except those used in junction yield
studies were into p-type bulk wafers with a <111>
orientation and a resistivity in the range of 0.5-1.0 Q-
cm. The diffusions were performed at 1000°C for total
times of 36 or 60 min which correspond to emitter
junction depths of 1.2 and 1.6 um, respectively. The
nitrogen bubble rate was varied from 0.5 to 2.0 liters/
min. The oxygen flow was varied from 0 to 20% of the
total gas flow. Bubbler time was varied from 16 to
92% of the total diffusion time,

A

PBry N2  0p
(MAIN)

N —=

(BUBBLE RATE)

FURNACE TUBE

Fig. 1. Diffusion system used for PBr3 predepositions
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Three lots of 24 n-type epitaxial wafers each (0.5
Q-cm, 5-6 um thick, <111> oriented) were run to ob-
serve the effect of the emitter diffusion on transistor
junction yield, which we define as the percent of
transistors with BVcgo = 5V at 10 ua. The first lot was
split four ways; two different low phosphorus methods,
a “worst case” high phosphorus diffusion, and an in-
termediate phosphorus diffusion which is the standard
currently used in production. The second and third
lots were split two ways; standard diffusion and low
phosphorus diffusion. Twenty large transistors, emitter
area 270 mil2, were measured on each wafer. The tran-
sistor junction yield, the base pinch sheet resistance
(the sheet resistance of the base under the emitter),
and final (i.e. reoxidized) emitter sheet resistance
were also measured.

Results and Discussion

Sirtl etching of wafers following the phosphorus
diffusions was used to reveal dislocation size and
density for the different diffusion conditions. Since de-
fect analysis is performed at high magnification
(200 ), the statistical variation from sample to sam-
ple for these wafers was considerable, hence large
areas from each of the wafers within a particular run
must be examined. Typical defects from such an ex-
amination using Normarski interference contrast mi-
crocopy are shown in Fig. 2 and 3. The diffusion con-
ditions of the various samples will be discussed later.
It is possible to prepare samples with no defects (Fig.
2a), with small defects (Fig. 2b and 2¢), and with large
defects (Fig. 2d and Fig. 3a-3d). These defects, as men-
tioned earlier, are dislocations arrays, Their sizes, as
revealed by etching, range from ~3-5 um for the small
defects to 50-60 um for the large ones. Because of the
range in size and position of these defects, no quanti-
tative estimate of their density has been attempted.
All results are presented in a qualitative and com-
parative manner.

Table I shows the effect of the total phosphorus con-
centration on the defects produced by the emitter dif-
fusion as observed by Sirtl etching. The phosphorus
concentration was varied by varying the percent of
time the bubbler is on, the bubble rate, and the per-
centage of oxygen in the gas flow.

This table indicates that a reduction of the phos-
phorus concentration below 4.0 to 4.5 X 1020/cm3
(averaged over the first 0.34 um) by appropriate choice
of diffusion parameters is sufficient to produce defect-
free emitters,

The second approach used to reduce the phosphorus
induced defects involves growing a thin oxide prior to
the phosphorus diffusion. Table II shows the results
for a separate oxidation, and once again it is found

c) SMALL DEFECT 200X d) LARGE DEFECT 200X

Fig. 2. Defects produced by phosphorus predeposition (1000°C)
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c) 50X d) 50X
Fig. 3. Large def produced by phosphorus predeposition

(1000°C).

that reducing the phosphorus concentration below 4.0
to 4.5 X 1020/cm3 (averaged over 0.34 um) results in
the elimination of phosphorus-induced defects. Table
III shows results for thin, 2 110A, oxides grown in
situ in the phosphorus diffusion furnace in dry O In
this case the number of defects decreases as the oxide
thickness increases, but there is no apparent decrease
in the total phosphorus concentration. This apparent
contradiction of the previous correlations may be
understood by recalling that: (i) the electron micro-
probe measurement gives an average concentration

Table I. Effect of total phosphorus concentration on defects
(Total diffusion time 60 min)

Sheet Total
resistance phos. conc.* Etching results
Rs (/[0) per cm3 (refer to Fig. 2 and 3)
5.6 3.3 x 10% No defects
44 4.5 x 10> Small defects at center, large
defects at edge
4.2 5.4 x 10% Small and large defects at
center, large defects at edge
4.2 6.1 x 10% Small and large defects at
ceuiter, large aefects ut edge
4.0 7.5 x 10% Small and large defects at

ceater, large uefects at edge

* Averaged over 0.34 um depth (electron microprobe results).

May 1978

Table 11. Diffusion through previously formed thin oxide
(Total diffusion time 60 min)

Barrier
oxide Sheet
thick-  resistance Total Etching results
ness (A) Rs (/[ phos. conc.* (refer to Fig. 2 and 3)
0 3.9 5.9 x 10% Large defects throughout
165.0 42 5.4 x 10 Large defects but lower
density than above
290.0 4.6 4.9 x 102 Small defects
450.0 5.4 4.3 x 10» None
700.0 8.3 2.9 x 10® None
1000.0 178 <1 x 10% None

¢ Averaged over 0.34 um.

Table 1. Diffusion through an in situ oxide
(Total diffusion time 60 min)

Oxide Sheet Etching results
formed resistance Total phos. (refer to Fig.
(A Rs (/00) conc.* (cm-3) 2 and 3)
50 4.5 4.8 x 102 Low density of small
defects
66 45 4.4 x 10 Low density of small
defects
110 4.2 4.7 x 10% Very few, small de-
fects

* Averaged over 0.34 um depth.

over ~0.34 um from the surface; and (ii) it is the
maximum phosphorus concentration which occurs at
the surtace that is the cause of the SiP precipitates and
dislocation networks. It appears, therefore, that even a

thin oxide ( 2 110A) over the silicon acts to decrease
the surface phosphorus concentration and “flatten out”
the profile, with very little effect on the total amount
of phosphorus that is diffused into the silicon.

The in situ oxidation method has a number of ad-
vantages over a preformed oxide layer; it eliminates
the need for an additional process step, it eliminates
the possibility of accidental removal of the thin oxide
during a reclean, and it results in a reproducibly thin
oxide (~100A) which decreases the defect density
while resulting in a minimal increase in the sheet
resistance.

The results of combining these two approaches
(lowering the amount of phosphorus in the ambient
and growing an SiO; layer prior to diffusion) are
shown in Table IV. In three “low phos” examples, the
phosphorus glass thickness is not appreciably different
from the “standard” condition for any of these cases.
After the emitter reoxidation, 900°C for 60 min in
steam, the final sheet resistance of low phos III is
slightly greater than standard, while the other two
cases have appreciably larger values. The amount of
oxide grown over the emitter, which is known to de-
pend on the phosphorus concentration, is also shown in
the table.

Table 1V. Some characteristics of “optimum” emitter diffusion

(Total diffusion time 36 min)

Diffusion conditions After predep After reox
Bubble Glass Oxide
Emitter Oxygen rate thick- Rs Total phos Rs Total phos thick-
diffusion (%) (1/min) ness (4) «/ conc.* /0 conc.* ness (A) Etching results
Low phos I 10 0.5 670 114 2.4 x 10% 16.5 1.7 x 10%0 3450 No defects
Low phos II 10 0.75 715 8.8 3.1 x 1% 12.7 2.7 x 10» 3700 No defects
Low phos III 10 1.0 720 7.7 3.4 x 10% 11.0 3.5 x 10= 3860 Some small defects
Standard 3 1.0 600 6.2 4.3 x 10% 9.0 4.6 x 10% 4020 Small defects at cen-

ter, large defects
near edges

* Averaged over 0.34 um depth.
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Table V. Effect of emitter diffusions on transistor junction yield

(Total diffusion time 36 min)

Diffusion conditions

. . Junction yield Base pinch Final emitter Total phos-
Diffusion Bubble rate Oxygen (% BVcEo > sheet res. sheet res. phorus concen-
emitter (1/min) (%) 5¥ at 10 pA) (kQ/0) /o tration* (cm-3)
Lot No. 1
Low phos I 0.5 10 90% 4.1 13 2.9 x 10
Low phos III 1.0 10 83% 5.0 10 4.1 x 10%
Standard 1.0 3 52% 5.3 9.2 4.4 x 10
High phos 2.0 3 52% 5.0 7.0 1.1 x 10
Lot No. 2
Low phos I 0.5 10 69% 5.7 14.0 2.6 x 10
Standard 1.0 3 43% 5.8 9.4 4.6 x 10>
Lot No. 3
Low phos III 1.0 10 83% 3.3 9.8 Not measured
tandard 1.0 3 67% 3.7 85 Not measured

¢ Averaged over 0.3¢ um from surface.

The results of the transistor junction yield experi-
ments previously described are shown in Table V. For
Lot 1 the low phos I results may be too optimistic due
to the wide basewidth of this part of the split lot (as
indicated by the low base pinch sheet resistance).
However the results of low phos III vs. standard
clearly show a real improvement.

Conclusion

To increase transistor junction yield the amount of
excess, electrically inactive, phosphorus in the emitter
diffusion must be kept to a minimum. Two approaches
to this are: (i) minimize the amount of phosphorus in
the gas stream; and (ii) grow a thin layer of thermal
oxide over the silicon prior to the diffusion. These two
approaches have been combined into “optimum” diffu-
sion schedules which produce total phosphorus con-
centrations (averaged over 0.34 um from the surface
as measured by electron microprobe) less than or
equal to approximately 4.0 to 4.5 X 1020 cm—3, As a re-
sult, defect-free surfaces are obtained and transistor
junction yield is significantly increased (up to ~80%)
as compared to higher concentration phosphorus diffu-
sions.

Acknowledgments

The help of David Wonsidler in making the elec-
tron microprobe measurements is gratefully ac-
knowledged.

Manuscript submitted Oct. 3, 1977; revised manu-
script received Dec. 28. 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JourNAL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.

Publication costs of this article were assisted by Bell
Laboratories.

REFERENCES
1. J. C. C. Tsai, Proc. IEEE, 57, 1499 (1969).
2. P. C. Parekh, This Journal, 119, 173 (1972).
3. M. S. R. Heynes and P. G. G. van Loon, ibid., 116,
890 (1969).
4. J. S. Kesperis, ibid., 117, 554 (1970).
5. E. Tannenbaum, Solld State Electron, 2, 123 (1961).
6. R. J. Jaccodine, J. Appl. Phys., 39, 3105 (1968).
7. M. L. Joshi and S. Dash, IBM J., 11, 271 (1967).
8. P. Negrini, D. Nobili, and S. Solmi, This Journal,

122, 1254 (1975).

9. C. Donolato, P. G. Merli, and I. Vecchi, ibid., 124,
473 (1977).

10. F. Barson, M. S. Hess, and M. M. Roy, ibid., 116,
304 (1969).

11. F. Barsen, S. P. Klepner, and D. K. Seto, Paper
144 presented at the Toronto, Canada, Meeting of
the Society, May 11-16, 1975.



Formation and Properties of Thin Tunnelable SiO. Films
Using a Vaporized O. Source at Liquid N. Temperature
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ABSTRACT

A high temperature (700°-1100°C) oxidation process for the formation of
thin tunnelable SiO, (20-70A) is described. This oxidation process uses liquid
O, at liquid N, temperature as a source of oxidant and oxygen is vaporized
just before the furnace tube to supply a water-free oxidant ambient. The
activation energy (20.2 kcal/mole) of oxidation rate differs from that pre-
vious (43.9 kcal/mole) which has been evaluated for thin oxide growth
using the Oy/N, partial pressure method. By the use of this technique we can
control thickness to =0.5A accuracy. The rate of oxidation has been found to
be governed by the inverse-logarithmic growth law, i.e., Mott-Cabrera’s field-
assisted diffusion law. Electrical characteristics, such as dynamic conductance,
capacitance, and tunnel current, are measured and discussed. The increment
of the oxidation temperature is found to result in the decrease of surface-
state density at the Si-SiO; interface. The process described enables the way
for wider application of thin oxide devices.

There has been a good deal of recent interest in thin
oxide nonvolatile memory devices such as metal-
nitride-oxide silicon (MNOS) devices. This is because
of the proposed use of MNOS devices in electrically
alterable read-only memories as well as for various
other applications (1). In these devices, a thin tunnel-
able oxide plays a very important role in governing
several properties of the memory actions, such as
switching speed, retention characteristics, and degra-
dation phenomena. Although there is a considerable
amount of information available about the kinetics
and electrical properties of relatively thick (0.02-1 um)
SiO, layers (2-4), there has been comparatively little
published on thin (<2004) SiO; films (5-7). Most im-
portantly, there is little information on the reproduci-
bility of the formation and quality control of thin tun-
nelable oxides.

This paper presents a study of the growth of thin
tunnelable oxides (20-80A) on {reshly etched Si at
700°-1100°C in dry oxygen. It describes the successful
development of a technique for reproducibly fabricat-
ing thin tunnelable SiO; films (cn Si) and for improv-
ing the Si-SiO; interface properties.

Experimental Procedures

Sample preparation.—Most of the single crystal sili-
con wafers in this study were 8-12 Q-cm p-type with
a chemmechanically polished (100) face. Conductance
measurements were carried out using sample wafers
of 0.002 0-cm pt *-type or 0.009 Q-cm n* *-type (111)
face. The wafers were cleaned by a standard am-
moniacal peroxide process as a preoxidation wafer
treatment after the field oxide was etched off to ex-
pose the gate region. Wafers for studying the rate of
formation of thin tunnelable SiO; films did not have a
field oxide, so only the cleaning sequence was carried
out.

All thickness measurements were made ellipsomet-
rically. The films formed in air during 7-10 min mea-
surement time on freshly etched Si wafers were mea-
sured to be about 6.0A (assuming that the films were
SiO; films). In this study, the refractive indexes of
Nsioy = 1.47 and ng; = 4.08-0.028i were assumed.

The oxidation was carried out in a resistance-heated
3 zone oxidation furnace tube with a specially pre-
pared oxygen source for the desired amount of oxida-
tion time. The oxidation apparatus for formation of
thin tunnelable SiO; is shown in Fig. 1. In this oxida-
tion process, the oxygen source is liquid O, vaporized

Key words: high temperature oxidation, excellent accuracy, in-
verse-logarithmic growth law, surface-state density decrease.
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at the temperature of liquid N, and carried into a
conventional oxidation furnace with purified N, gas.
N, gas does not bubble through liquid O, but simply
passes over liquid O, face. The oxygen vaporization
just before the furnace tube inherently decreases im-
purity content in the oxidant ambient. Oxidation was
carried out at 700°-1100°C.

After oxide growth samples to be used for measure-
ment of the electrical properties were placed in a vac-
uum system. Aluminum was evaporated with a re-
sistive heater and gate electrodes were formed by
photoetching. Contact with the back side of the struc-
ture was accomplished by N+ diffusion before forma-
tion of the thin SiO; films.

Measuring procedure.—Dynamic conductance and
capacitance measurements are made by properly ad-
justing the phase shifter of the lock-in amplifier (8).
A ramp voltage supply provides d-c voltage to the
sample, thereby enabling data to be plotted automatic-
ally. Signal frequency is about 19.2 Hz and peak-to-
peak voltage is about 5 mV. The absolute measure-
ment of conductance or capacitance is made by a
substitution technique in which the system is first
calibrated to give a certain deflection for a known
conductance or capacitance. After calibration the
sample is switched into the circuit. This system can
verify conductance values of more than 2 x 10-8 mho.

Results and Discussion
Thickness evaluation.—The vapor pressure of oxygen
does not stabilize for about two days after liquefaction
at liquid N, temperature. The fluctuation of the formed
oxide thickness under these conditions is plotted

3 WAY VALVE

WAFERS

i OXIDATION FURNACE
Ny LIQ. Np TRAP

02

Fig. 1. Oxidation apparatus for formation of thin tunnelable SiOq
with liquid O2 source vaporized at liquid Ng temperature.
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Fig. 3. Rate of formation of thin tunnelable SiO2 films using a
liquid Oy source vaporized at liquid N, temperature. The results
of the O2-Ny mixture method varying oxygen concentration at
1 atm total pressure by mass-flow controller are shown for com-
parison.

against time after liquefaction in Fig. 2. After threc
days, the oxygen vapor pressure reaches a steady-
state condition and good reproducibiiily can be ob-
tained within +0.5A accuracy.

The rate of formation of thin tunnelable SiO, films
using liquid O, oxidant source is shown in Fig. 3.
The results of the Os-N, mixture method (varying
oxygen concentration at 1 atm total pressure by mass
flow controller) are shown in this figure for com-
parison. By comparison with the O,-N; mixture method,
partial pressure of O, is verified as being nearly equal
to 10~3 atm for the liquid O, vapor pressure method.
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In this figure, the Deal-Grove linear parabolic rela-
tionship, X2 4+ AX = B(t + t) is not applied as an
analytical procedure, but the second-order regression
curves t = a, + a1X + axX? are fitted to the experi-
mental data plots using the least squares method. This
is because the Deal-Grove relationship cannot actually
be applied in the case of thin oxide growth involving
field and space charges within the oxide layer thinner
than oxide-Debye length (9, 10).

It has been reported in the previous paper (10)
that the thin oxide growth under low oxygen partial
pressure is governed by the inverse-logarithmic growth
law dX/dt = u exp (X/X), i.e., one case (X; >> X)
of the Mott-Cabrera’s field-assisted diffusion law
dX/dt = 2u sinh (X;/X), where u « exp(—W/kT)
and X; are the characteristic velocity and distance,
respectively (11).

The results of the experimental and analytical data
at 950° and 1000°C oxidation temperature are pre-
sented in detail in Table I. Average relative error
dX/X is as small as 0.34%. Average thickness error
dX is remarkably small, i.e., 0.11A. The Deal-Grove's
rate constants can easily be calculated from Table I.

The resulting rate constant A has negative values
in our experimental range. This means that the
Deal-Grove linear parabolic relationship cannot be
accepted in our experimental range. The relation be-
tween oxidation velocity and oxide thickness is also

given in Table I. The log (dX/dt) wvs. 1/X plots at
950°, 1000°, and 1050-C are shown in Fig. 4. It is
clear that a strictly linear relation can be obtained
in this figure. The values u and X, can be obtained
from Fig. 4, i.e.,, u by extrapolating the straight line
back to 1/X = 0. The gradient of this line gives X;.
The good linear relationship, as is seen in Fig. 4, proves
that the oxide growth using liquid O, vapor pressure
method is also governed by the inverse-logarithmic
law, i.e., Mott-Cabrera’s field-assisted diffusion growth
law.

All values obtained for u can be plotted as a func-
tion of oxidation temperature. Activation energy (W)
in the Arrhenius expression is about 20.2 kecal/mole.

This value is smaller than 43.9 kcal/mole, that of
previous study (10) where O,-N; partial pressure
method was used as a thin oxide formation. However,
it may be compared with 25.8 kcal/mole for the
thicker oxide formation as referred to by Revesz and
Evans (3). They obtained this value by rf heating
oxidation with dry O, containing less than 0.1 ppm
of water. According to them, the water and sodium
content in the oxidizing ambient greatly affects the
rate constant and its activation energy. The activation
energy increases with the increment of sodium and
water content. In their study or in the previous studies
(2, 12), 43.3-44.0 kcal/mole were presented as the
largest values of activation energy.

In our experiment liquid O, is vaporized just before
the furnace tube, and water vapor in the oxidant

Table I. Data analysis for the oxidation of silicon with the liquid Oy
vapor pressure method

950°C 1000°C

dX/dt X X dax

.05 0.3326 2644 26.29 0.15 0.4507
11 0246 30.05 30.12 —0.07 0.3283
0) 0.1824 35.51 35.65 —0.14 0.2358
gg 0.1313 43.66  43.54 0.12 0.1682

160 0.0937  52.26* 52.29 —0.03 0.1276
_dax 0.07A 0.11A
ax/X 0.26% 0.34%

a 3.31 x 10 2.66 x 10

a —4.99 —3.46

az 1.74 x 10-! 1.08 x 10-1

U 2.55 x 10-2 3.54 x 10-2

X1 9.0A 67.3A

t = min, X = A, a0 = min, a1 = min/A, a2 = min/A2
* Oxidation time is 140 min.
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Fig. 4. Relation between log(dX/dt) and 1/X at 950°, 1000°, and
1050°C. This figure utilizes the values from Table I. The values of
u and X; are given by extrapolating the straight line back to 1/X;
and by the slope of this line, respectively.

source at liquid Ny temperature is less than 2 x 10-26
atm, i.e., water-free oxidant source. According to this,
the liquid O, vapor pressure method may apparently
be distinguished from other thin oxide formation
methods for impurity content in the formed oxide.

Electrical properties.—A typical capacitance vs. volt-
age characteristic measured by a lock-in amplifier
with 100 kHz superposed frequency is shown in Fig.
5. Thickness of this film measured by ellipsometry
is 57.2A. Maserjian et al. (13) provided a method to
evaluate the value of the density of states-effective

----- Cox=10493pF " Las
$=1633x103cm? !

L dox=572A o
Elli t 2
(Ellipsometry) U_5x102_
f:100kHZ 1

i VFB| ]

it 1 ! - T
30 25 -20 45 10 -05 O 05

BIAS (V)

Fig. 5. A typical capacitance vs. voltage characteristic. Oxide
thickness measured by ellipsometry is 57.2A. Capacitance fails to
saturate at the oxide capacitance Cox. Thus, the Cox value is
estimated after Ref. (13) exactly.
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mass mp for the valence band. According to their
method, mp is evaluated as 0.296 m,. The value of mp
obtained from this method differs considerably from
the bulk density of states mass which is mp = 0.55 m,
for the valence band. Maserjian et al. suggested that
one possible reason for this is surface quantization
effects. They calculated mp = 0.29 m, for the valence
band of the (100) surface assuming the triangular
potential approximation for a strongly accumulated
semiconductor surface. Quite good agreement can be
seen between the value found from surface quantiza-
tion and our calculated value in spite of measurement
at room temperature.

The flatband voltage value is nearly —0.8V and
discrepancy from the Al-Si work function difference
(14) is less than 0.05V. No hump caused by the inter-
face state density distribution (15, 16) can be ob-
served in this capacitance curve. These facts prove
the quality of the thin oxide films described in this
paper.

Tunnel current is measured in a “transistor struc-
ture” with a N+-diffused region instead of the usual
diode structure. The use of the transistor permits the
estimation of the amount of charge transfer between
the Si substrate and trap sites in thin oxide nonvola-
tile memory devices. A cross-sectional view of this
transistor is shown in Fig. 6. In this figure, the current
between the Si surface inversion layer and counter-
electrode can be distinguished from the conventional
MOS diode tunnel current.

Typical current density vs. voltage (J-V) curves
for various oxide thicknesses are shown in Fig. 6
for two different current paths. The broken lines
show the J-V characteristics between Al electrode
and Si substrate (N*-diffused region is electrically
in floating condition). The dottted lines show the J-V
characteristics between the Al electrode and N+-

Source Ga
— Gate - Sub.& Source e .

--- Gate -Sub.
— = Gate -Source

100L A=hhxi10 cm2
L=5pum

CURRENT J(A/cm?)
=

3

-0.8

Fig. 6. Yypical current density J vs. voltage V curves with various
oxide thickness. Oxide films are formed at 1000°C. Broken lines
show the J-V curves between Al and Si substrate. Dotted lines show
the J-V curves between the Al and N+ diffused region through the
surface inversion layer. Solid curves indicate the J-V curves between
Al and Si substrate by shorting the N*-diffused region and sub-
strate.
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diffused region through the surface inversion layer
(the substrate is electrically in floating condition).
The solid lines indicate data summarizing the above
two curves (current densities are measured between
the Al electrode and substrate by shorting the N+
region and substrate). The dotted lines in the positive
voltage regime coincide exactly with the solid curves.

When the oxide is moderately thin (<40A) and the
electron supplement source is the only generation
current in the depletion layer, electrons can more
easily transit from the Si surface to the metal elec-
trode than maintain the inversion layer at the Si
surface (Si surface is strongly depleted). The broken
lines in the positive direction show this generation-
limited current. This current density is independent
of the applied voltace and oxide tiickness. Further-
more coincidence of the dotted curves with the solid
one in the positive direction indicates that most elec-
trons are supplied from the N+-diffused regions. The
current in the positive direction may be limited by
the length L of the offset region and the conductance
value at this regime or by the tunnel transition prob-
ability. These currents are functions of the oxide
thickness and applied voltage. The solid curves cor-
respond to the real behavior of tunnel transitions for
the switching actions in thin oxide nonvolatile memory
devices.

To improve switching speed, especially in the case
of electron injection from the substrate to trap sites,
it is desirable that devices adopt thinner tunnelable
oxide, if possible, without any fatal demerit to other
device properties. Another recommendation is dec-
rementation of the offset length, L, i.e., providing a
large conductance value without leakage or degrada-
tion of thin oxide films over the N+-diffused regions.

To evaluate another feature of thin tunnelable oxide
prepared by the liquid O, vapor pressure method, a-c
conductance of MOS diode is measured with 30-22A
thick oxide over p**+- or nt *-degenerate substrates.
The electrode is a mask-evaporated 1 mm diam Al
dot. A typical a-c conductance dI/dV wvs. applied
voltage V curves with 30A thick oxide over p*+-
degenerate substrates are shown in Fig. 7. As an
experimental parameter, oxidation temperature is
varied from 700° to 1100°C. Conductance values for
the low temperature (700°C) oxidized sample increase
rapidly with increment of applied voltage in the
negative direction. For a sample oxidized at 900°C,
a little hump in the conductance curve can be ob-

30 L ¢ T T
\ Ox.Temp |p-sub.
" —= :700°C 0002 q-cm
25 | — 1900°C{dox=30A T
2 20f) ! 1 ]
£ i
w |
Io :
< 15 { ! 1
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t=19.2Hz

0 ‘l L N 1 1
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Fig. 7. A typical a-c conductance vs. applied voltage curves with

30A thick oxide over p* * substrates.
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served for the negative bias regime corresponding
to the forbidden band. For the higher temperature
(1100°C) oxidized sample, only an abrupt conductance
increment corresponding to the electron injection from
the metal electrode to the lower edge of the conduc-
tion band can be observed. The discrepancy for posi-
tive-biased conductance curves may be caused by the
fact that the heavy degeneration effect and the valence
bandedge become obscure in p*+ substrates with over
10" impurities/cm3 (17).

The frequency dependence of a-c conductance for
pt+ substrates with 22A thick tunnelable oxide is
shown in Fig. 8. The tunnelable oxide is formed at
900°C. The significant properties of these humps in
the conductance curves are that (i) the location of
the humps along the voltage axis is independent of
frequency over the range 19.2 Hz-19.2 kHz; and (ii)
the magnitude of the hump increases a little with
increasing frequency. Because of property (i), this
hump cannot due to inversion layer coupling (18).
It must be due either to tunneling to interface states
or to charge exchange between the interface states
and the majority carriers at the valence band.

In case of a MOS tunnel diode with pt++ substrate
and thin (20-40A) oxide film, metal carriers tunnel
through the oxide into interface states and then
rapidly recombine with the majority carrier at the val-
ence band for bias corresponding to the forbidden
bandgap. Thus, the current through the interface
states is tunneling controlled (ttunnet >>> Trecombine)
(19). Then the humps in Fig. 8 may be due to tunnel-
ing to interface states.

Frequency response of a-c conductance character-
istic depends on the transition probability of an elec-

(8]
1
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Fig. 8. Frequency dependence of a-c conductance for pt + sub-
strates with 22A thick oxide. The oxide is formed at 900°C.
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tron from the metal into the interface states. The
characteristic frequency depends linearly on the dens-
ity of interface states (18). Thus, little frequency de-
pendence indicates that there are few interface states
in that sample.

D-c and a-c conductance distinctly reflect the effect
of the semiconductor band structure and the density
of interface states. Freeman and Dahlke provided a
theoretical analysis (19) to evaluate the d-c and
low frequency a-c conductance characteristics assum-
ing various energy distributions of interface states,
In the case of degenerate substrate, surface potential
is usually a negligible correction and the variable
range of surface potential at maximum is less than
3 x 1073V for pt+ substrates with the applied
voltage range in Fig. 7. According to this fact and
Freeman’s theoretical evaluation, tunneling conduct-
ance is approximately proportional to the density of
interface states. This indicates that humps or in-
crements in conductance curves shown in Fig. 7
correspond to the distribution map of interface state
density. An energy band diagram and distribution
map of interface state density derived from Fig. 7
is shown in Fig. 9. In this figure, the vertical axis
is expressed in arbitrary units. This is because the
magnitude of experimental results does not coincide
with the calculated one. This discrepancy may be
caused by the misestimation of values such as cap-
ture cross section of interface state or average attenua-
tion constant at the interface.

The a-c conductance curves for a sample having
an nt+* degenerate (0.009 Q-cm) substrate with a
22A thick oxide is shown in Fig. 10.

The tunnelable oxide is formed at 900°C. The
approximate voltages corresponding to bandedges are
also shown in this figure as E, and E.. As can be
seen in Fig. 10, conductance values increase simply
as a result of increment in the positive and negative
applied voltage.

For n*+ substrate, the effective oxide barrier is
expected to be smaller than for those of pt+ sample
(14). For a negative bias on the gate electrode, elec-
trons tunnel from the gate to empty states of the
semiconductor conduction band, resulting in a large,
rapidly increasing current. A small positive bias on
the gate produces increased electron tunneling from
the semiconductor conduction band into the gate elec-
trode. In addition to this current component, electron
tunneling from the interface states into the metal gate
is generated by a further increase in bias. This second
component (19) is due to the decrease in eflective
oxide barrier.

For larger voltage additional tunneling from the
valence band to the gate electrode occurs. However,
this tunneling has a comparatively small influence
on the total conduclance characteristic on account of
the high oxide barrier, i.e.,, p** sample. This is why
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Fig. 9. Energy band diagram of MOS tunnel diode with 30A thick
oxide over p* * substrates and o distribution map of Si-SiOs sur-
face state density evaluated from Fig. 7.
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Fig. 10. Typical a-c conductance curve for a sample with an nt +
substrate under 22A thick oxide which is formed at 900°C. The
band structure of Si has a much smaller influence on the con-
ductance characteristics compared to p+ * samples.

the Si band structure has a much smaller influence
on the conductance characteristics of the n*++ sample
(Fig. 10) compared to the p* + one (Fig. 7 and 8).

Conclusion

Thin tunnelable oxides (20-80A) are formed by
a high temperature (up to 1100°C) oxidation method
within +0.5A accuracy. This oxidation process uses
liquid O; as an oxidant source at liquid N, tempera-
ture. The partial pressure of vaporized O, in steady-
state conditlions is verified as being nearly equal to
1 x 10-3 atm. The oxidation kinetics in our experi-
mental range are governed by the inverse-logarithmic
relation which is caused by the field-assisted diffu-
sion law.

The aclivation energy of oxidation rate is evaluated
as 20.2 kcal/mole and this value is smaller than
previous data. The smaller value of the activation
energy may suggest that the described process is
distinguished from other formation methods of thin
oxide films for impurity content in the oxide films.

Electrical properties such as effective mass in the
valence band and Si-SiO, interface state density are
evaluated and discussed by capacitance and a-c con-
ductance measurements. Results obtained are; mp =
0.296 m, and interface state density decreases with in-
creasing oxidation temperature. No hump can be ob-
served in the capacitance curve for the sample oxidized
at higher temperature. This indicates that less inter-
face state is originated by the oxidation process de-
scribed. Interface state density for p*+t substrate
increases as the energy level approaches the lower
edge of the conduction band within the forbidden
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band for samples oxidized at low temperature. How-
ever, for n* * substrate, interface state density cannot
be estimated because interface states are filled with
conduction electrons due to recombination.

To estimate the real behavior of charge transition
in the thin oxide nonvolatile memory devices, tunnel
currents are measured in an actual transistor struc-
ture. This permits the current between the Si surface
inversion layer and the counterelectrode to be dis-
tinguished from the conventional MOS diode tunnel
current. As a result, it is predicted that channel con-
ductance near the source region may play an im-
portant role in governing the electron injection rate
into the trap sites.

The thin tunnelable oxide layers described have been
and are being used in FTMIS (floating silicon gate
tunnel injection metal-insulator-silicon) memory de-
vices. They are tunnel-mode type nonvolatile mem-
ory devices (20, 21). In the thin oxide memory de-
vices, memory characteristics such as fatigue phenom-
ena depend strongly on the properties of the thin
oxide and most devices have degradated after 106-108
cycles of operation (1). However, FTMIS memory
devices with thin tunnelable oxide described can
operate without any fatigue phenomena after 2 x 1012
cycles endurance operation (21). Thus, this oxidation
process is best fit for fabrication of various kinds of
thin oxide devices.
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The Effect of Chloride Etching on GaAs Epitaxy

Electrical and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181

Using TMG and AsH,

Rajaram Bhat*:! and Sorab K. Ghandhi*

ABSTRACT

A study has been made of the effect of in situ etching of (100) Cr-doped
semi-insulating and Te-doped n*-GaAs substrates on epitaxial layers, grown
by the reaction of trimethylgallium and arsine. It is shown that in situ etch-
ing enables the growth rate to be increased by a factor of two while re-
taining a specular surface. In addition, the Hall mobility is higher in epitaxial
layers grown on in situ etched substrates than on unetched ones. Epitaxial
films on both AsCl; and HCI gas-etched substrates had a room temperature
mobility that decreased from ~ 6100 cm2/V-sec in 5.5 um layers to ~5100
cm?/V-sec in 1 um layers. However, for layers grown on substrates which
were not in situ etched, the mobility decreased from ~5800 to ~3800 cm2/
V-sec for layer thicknesses from 5.5 to 1 um, respectively. Further it is shown
that the carrier concentration profile is more abrupt near the epitaxial layer/
Te-doped GaAs substrate interface when the substrates were in situ etched.
Finally, experiments with chloride etching during growth were disappoint-
ing because it was not possible to obtain simultaneously good surface mor-
phology, low carrier concentration, and high mobility for any given set of
reactor conditions.

The growth of epitaxial layers of III-V semiconduc-
tors using organometallic compounds as sources of the

* Electrochemical Society Active Member. .
1 Present address: General Electric Company, Semiconductor
Products Department, Syracuse, New York.

group III element and hydrides as sources of the group
V element was first reported by Manasevit (1). Since
that time, the inherent simplicity of organometallic
systems has been exploited in the growth of many other
materials. One of their many advantages is that the



772 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

metal alkyl-hydride reaction is an irreversible one, so
that etching and autodoping effects are notably absent.
Unfortunately, however, this feature necessitates the
use of an in situ etch step prior to epitaxial growth,
which has been recognized by many workers as an es-
sential step in the growth sequence to improve the
quality of the epitaxial deposit (2, 3, 4). In GaAs epi-
taxial growth systems using trimethylgallium (5), this
necessitates the use of etchants such as HCIl gas or
AsCl; vapor to incorporate this capability. The experi-
mental conditions under which vapor-phase etching
and polishing of GaAs substrates can be achieved have
been established earlier (6, 7). In this paper, we re-
port the effects of in situ etching on the properties of
the subsequently deposited GaAs layer. It is demon-
strated that in situ etching enables an increase in the
growth rate while still retaining a specular surface. In
addition, it is shown that this etching step results in an
improvement in the electrical properties of the epi-
taxial layers, especially when they are thin (1-2 um).
Hall measurements, in conjunction with layer-by-layer
stripping, were used to characterize epitaxial layers
deposited on semiinsulating Cr-doped substrates. C-V
and dC/dV-V measurements on Au-GaAs Schottky
barrier diodes were used to obtain the free carrier
concentration profiles in epitaxial layers grown on nt
Te-doped GaAs.

Finally, we report on the results of GaAs epitaxy
involving the reaction of TMG and AsHj; in the pres-
ence of HCI gas or AsCl; vapor. The experimental re-
sults were disappointing, however, since we found that
it was not possible to achieve simultaneously good
morphology, low carrier concentration, and high mo-
bility for any given set of reactor conditions.

Experimental Conditions

Apparatus.—In situ etching and epitaxial growth
were carried out in a conventional rf heated, cold-wall
reactor whose schematic is shown in Fig. 1. The reac-
tants were introduced into a 50 mm ID, 37 cm long,
horizontally positioned quartz reaction chamber con-
taining a pyrolytic graphite-coated graphite susceptor.
A baffle (not shown) was used to mix the reactants
prior to their entry into the hot zone. The temperature
was monitored using a Pt/Pt-13% Rh thermocouple
enclosed in a quartz sheath and inserted into the sus-
ceptor, and verified by infrared pyrometric measure-
ments. Gases were delivered to the reaction chamber
through stainless steel tubing, except in the case of
HCI gas and AsCl; vapor where Monel and Teflon, re-
spectively, were used to minimize contamination.

Reactants.—Technical grade hydrogen (99.95% pur-
ity) was successively passed through an oxygen-re-
moving catalyst,2 a molecular sieve2 a palladium
purifier,2 and a cold trap at 77K to obtain the carrier
gas used in this investigation. This carrier gas was
passed through a stainless steel bubbler containing
electronic grade trimethylgallium? at 0°C. The arsine
gas used was a 10% mixture of electronic grade arsine
(99.998% purity) in six nines hydrogen.4 The etchants
used were either a 1% mixture of electronic grade HC1
gas (99.995% purity) in six nines hydrogen3 or vapors
of AsCl35 (99.9999% purity) produced by passing hy-
drogen through a Pyrex bubbler, containing the iiquid
at room temperature.

Substrates—Experiments were carried out on chro-
mium-doped semi-insulating and tellurium-doped n+*-
GaAs substrates, with 2° off (100) towards (110)
orientation. The wafers were obtained with one side
chemimechanically polished by the vendors.® These
were degreased in hot methanol, boiled in hydrochloric

2 Matheson Gas Products, East Rutherford, New Jersey 07073.

3 Alfa Products Division, Beverly, Massachusetts 01915.
4 Precision Gas Products, Incorporated, Rahway, New Jersey

7065.
5 Metal Specialties, Fairfield, Connecticut 06430.
% Laser Diode Laboratories, Incorporated, Metuchen, New Jer-
sey.
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Fig. 1. Schematic of the epitaxial reactor

acid for 2 min, rinsed in methanol, and blown dry in
filtered nitrogen. They were then etched in Caro’s etch
[10H2SO4 (97%):1H20; (30%):1H20] at 60°C for 30
sec, rinsed in DI water, rinsed in methanol, and blown
dry in filtered nitrogen.

Procedure.—Substrates measuring 5 X 10 mm were
placed on the susceptor such that they were nearly
perpendicular to the direction of gas flow. The system
was evacuated with a mechanical pump before estah-
lishing a flow of hydrogen (5 liters/min). The suscep-
tor was then heated to 900°C (in those cases where an
in situ etch was performed), after introducing the re-
quired amount? of aisine (30 ml/min) to prevent de-
composition of the GaAs substrates. The etching was
performed using either a flow of 4.2 ml/min of HCI gas
or a hydrogen flow of 80 ml/min through the AsCl;
bubbler. These processes removed a 4.5 um thick layer
tfrom the substrate surface at a rate of 2.25 um/min.
The temperature was then stabilized at 700°C before
commencing epitaxial growth. Subsequent GaAs epi-
taxial layers were deposited using a total hydrogen
flow of 5 liters/min, an arsine flow of 15 ml/min, and
a hydrogen flow through the TMG bubbler of up to
12 ml/min. The growth rate was determined by cleav-
ing and staining.

In a second series of experiments GaAs layers were
also grown on in situ etched substrates in the presence
of HCI gas or AsClz vapor. The introduction of HCI gas
during deposition resulted in an increase in the free
electron concentration by at least an order of magni-
tude. This was attributed to the impure nature of the
gas, and all further experiments were restricted to the
use of high purity AsClz vapors during the growth. In
these experiments, GaAs was deposited on (100) Cr-
doped substrates at 700°C, using a hydrogen flow of
5 liters/min, a hydrogen flow through the TMG bub-
bler of 10 ml/min, and arsine flow of 15 ml/min. The
hydrogen flow through the AsCl; bubbler was varied
between zero and 80 ml/min.

Surface Morphology and Growth Rates

Effect of in situ etching on surface morphology.—
Epitaxial layers were deposited on both in situ etched
and unetched substrates. Layers on unetched substrates
exhibited specular surfaces at low growth rates (= 0.25
wum/min), corresponding to a Hy flow through the TMG
bubbler of = 5 ml/min. With in situ etching, however,
mirror-like surfaces could be achieved for growth rates
as high as 0.5 um/min. This is shown in the Nomarski
interference micrographs of Fig. 2 for layers grown at
0.4 ym/min, both with and without in situ etching.
Furthermore, differences in surface quality of layers
deposited on HCI gas and AsCl; etched GaAs substrates
were very slight, as shown in this figure.

7In this paper, flow rates for AsH; and HCI gas are all quoted in

terms of the actual arsine and hydrogen chloride gas content of
the diluted gas.
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Fig. 2. Typical Nomarski interference photomicrographs showing
the effect of in situ etching of GaAs substrates on the surface
morphology of epitaxial layers (a) no in situ etch; (b) HCI gas etch;
and (c) AsCl3 etch (growth rate: 0.4 um/min).

Effect of introducing AsClz; vapor during epitaxy.—
The growth rate of layers deposited at 700°C in the
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presence of AsCl; fell linearly with increasing hydro-
gen flow through the AsCl; bubbler, varying from 0.4
wpm/min for no AsCl; to 0.2 um/min for a hydrogen
flow of 80 ml/min. There was considerable scatter in
the data, however, accompanied by a deterioration in
surface morphology at low growth rates. Better sur-
faces were obtained for layers deposited at 900°C.
However, this temperature is far from the optimum for
growth using TMG and AsHj;, and resulted in layers
with low mobility and high compensation.

Electrical Properties

Epitaxial layers on Cr-doped substrates.—Epitaxial
layers were deposited at 700°C on unetched and on
in situ etched (100) Cr-doped semi-insulating sub-
strates. A total hydrogen flow of 5 liters/min, an arsine
flow of 15 ml/min, and a hydrogen flow of 10 ml/min
through the TMG bubbler were used to obtain a
growth rate of 0.4 um/min. Tables I and II list® the
carrier concentration and mobility of epitaxial layers
of varying thickness, as obtained by Hall measure-
ments on successively etched layers. Room tempera-
ture values of mobility ranged from 6150 cm2/V-sec
for thick (5.5 um) layers for substrate etching with
AsCls, to 3800 cm2/V-sec for thin (1 pm) layers with
no substrate etching. Results at liquid nitrogen tem-
perature showed a similar trend.

Hall measurements were also made on 5 um thick
GaAs layers, grown at 700°C in the presence of AsCls
vapor. As expected, the increase of hydrogen flow
through the AsCl; resulted in a fall in carrier concen-
tration, as shown in Fig. 3. However, this fall in elec-

8 Error limits on this data are =10% on thickness, =5% on mo-

bility, and *15% on carrier concentration. Layer thickness vari-
ations over the surface of the Hall les were undetectabl
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Fig. 3. Carrier concentration vs. hydrogen flow rate through the
AsClg bubbler during epitaxy.



774 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY May 1978
Table 1. Carrier concentration and mobility at room temperature
for epitaxial layers of different thickness
No etch HCI gas etch AsCls etch
Carrier Carrier Carrier
Thick- concentra- Mobility, concentra- Mobility, concentra- Mobility,

ness, pum tion, per cm? cm?/V-sec tion, per cm? cm?/V-sec tion, per cm?® cm?/V-sec

55 8.3 x 10 5780 8.4 x 105 6100 5.7 x 10 6150

4 8.6 x 1015 5550 9.1 x 1015 6020 5.7 x 10 6070

2 8.74 x 101 5240 1.13 x 10 5710 6.1 x 105 5770

1 1.6 x 10 3800 1.4 x 10 5010 3.4 x 10 5090

Table 1. Carrier concentration and mobility at liquid nitrogen
temperature for epitaxial layers of different thickness
No etch HCI gas etch AsCls etch
Carrier Carrier . Carrier
Thick- concentra- Mobility, concentra- Mobility, concentra- Mobility,

ness, um tion, per cm?® cm?/V-sec tion, per cm3 cm*/V-sec tion, per cm? cm?®/V-sec

5.5 6.2 x 1015 13,800 6.4 x 105 14,400 4.5 x 1015 15,300

4 6.83 x 105 12,700 6.8 x 101 3,900 4.75 x 1018 15,000

2 8.1 x 10+ 11,100 8.7 x 101 13,700 5.6 x 1018 14,000

1 4.8 x 10 7,000 1.2 x 10w 2,000 5.7 x 1015 12,500
tron concentration was accompanied by increasing @) c3
compensation in the films, as evidenced by the dispar- ) = ——F—F—

> : 4 2 QereoA2(dC/dV)

ity in the 300° and 77°K data. Figure 4 shows that the
compensation ratio (8) changed from below 0.5 for no
AsClj3 to as high as 0.95 for 80 ml/min hydrogen flow
through the AsCl; bubbler.

Experiments with films grown at 900°C showed a
similar trend. Consequently, the quest for making films
of improved quality (lower carrier concentration,
lower compensation ratio, and higher mobility) by
epitaxy in the presence of AsCl; vapor was abandoned.

Epitaxial layers on Te-doped substrates.—GaAs epi-
taxial layers were deposited on unetched and in situ
etched Te-doped (100) substrates, the deposition and
in situ etching being performed simultaneously with
those on Cr-doped substrates used for obtaining the
Hall measurement data presented earlier. The layers
were chemically thinned to approximately 1 um to al-
low carrier concentration profiling of the epitaxial
layer-substrate interface using Au-GaAs Schottky
barriers. The free carrier concentration profiles were
obtained from C-V and dC/dV-V data using the rela-
tion
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Fig. 4. Compensation ratio vs. hydrogen flow rate through the
AsCl3 bubbler during epitaxy.

where n(x) is the free carrier concentration at a depth
x below the surface, C is the capacitance of the
Schottky barrier, of area A, ¢, ¢ are the permittivity
of free space and relative permittivity of GaAs, respec-
tively, q is the electronic charge, and V is the reverse
voltage applied across the Schottky barrier,

Figure 5 shows normalized plots of the free carrier
concentration profiles obtained [any effect due to the
presence of traps (9) has been ignored]. The carrier
concentration in these layers was approximately 5 X
1015 per cms3. Doping profiles obtained for in situ etched
substrates are seen to be far more abrupt than for the
case with no substrate etching.

Discussion
Epitaxial layers on Cr-doped substrates.—A number
of observations can be made from a study of the data
of Tables I and II. Thus:
(i) The mobility was higher in those layers de-
posited on substrates which were vapor etched than

. | T [ T ]
GaAs
— 700°% gi= —
b —o—

c —0—

NORMALIZED CARRIER CONCENTRATION
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x

| L | |

[eX}

0o 02 04 0.6 0.8

DISTANCE FROM SURFACE, (um)

Fig. 5. Normalized carrier concentration profiles of epitaxial
layers on (100)Te-doped GaAs substrates (a) unetched substrates;
(b) HCI gas etched substrates; and (c) AsCls etched substrates.
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in those which were not vapor etched. In situ etching
of substrates, therefore, enables the growth of epitaxial
layers of superior crystalline quality. The room tem-
perature mobility was comparable for epitaxial layers
on AsCl; and HCl etched substrates. The slightly
higher 77°K mobility obtained for layers on AsCl;
etched substrates is due to the lower carrier concen-
tration in these layers.

(it) The mobility in all cases decreased with epi-
taxial layer thickness, the decrease being most rapid
for layers grown on unetched substrates. A decrease in
mobility with epitaxial layer thickness has also been
observed by other investigators (10-12), and has been
attributed to the increasingly important role of space-
charge scattering effects at the epitaxial layer-sub-
strate interface. The results obtained in this study in-
dicate that in situ etching of substrates prior to growth
results in a cleaner surface and thus reduces, but does
not eliminate, the space charge centers due to defects
created in the epitaxial layers. It should be noted that
growth instabilities exist even when ideally clean and
perfect GaAs substrate surfaces are used. These will
set a lower limit to the density of space charge centers,
and are inherent to the growth process. The decrease
in mobility with epitaxial layer thickness can also be
due to increasing compensation, and hence ionized im-
purity concentration, with decreasing thickness. How-
ever, the relative contributions of ionized impurity
and space charge scattering in thin layers cannot be
estimated from the available data.

(iii) The free carrier concentration is highest in
layers grown on HCI etched substrates, particularly in
thin layers. This is probably due to contamination of
the substrate surface by n-type impurities present in
the HCI gas. In contrast, the AsCl; used for this study
was better than six nines purity, so contamination of
the substrate surfaces by this etchant is not expected.
This is borne out by the fact that the lowest carrier
concentrations are observed in layers grown on AsCl
etched substrates (except for the 1 um layers, where
strong compensation effects are present, as described
below).

(iv) The carrier concentration decreased with de-
creasing layer thickness for both unetched and AsCl;
etched substrates. This effect was, however, signifi-
cantly more rapid for layers grown on unetched sub-
strates. Acceptor-type defects introduced in the early
stages of growth are believed to be responsible for this
behavior, since substantially more defects are expected
to occur in epitaxial layers grown on unetched than on
etched substrates. With HCI gas etching, contamination
of the substrate surface masks the compensation due
to these acceptor-type defects, and results in an in-
crease in carrier concentration at the epitaxial layer-
substrate interface.

Epitaxial layers on Te-doped substrates.—It is seen
from Fig. 5 that the carrier concentration for layers on
HCI gas etched substrates increased monotonically as
the epitaxial layer-substrate interface was approached.
However, a slight fall in carrier concentration was
noted near the interface for epitaxial layers on AsCl;
etched substrates. These observations can be explained
by noting that instabilities during the early stages of
growth cause acceptor-type defects to be created. The
effect of these acceptor-type defects is not observed in
the case of epitaxial layers on HCl gas etched sub-
strates because of the n-type contaminants introduced
by this etchant in the interface region. However, sub-
strates etched with AsCl; were not contaminated since
this etchant was ultrapure. As a result, epitaxial layers
on these substrates showed a decrease in carrier con-
centration near the interface because of these acceptor-
type defects. In contrast, the carrier concentration pro-
file exhibited a pronounced undulation near the inter-
face for layers grown on unetched substrates. A pos-
sible explanation for this behavior can be based on the
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fact that a large concentration of acceptorlike defects
can be expected to occur for this case. In addition, the
unetched surface of GaAs is highly reactive, and prob-
ably has a large concentration of adsorbed sulfur (an
n-type impurity) on its surface because of the Caro’s
etch prior to growth (13). The competing decay of
these impurities with distance may, in this situation,
lead to the observed undulation in the impurity profile.

Epitaxial layers deposited in the presence of AsClg
vapor.—There are a number of possible explanations
for the increase in the compensation of epitaxial layers
from TMG and AsHj in the presence of AsCl; vapor.
Of these, the most plausible is that the AsCls removes
donor impurities faster than acceptor impurities from
the source materials, The major acceptor impurity in
GaAs grown from TMG and AsHj is carbon, whereas
the major donor impurity is silicon (14, 15). The
change in Gibbs free energy for the reaction of these
impurities with the etchant species (HCl) is negative
for silicon, so that only silicon chlorides are stable at
growth temperatures. Consequently, silicon is selec-
tively removed during epitaxy in the presence of AsCl3
vapor, resulting in an increase in the compensation
ratio. In marked contrast, the principal impurities in
the halide transport system are silicon and zinc, both
of which have stable chlorides at deposition tempera-
tures. Consequently, increasing the AsCl; concentra-
tion in halide transport systems is a highly successful
technique for reducing the free electron concentration
with no increase in the compensation ratio (16).

Conclusions

In summary, in situ etching of GaAs substrates prior
to epitaxy enables the growth of epitaxial layers with
specular surfaces at higher growth rates than are
otherwise possible. The mobility, particularly in thin
(~ 1 um) layers, was higher for layers on substrates
which were in situ etched. The carrier concentration
profiles for epitaxial layers on Te-doped substrates
were more abrupt at the interface for layers on sub-
strates which were vapor etched than on those which
were not. Epitaxial layers on AsCl3 and HCI gas-etched
substrates had comparable mobility. Further, the car-
rier concentration, particularly in thin layers, was
higher in epitaxial layers on HCl gas-etched substrates
due to n-type contaminants introduced by this etchant.
Finally, experiments with epitaxial growth in the
presence of AsCl; showed that it was possible to obtain
a reduction in the free electron concentration by this
technique. However, this was accompanied by an in-
crease in the compensation ratio and a general deterio-
ration in the crystal quality. This result is in marked
contrast to that obtained by workers with halide trans-
port systems.
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Effect of Proton Damage on Optical Modulation Spectra

of Gallium Arsenide

Moshe Oren,! A. R. Quinton, and Claude M. Penchina

ABSTRACT

We studied the effect of proton bombardment on the electroreflectance
(ER), electroabsorption (EA), and transmission (T) spectra of high re-
sistivity Cr-doped single crystal GaAs. The high resolution of ER and EA
and their sensitivity to crystalline order make it possible to study shift,
broadening, and gradual distortion of the spectral peaks as disorder in-
creases with successive irradiations. The sample is bombarded with 150 keV
protons. We have measured ER and EA at the absorption edge E,, ER at
the E; critical point, and d-c optical absorption. All these measurements are
sensitive to proton irradiation of the sample; the most sensitive one is
ER at E,. In the range of 3 X 10 to 5 X 1015 protons/cm?, optical absorption
just below the energy gap increases sublinearly with proton dose; the peak-
to-peak amplitudes of ER at E, and E; vary linearly with the logarithm of
the dose and hence can be used to measure the degree of damage in the sam-
ple. The EA signal at E, develops a tail toward the low energy side of the
spectrum. The ER at E, has a peak shift of ~4 meV to higher energy while
the peak of the ER signal at E; shifts by about 15 meV to lower energy.
Broadening is evident in the ER signals at E, and E;. Annealing at 300°C for
up to 2 hr only partially recovers the unbombarded state. A model based on
the gradual amorphization of the sample by an increasing number of pro-
ton damaged, amorphous islands with well-defined boundaries can partially

Department of Physics and Astronomy, University of Massachusetts, Amherst, Massachusetts 01003

explain the experimental results.

Lattice damage in single crystals plays a major role
in device applications. Lattice damage caused by ion
implantation received special attention in recent years
following the introduction of ion implantation as a
method for doping semiconductor materials. There are
several experimental techniques that can be applied
to study radiation damage in semiconductors, among
others: optical (1), electrical (2), Rutherford back
scattering (3), and electron paramagnetic resonance
(4).

The optical absorption and reflection of GaAs were
found to be sensitive to ion bombardment damage but
the sensitivity of such measurements (reflectivity in
particular) is low, and quantitative results are difficult
to obtain.

In the present work we use electromodulation (EM)
spectroscopy to study the effect of proton bombard-
ment on single crystal, semi-insulating GaAs. In elec-
tromodulation one measures the change in reflectance
(AR) or transmittance (AT) when an external electric
field is applied to the sample (5). The EM response is
spectrally concentrated around the critical points in
the band structure. A phase sensitive detection system
tuned to the frequency and phase of the external field
greatly enhances the sensitivity of the measurement
to critical points in the spectrum. These critical points
are a manifestation of the long range order in the crys-
tal; a change in the EM signal on successive bombard-

1Present address: Spire Corporation, Bedford, Massachusetts
30.

Key words: electroreflectance, electroabsorption, GaAs-Cr, amor-
phous GaAs, ion implantation.

ment would indicate, therefore, the gradual relaxation
in this long range order. This relation allows a semi-
quantitative measure of lattice damage to be made.
EM has been applied to date primarily to problems
of intrinsic band-structure analysis (5), but as a pow-
erful spectroscopic method it is now finding new areas
of applications. Jonath et al., (6) studied electroabsorp-
tion (EA) of oxygen impurities in GaAs. Bauer (7)
used EA to study the symmetry properties of defect
states in nitrogen-doped GaP and their interaction
with the host band structure. Gavrilenko et al. studied
the influence of low energy argon ion bombardment
on the electroreflectance (ER) and photoluminescence
spectra of n-type Al;Ga;—,As solid solution (8) and
Si (9). Anderson et al. (10) used ER to detect shallow
impurity levels in GaAs doped with Si, Te, Zn, or Cd
impurities. A disadvantage of this method is that dif-
ferent types of lattice damage cannot be distinguished.

Experimental

High resistivity, n-type GaAs:Cr single crystal was
used in this experiment. The sample had =108 Q-cm
room temperature resistivity. For radiation damage
experiments it is preferable to have the sample front
surface free of any evaporated electrode or insulating
layer. For that reason, the sample geometry used in the
ER and the EA measurements is based on the trans-
verse configuration (11). Slices were cut from the GaAs
crystal, lapped, polished with 0.3x alumina powder,
and then etch polished with Monsanto Syton solution.
For contacts, two Au films were evaporated on the
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polished sample surface forming a gap 1 mm wide (see
insert in Fig. 1). The current voltage characteristics
up to 900V show good ohmic behavior. The light beam
was incident in the [111] crystal direction. The magni-
tude of the ER signal is a function of surface potential.
Therefore, it varies from sample to sample due to slight
changes in surface preparation, which may alter con-
siderably the surface potential. To avoid this complex-
ity, only half of the gap between the field electrodes
was bombarded and the other half was used as a ref-
erence for all successive measurements. The gap height
is more than twice the height of the incident light beam
in order that the light will not overlap the bombarded
and nonbombarded regions.

The system used for the ER and EA measurement is
shown in Fig. 1. It includes the following components:
250W tungsten halogen lamp, monochromator, optics,
dewars, and detectors. All measurements were made at
LN, temperature. Two photomultipliers (PM) were
permanently mounted in the sample chamber, 1P28
PM to measure ER at E; critical point and 7102 PM
for ER at the E, critical point. A removable front sur-
face aluminum mirror directs the reflected beam
into the PM in use. A PbS detector was used for the
EA and transmission measurements. The two PM’s
were wired such that higher voltage was impressed
between the last dynode and the anode than on the
intermediate stage of the voltage divider. This allows
greater linear swing of the anode voltage, which is
desirable when a small a-c signal, superimposed on a
large d-c signal, is to be measured. The voltage ap-
plied to the sample was 1 kHz, 2000V peak-to-peak
sine wave superimposed on 1000V d-c. For the ER
measurement a d-c photon flux was used, a lock-in
amplifier measured the a-c signal (I, AR) and an
electrometer measured the d-c reflection (I, - R). For
the transmission (T) and EA measurements the inci-
dent light beam was chopped at 147 Hz; two lock-in
amplifiers tuned at 1 kHz and 147 Hz measured the AT
and T signal, respectively.

Sample bombardment was done with a 150 keV pro-
ton beam. The sample was mounted on a water-cooled
holder. An in-line cold trap was used to remove oil
vapor that may otherwise be carried along with the
proton beam to contaminate the sample surface. In
addition when a high dose was used ( 2 5 x 1015
p/cm?), a thin carbon film (=~ 20 um) was inserted in
front of the sample, to further prevent possible oil
contamination.

Isothermal annealing of the sample was done at
300°C in an oil-free vacuum system (=5 X 10~7 Torr).

Results
Transmission.—The sample transmission in the range
of the fundamental absorption edge was measured at
LN, temperature for various bombardment doses. In
order to determine more conveniently the effect of
proton damage on the sample transmission, the ratio
of the transmitted intensity from the bombarded (Ty)
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and nonbombarded (T,) regions was determined at
one wavelength. Such a graph is shown in Fig. 2 (in-
sert). Taking into account reflection losses, R, from
the sample front and back surfaces, one can write

To = (1 — R)2exp(— aodo) [1]

ao and d, are the sample absorption coefficient and
thickness, respectively (multiple internal reflections
are neglected). The transmission through the bom-
barded region is

Tpy= (1 —R) (1 — R) exp(— aodo — avdp)  [2]

where R’ is the reflectivity coefficient from the front
surface of the bombarded region, ap is the average
value of the change in absorption coefficient over the
bombarded layer thickness d,. Measurement of I,-R
(when R is the reflectivity and I, is the incident inten-
sity) in the vicinity of the absorption edge shows a
change of less than 5% due to proton bombardment.
Similarly, Kalma (12) found no change in reflectivity
in the vicinity of the absorption edge of GaAs follow-
ing a 1 MeV electron irradiation; Sell and MacRae
(1b), found a change of ~ 3% in reflectivity at 2.5 eV
in argon-implanted GaAs. We assume therefore R ~ R'.
Then

In(To/Th) = apdp [3]

ap can be related to the number, N, of the optically
active defects produced in the bombarded layer (13)

ap = Nop [4]

where o, is the cross section for optical absorption by
these defects. The best straight line fit to the data in
the log-log plot of Fig. 2 (insert) provides the relation

To/Tp = v¢P [3a]
with In y = —16.9 and g = 0.48. Therefore, from Eq.
[3], [3a], and [4]

do Nop = dpey = Iny 4 Blng [5]

The production rate of defects is sublinear in dose. This
is due to damaged regions overlapping and possible
room temperature annealing (14, 15).

If we approximate the damaged layer thickness, d,
by the projected range (16) (= 1.5x) of the proton
beam, the wavelength dependence of the added ab-
sorption due to bombardment can be expressed using
Eq. [3]. Such a graph is presented in Fig. 2. The fea-
tureless increase in absorption indicates that the bom-
bardment generates a continuous distribution of en-
ergy levels right below the bandgap with no evidence
of discrete levels in this range. Kalma (12) studied
electron irradiated GaAs, Si, Ge, InSb, and PbTe and

T T T T

GaAs-3
ABSORPTION COEFFICIENT OF
BOMBARDED LAYER
104 $=2.4x10'® p/cm?

Al T =T
10 T,
= 4 2 =2 ot 1.42 ev
$=3x10"" prem — To s
vs. DOSE T
ap(cm’) 2
To
- -2
102 [
| R R
5 052 5 g6 2
DOSE (p/cm?)
10' L

1.36 1.38 .40 .42 144 1.46
fw(eVv)

Fig. 2. Absorption coefficient of bombarded and not-bombarded

Fig. 1. Optical system used for the ER and EA

ements
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suggested that increased absorption near the bandedge
observed in GaAs can be attributed to tailing of the
density of states into the bandgap. Note that the range
of ap (=~ 104 cm~—1) is about two orders of magnitude
higher than the absorption coefficient observed in neu-
tron damaged GaAs (17).

Theoretical Model

A simple picture of gradual amorphization of the
sample by the incident radiation was used by a num-
ber of workers (3, 18) to describe the process in which
long-range order in the bombarded layer is destroyed.
In such a picture each incident proton produces a
highly disordered region along its track in the sample.
Assuming these regions have well-defined boundaries,
at low dose they are separated from each other except
for random overlapping. As the dose increases the
overlapping increases until a completely amorphous
layer is formed. The added absorption coefficient in
this picture will be due to the introduction of
amorphous islands with higher absorption

ap = — (aa — ac) [6]
= a a
A,

where A is the area of the amorphous regions, A, is
the total sample area exposed to the beam, and sub-
scripts a, b, and ¢ correspond to amorphous, bom-
barded, and crystalline, respectively.

Based on this description we can define a quantity
a(¢) which is the cross section for added amorphiza-
tion per proton which hits a previously undamaged
area. The probability that an additional incident proton
will not hit the amorphous region A is 1 — (A/A,).
In terms of this cross section, the change in A per
incident proton, dA/dP will be therefore

dA A dA_(1 A)() -
aP A, dp 4,/
and after integration
A
1—— =exp[— fo(p) de¢] [7a]
4,
Using Eq. [6] and [7a]
A
expl— fo(p) dpl =1 — ——=1—— 2 [8]
Ao ag — ag

Using the experimental data for ap, as expressed in Eq.
[5] and taking the logarithmic derivative of Eq. [8],
we get

1
—=—— 9
orr (8) T [9]
with

d(ag — ac) 1
P B PR | 10
5 R ny [10]

For hy = 1.42 eV, agH >> a, thus a, approximated by
ap at high dose (where A » A,)

aa (142 eV) == ap(1.42 eV, ¢ = 2.4 X 1016 p/cm2)
=124 x 10¢cm~1 [11]

K2

this gives

Ky = 38.9 [10a]
This same picture will be applied for the ER data, and
the result compared with the results above.

ER at E, and E, Critical Points

Figure 3 shows the ER at the absorption edge E,
and Fig. 4 shows the ER response at the E; critical
point. The most obvious feature of the bombarded
spectrum is the reduction in signal intensity in both
cases compared to the unbombarded spectrum. To
better evaluate this effect, the peak-to-peak amplitude
(PPA), Ay, of the bombarded region, normalized to the
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Fig. 4. ER at E; from the bombarded and not-bombarded regions

PPA from the nonbombarded region, A,, is plotted vs.
dose in Fig. 5 for both E, and E; critical points.

It is apparent that the attenuation of A for a given
dose is larger at E, than at E;. This can be explained
qualitatively by the higher penetration depth of the
light beam at E,. At the bandgap transition, the pene-
tration depth of the light is of the same order as that
of the proton beam range, = 1.5x (19), where the in-
duced crystalline damage is mostly concentrated. At
the E; transition the light penetration depth is only
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damage can be a useful tool for damage detection. The
PPA will be used to give a semi-quantitative value
for the amount of damage introduced into the sample,
averaged over the damaged layer thickness. The ER
will not distinguish, though, between the various types
of damage in the sample. It is of interest to note that
the linear fits of Eq. [3] to both E, and E; data are
parallel, although the data at the E; critical point are
more scattered. Between 2.5 X 104 p/cm2 and 5 x 1015
p/cm? the decrease in Ap/A, for E, is linear in the
logarithm of the dose ¢

Ab/8o = @ In (/o) [12]

with: @ = —0.16 and In¢, = 36.9. For the E, critical
point we get

Ap/80 = a’ In(¢/¢o")

with: a = ¢’ = —0.16, In ¢,’ = 38.0.

Proton bombardment resulted in a small shift of
about 15 meV toward the low energy in the ER peak
at Ej;, and 4 meV shift toward higher energy in the
ER peak at E,. A contribution to the shift at E, may
come from the uneven attenuation of the ER peak due
to strong variation in the penetration depth of the
light beam near the absorption edge combined with
the fact that the damaged layer peaks about 1.5 be-
low the surface.

Gavrilenko et al. (9) found that bombardment of Si
with 1 keV He* ions causes a shift in the E; ER peak
to higher energy; 1 keV Ar+ bombardment of
Al;Ga;-.As solution shifts the ER peak at E; to lower
energy (8). Figure 6 shows the increased broadening
in the E, and E, ER peaks vs. bombardment dose.
Here too, note the higher values obtained for E, com-
pared to E;. Various sources can contribute to broad-
ening of the ER signal, among others, temperature ef-
fect, local random electric field, and microstress due
to defects. In our case a local electric field can be
created by the proton doping of the damaged crystal.

The ER signal disappears at high dose. Based on the
gradual amorphization model, the ER peak-to-peak
amplitude, Ay, at a given dose, will be proportional to
the area fraction which is still in the crystalline state

[13]

Ap = A, (1 4 ) [14]
b = Bo = z:
Thus from Eq. [7a], [12], and [14]
A A
exp[— fo(g) do] =1 — — = —> = a In(¢/g0)
A, Ao
[15]

Taking the logarithmic derivative on both sides

DOSE (p/cm?2)

Fig. 6. Spectral broadening vs. proton dose of the ER signals at
Eo and E].

1
0ER = —————— [16]
B (Ko — Ing)
where K, = In ¢,.
We previously found (Eq. [12]) that
Ko = In ¢, = 36.9 [17]

Thus, from electroreflectance at E,, at a dose of ¢ =
1015 p/cm?2 we get (Eq. [12], [16], and [17])

ogr (¢ = 1015 p/cm?) = 4 X 10-16 cm2

Similarly, from transmission measurements, at this
same dose we get (Eq. [9] and [10a]

orr(¢ = 1015 p/cm2 = 2 X 10—16 cm?2

The relatively small discrepancy between the values
obtained for ocgr and orgr indicates that the simple
picture used to describe the amorphization process is
essentially correct in the first approximation. The re-
sult cgr > orr is to be expected because the ER is
more sensitive to bombardment; partially damaged re-
gions, neglected in the simple model, will affect the
ER more than the transmission. It was suggested (20)
that such partially damaged regions are caused by dif-
fusion of defects from the outer portion of the ion track,
into the undamaged bulk.

EA at the Absorption Edge E,

The effect of proton bombardment on the band-to-
band electroabsorption (EA), AT/T, of the sample is
shown in Fig. 7. Just below the bandgap, AT/T is nega-
tive, corresponding to a red shift of the absorption edge
on application of the electric field as expected from the
Franz Keldysh theory (5). Due to the high value of
ad (~ 102-103) the expected (5) oscillations in AT/T
above the bandgap, have not been observed. Such
oscillations have been seen previously by workers
studying EA in thin films of GaAs (21).

The peak in the AT/T spectrum around 1.45 eV
gradually disappears with increasing proton bombard-
ment dose; AT also develops a tail toward the low
energy side which is also seen in the AT/T spectrum
below 1.45 eV. This newly created tail in the EA spec-
trum suggests the creation of a tail in the joint-density
of states of the conduction and valence bands. This
assumption is also in agreement with the results for ap,
the added absorption coefficient of the bombarded
layer.



780 J. Electrochem. Soc.:

5 T T T T
I: non bombarded, $=0
2:¢=3x10"%p/cm?
4r3:4212x10'% p/em? .
4:9=42x10" psem?
3r .
AT, ~3
- =(107)
T
2F =~
1k GaAs-4 A
ELECTRO ABSORPTION
SPECTRUM vs DOSE
0 1 1 - L
.42 1.43 .44 1.45 .46 147
hw(eV)
Fig. 7. EA vs. dose of bombarded and not-bombarded regions
T T T T
GaAs-3
TRANSMISSION AFTER
ISOTHERMAL ANNEALING
AT 300°C
-~ lor NOT BOMBARDED ﬂ
)
e
z
> g} ANNEALED i
w 120 min
>
=
3
o e i
@
=2
© g4} d
» BOMBARDED
(2] x5
g DOSE: 8.6 x10'®p/cm
Z g
I 2 q
x
y
1 1 1 1
.40 142 .44 .46 1.48
hw(eV)
Fig. 8. Tr from the bombarded region after isothermak

annealing at 300°C.

Annealing

The effect of heat-treatment on the sample trans-
mission in the vicinity of the E, critical point is shown
in Fig. 8.

The sample was subjected to a bombardment dose
of 8.6 x 1016 p/cm2 (which completely eliminated its
ER signals) and then isothermally annealed in vacuum
at 300°C for up to 2 hr. The heat-treatment only par-
tially recovers the transmission (Fig. 8) and ER sig-
nals before bombardment, For a given annealing time,
the recovery of the ER signal is smaller than the re-
covery of the transmission; this is in agreement with
our previous finding that the ER at E, is more sensi-
tive to crystalline damage than the transmission and
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does not necessarily indicate that different types of de-
fects are involved.

Dyment et al. (22) showed that the optical absorp-
tion of proton bombarded GaAs can be annealed more
easily than the resistivity. They concluded that there
must be at least two types of defects involved in the
bombardment process.

Summary and Conclusions

All electromodulation signals decrease in intensity
following proton bombardment of the sample. Due to
better overlap of the incident light beam and the dam-
aged region, the ER at E, is the most sensitive to pro-
ton bombardment. The added absorption just below the
energy gap increases sublinearly with dose in the dose
interval between 3 X 104 and 5 X 10!5 p/cm?2. In the
same dose interval, the peak-to-peak spectral ampli-
tude, A, of the ER at E, and E; critical points both
vary linearly with the logarithm of the dose and thus
can be used as a measure for the degree of the sample
amorphicity.

The EA at E, develops a tail toward the low energy
side of the spectrum. The ER at E, has a shift of ~ 4
meV to higher energy while the peak of the ER signal
at E; shifts by ~ 15 meV to lower energy. The origins
of these shifts are not yet clear.

Annealing at 300°C for up to 2 hr only partially re-
covers the unbombarded state. The recovery is not
linear in time.

A model based on the gradual amphorization of the
sample by an increasing number of proton-damaged
amorphous islands with well-defined boundaries was
considered. The change in absorption coefficient, an, or
the change in the ER signal, in this model, depends on
the volume fraction, A/A,, made amorphous by the
bombardment. Assuming a layer of average thickness
d, to be damaged, the number of unit cells made
amorphous per incident proton will be

dA

N=dp-
" Tap

A
/a3 = db(l - )7(¢)/a03 [18]
A,

where a, is the lattice constant for GaAs (5.654).
Using Eq. [12] and [15]-[18], we find from the E,
ER data

adp 1.3 x 1017/cm?2
¢ad I [

which corresponds to 26 unit cells amorphized per inci-
dent proton for & = 5 X 1015 p/cm2 Wempe et al. (3)
found that in a 300 keV proton bombardment of GaP
a similar number of unit cells was made amorphous
per incident proton: i.e., 10 for a dose of 1015 or 1016
protons/cm2. The ER signal at E, is reduced below the
detection limit (AR/R ~ 10-6) at ¢ ~ 2.5 X 10!¢ p/cm?2
while the ER at E; is reduced to that level only at ¢ ~
1017 p/cm2. According to our model this implies that
a dose of about 10!7 p/cm2 amorphizes the sample
throughout the damaged layer of thickness ~ 1.5 um,
whereas 2.5 X 1016 p/cm? amorphizes it only in the re-
gion near 1.5 um away from the surface.

The electronic band structure of a tetrahedrally
bonded amorphous material is expected to have tails
in the density of states which extend from the valence
and conduction bands into the bandgap (23, 24). The
tail in the EA signal at E, is tentatively attributed to
transitions between these tails of the density of states.
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Surface Electrical Properties
of the Wustite Phase

J. Nowotny and I. Sikora

Research Laboratories of Catalysis and Surface Chemistry,
Polish Academy of Sciences, ul. Niezapominajek, 30-239 Krakéw, Poland

ABSTRACT

The iron-oxygen system has been studied using work function measure-
ments between 675° and 950°C, the stability range of the wustite phase. The
work function of wustite vs. nonstoichiometry indicates a decrease of the
Fermi energy below 850°C while for the temperatures between 900° and 950°C
an initial decrease is followed by the final increase. The measured work func-
tion data depend only on the temperature and oxygen partial pressure. This
indicates that the system is well equilibrated. The values of the partial
pressures of oxygen corresponding to the wustite phase equilibria with iron
and with magnetite determined in this work agree well with the reported
literature data. A short equilibration time favors the work function method
as a convenient one for investigating phase diagrams of oxide systems. The
experimental data do not confirm the p- to n-type transition postulated for

Fe;—,0 on the basis of earlier measurements of the Seebeck coefficient.

Electrical properties of wustite have been the sub-
ject of several papers dealing mainly with the Seebeck
coefficient and electrical conductivity measurements
(1-11). Several essential questions, however, concern-
ing electrical data as well as their correlation with
structural properties of this phase have not been suf-
ficiently explained. There are still essential contradic-
tions concerning the conductivity mechanism within
the wustite phase field and its defect structure vs. non-
stoichiometry. Moreover, there is a general lack of
thermodynamic data for temperatures below 900°C at
which the system wustite-oxygen requires consider-
ably longer times to achieve its equilibrium state. On
the other hand, the rare experimental data available
for the phase diagram of the iron-oxygen system below
900- C show many discrepancies.

One of the most extensively studied problems of the
wustite phase concerns its defect structure. As is

Key words: work function, ferrous oxide, surface potential,
Fermi energy, nonstoichiometry.

known, wustite exhibits a very large nonstoichiometry
varying from 5 atom percent (a/o) at the iron-
wustite boundary up to about 15 a/o at the wustite-
magnetite phase boundary. This nonstoichiometry may
simply be related to the concentration of cation va-
cancies. Taking into account, however, interactions
between these simple defects leading to the formation
of Roth’s complexes (VrpeFe;Vre) (12), -clusters
n (Vg.Fe;Vre) (13, 14), and even structural domains
(15-19), the real concentration of defects involving
both cation vacancies and interstitial cations may reach
30 a/o. This significant value implies a complex picture
of the defect structure of wustite, especially at its
higher nonstoichiometry.

Numerous works concerning the defect structure of
the wustite phase are based mainly on either gravi-
metric investigations, leading directly to deviations
from stoichiometry, or electrical conductivity, giving
information about the concentration and mobility of
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electron carriers as well as about the degree of ioni-
zation of ionic defects.

Bransky and Tannhauser (7) have found that elec-
trical conductivity of wustite above 1000°C, for lower
nonstoichiometry is proportional to the sixth root of
the oxygen partial pressure. Such dependence fits the
simple model involving formation of doubly ionized
cation vacancies when oxygen is incorporated into the
wustite lattice

Y Og/g/ = 0% + Vre? + zh- [1]

where according to the Kroger-Vinck notation O¢* de-
notes the oxygen in the anion sublattice, Vge* the cat-
ion vacancy, z the degree of ionization, and h' the elec-
tron hole.

Applying the mass action law and assuming that
interactions among defects may be neglected as well
as supposing appropriate electroneutrality conditions
of the lattice, the deviation from stoichiometric com-
position may be expressed as the following function
ot temperature

1 AH¢
Yy = Vre? = const poy!/nexp | — BEL (21
RT

where 1/n is the parameter depending on the ioniza-
tion degree of cation vacancies and AHj is the enthalpy
of formation of the vacancies. The parameter 1/n may
thus be deteimined by measuring directly the changes
of the deviation from stoichiometry, or any param-
eter that can be correlated with the concentration of
cation vacancies (e.g., electrical conductivity) as a
function of oxygen partial pressure poy

1 dln dlng
= 20y - 3]
n  dlnpoy, 81lnpo,

Equation [3] is valid only when the mobility of elec-
tron carriers is independent of their concentration.

The simple model illustrated by Eq. [1] has been
supported by the gravimetric studies of Hauffe and
Pfeiffer (20). Also Smyth (21) postulated doubly ion-
ized cation vacancies as predominant defects. More
detailed investigations of this phase, however, have
shown that the parameter 1/n, determined both gravi-
metrically and by electrical conductivity (22, 23),
changes from 1/4, for the smallest deviation from
stoichiometry, to 1/6, or even below, with increasing
y, thus indicating that the effective charge of defects
vs. y changes continuously. According to the present
knowledge of the defect structure of wustite this phe-
nomenon can be attributed to association (12) and
clustering (13) of defects. Vallet and Raccah (15),
Kleman (16), and Fender and Riley (17) postulate the
existence of three separate “phases” or structural do-
mains within the wustite phase field; however, they
do not give a defect structure for these domains. More-
over, numerous investigations of several structure-
sensitive progperties of wustite (e.g., electrical conduc-
tivity) wvs. oxygen partial pressure do not indicate a
drastic change of defect structure at compositions cor-
responding to the rostulated domain boundaries (24).
Thus the existence of the domains still remains an
open question.

Bransky and Tannhauser (7) have found a change
of sign of the Seebeck ccefficient of wustite for the
composition O/Fe = 1.09. The authors suggest that this
effect, observed above 900°C, can be attributed to the
transition of the conductivity from p-type at low stoi-
chiometry to n-tyre at high oxygen content. The
change of sign of the Seebeck coefficient above 900°C
has been confirmed by Wagner and co-workers (5, 6)
for both poly- and single-crystalline samples of wustite.
This effect has also been observed by Meussner, Rich-
ards, and Fujii at 1000°C (4), but at much higher oxy-
gen content than that observed by Bransky and Tann-

May 1978

hauser or by Wagner and co-workers (5). Nevertheless
the supposition concerning p- to n-type transition is
in strong contradiction to electrical conductivity data
which show no minimum in the whole range of the
wustite homogeneity range vs. oxygen content. This
would indicate that only one type of electron carriers
(electrons or holes) predominate throughout the whole
wustite field. Recently, the p-type conductivity of the
wustite phase has been confirmed by Bowen, Adler,
and Auker (11). Seltzer and Hed (9) have proposed an
original interpretation of these apparently conflicting
data. The authors involved a “negative term” describ-
ing the temperature dependence of the scattering
mechanism in the transport of charge carriers through
the crystal lattice. Their calculation based on this as-
sumption gives good agreement with the literature
data of the electrical conductivity and Seebeck coeffi-
cient reported for the wustite phase.

Statement of the Problem

The discussion of the literature data shows that
the electronic properties of the wustite phase still
remain the subject of dispute and require additional
investigation for an explanation of the electronic phe-
nomena as well as the correlation between structural
and electronic data for this highly defect crystal. The
purpose of the present work is to apply the work
function technique which may supply direct informa-
tion about the chemical potential of electrons (Fermi
energy level) for the surface layer of investigated
oxide sample.

The work function technique has been widely used
for investigations of adsorption properties of ox-
ides and metals. The measurements have generally
been carried out in the range of low and moderate
temperatures. However, under these conditions most
of the oxides are in a “quenched” state. Thus the mea-
sured work function data gave information concerning
the suiface oxiae layer, wnich because of kinetic rea-
sons was not equilibrated with either the crystalline
bulk or the gaseous phase. Under these conditions, the
nonstoichiometry of the surface layer is in a continu-
ous change as the oxide crystal tends toward an equi-
liprium state (25). 'Lhus the measured work function
values depend essentially on the experimental pro-
cedure applied and the sample history.

It should be emphasized that the absolute value of
the work function of metal oxides, as well as of most
of the binary compounds, has no physical meaning
when measured at temperatures where the compounds
are not equilibrated with the gas phase. In these cases
the state of the surface depends on many uncontrolled
factors, such as surface coverage by adsorbed im-
purities, surface topography, and nonstoichiometry of
the layer near the surface. Each of these factors has
a strong influence on the measured value of the work
function. Relative work function changes may be used
for monitoring some surface processes, e.g., chemisorp-
tion of gases. Then the measured electronic effect ac-
companying chemisorption represents the chemical
affinity between the investigated surface and the ad-
sorbate. In this kind of study, the absolute value of
the work function may be used as a monitor for ad-
justing the standardized procedure to a reproducible
suriace state, or for following the kinetics of any sur-
face process accomganied by electronic transitions. As
the temperature increases, however, the whole crystal-
line grain is being brought into thermodynamic equi-
librium with the coexistent gas atmosphere. Under
these, conditions the surface state, and thus the work
function, are independent of the experimental pro-
cedure applied before the measurement and are deter-
mined by the parameters of the experiment, such as
temrperature and gas composition.

The work function measurements commonly re-
ported for studies of the surface electrical properties
of metal oxides are based on the dynamic condenser
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method. This method, proposed by Kelvin (26) and im-
proved by Zisman (27) and numerous other investiga-
tors (28-39), is the most convenient one for studying
oxides under a controlled gaseous atmosphere. The dy-
namic condenser method described in the literature op-
erates in a temperature range up to about 400°C; how-
ever, this range is too low for such transition metal ox-
ides as NiO, CoO, MnO, or FeO. Thus the purpose of the
present work was to perform the work function mea-
surements at a sufficiently high temperature that the
investigated crystal could be equilibrated with oxy-
gen. The relatively well-known ferrous oxide (wust-
ite) seemed to be a very interesting system for the
present studies because this oxide phase shows the
largest nonstoichiometry among the other transition
metal oxides of the series exhibiting the NaCl-type
structures as NiO, CoO, or MnO. It was also expected
that the work function data of the wustite phase might
supply interesting material for comparison with other
available electrical data involving the electrical con-
ductivity and the Seebeck coefficient. In the present
studies the work functions of the iron-oxygen system
were measured vs. the oxygen activity in the gaseous
phase. Experimental conditions were adjusted in order
to cross the wustite phase field from metallic iron to
the magnetite phase.

Experimental

Apparatus.—The dynamic condenser method was
used for the work function measurements (40, 41). It
is illustrated schematically by the block diagram in
Fig. 1. The method is based on the measurement of the
constant potential difference (CPD) existing between
the plates forming the condenser, 3, whose capacity
varies with time. The vibration of the condenser gen-
erates an a-c voltage across the resistance, 4. The
value of this voltage is proportional to CPD. The a-c
voltage is then amplified, 5, and monitored, 6. When
CPD is compensated by an external d-c voltage, Vg,
2, from the compensator, 1, a minimum in the signal
is observed on the monitor

Vere — Vae. =0 [4]

Thus the CPD is equal to the value of V4. with the
opposite sign. The plates of the dynamic condenser
are the sample being investigated, 1, and the reference
electrode, 2. The CPD is equal to the difference in the
work function of the plates of the dynamic condenser

®; — Py
Vepp = ——-e— [5]

Hence an increase of the CPD corresponds to an in-
crease in the work function of the oxide. The mea-
surement of changes in the work function of the oxide
sample vs. oxygen pressure are possible only when the
surface potential of the reference electrode is known
or is constant in the experimental conditions applied

A¢; = e(AVcpp) + Ad: [61

A platinum plate was used as the reference electrode.
Changes in the work function of the platinum plate
for high temperatures may be calculated as for the

Fig. 1. Schematic drawing of the electrical circuit for the work
function measurements: 1, compensator; 2, voltmeter; 3, dynamic
condenser; 4, high impedance; 5, amplifier; 6, monitor.
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oxygen electrode
T )
AVH:ﬁ:_R_ a 2o (71
e 4F Pos®
where values Po,1) and Poy‘® correspond to the ex-
treme oxygen pressures of the experimental conditions.

The oxygen partial pressure in the reaction cham-
ber is controlled by the ratio of the CO-CO; gas mix-
ture at a total pressure of 1 atm. The experimental
compositions of the CO2-CO gas mixture are in-
dicated in Fig. 2 by the dividing spots on the iso-
thermal (dotted) lines. The lowest oxygen activity
is determined here by pure carbon monoxide limiting
investigations of the iron-oxygen system to the right
side from line 1 in Fig. 1. Thus at temperatures below
750°C the experiments concern only the phase bound-
ary wustite-magnetite.

Figure 3 shows the experimental setup including
both the gas flow system for adjusting required com-
position of CO3-CO mixture and the schematic of
the dynamic condenser. The details of the construction

g
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Fig. 2. Wustite phase field according to Darken and Gurry (29)
in temperature vs. logarithm of the CO5/CO ratio. Dashed curves
indicate constant composition O/Fe. Curve 1 represents the de-
composition line of CO. Spots on the isothermal lines correspond
to the experimental conditions applied in this work.

AR )

Fig. 3. Experimental setup: 1, chamber with dibuthyl-phtalate for
fixing overbubbling pressure; 2, overbubbler of manostat; 3, overflow
gas outlet; 4, gas chambers; 5, ascarite; 6, copper turnings; 7,
silicagel; 8, molecular sieves Type 4A; 9, molecular sieves Type 3A;
10, flowmeter; 11, stopcock; 12, gas mixer; 13, preheater of the
reaction gas mixture; 14, thermal isolation; 15, dynamic condenser;
16, vibrator of the dynamic condenser; 17, heating element; 18,
electrical screening; 19, preamplifier; 20, amplifier and compensa-
tor; 21, monitor; 22, gas flow controller; 23, reaction gas outlet.
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of the dynamic condenser were described previously
(42). The powdered, spectroscopically pure iron sam-
ple (prepared by Johnson-Matthey) was spread over
the lower stainless steel electrode. The sample formed
a layer about 0.5 mm thick. The gas mixture en-
tered the upper part of the chamber of the dynamic
condenser, passed down over the sample, and was
exhausted near the bottom. The gas flow velocity was
about 0.9 cm/sec as recommended by Darken and
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Gurry (43) to prevent the formation of a concentra-
tion gradient in the experimental gas mixture, Oxygen
partial pressures corresponding to the appropriate
compositions of the CO2-CO mixture were calculated
using the data of Jacobi (44)

Pco

= [pog exp (68,100T—1 — 20.9) ] 05 [81

Pcog
The reading accuracy of the CPD was about 0.05V.
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Fig. 4. Contact potential difference CPD for the iron-oxygen system meacured at different temperatures vs. gas composition correspond-
ing to the stability range of the wustite phase for temperatures: a, 675°C; b, 700°C; ¢, 725°C; d, 750°C; e, 800°C; f, 850°C; g, 900°C;
h, 950°C. Oxygen partial pressures corresponding to equilibria at the phase boundaries Fe-Fe;—yO and FeO-Fe3O4 are indicated after

Engell (3) and Darken and Gurry (29).



Vol. 125, No. 5

Procedure

The reaction system was heated to the required
temperature in the gas mixture corresponding to the
magnetite phase. Then the gas composition was gradu-
ally changed toward decreasing oxygen activity as
illustrated by the dotted lines in Fig. 2. Experiments
for which oxygen activity decreased or increased in
successive readings were termed reduction or oxida-
tion runs, respectively. The CPD was measured when
a constant value was reached, i.e., in 5-10 min after
the new ratio of the CO2-CO mixture was fixed on the
new level. The experimental values of the CPD were
taken from two to three independent readings. The
data are reproducible within 0.1V,

Results and Discussion

Figures 4a-h illustrate the measured values of CPD
as the function of oxygen partial pressure for a series
of the temperatures between 675° and 950°C within the
phase field of wustite as indicated in Fig. 2. The ex-
perimental data were found to be the same for both
oxidation and reduction runs, as can be seen in Fig. 4d
for 750°C. For other temperatures the CPD data for
the oxidation runs are given. The dotted, vertical
lines indicate the literature values of equilibrium
oxygen partial pressures corresponding to the phase
boundaries iron-wustite and wustite-magnetite, ac-
cording to Engell (31) and Darken and Gurry (29).
The observed sharp CPD changes fit the literature data
well, thus indicating that the work function is a pa-
rameter very sensitive to the crystalline structure.

The change in the surface potential of the platinum
reference electrode, calculated according to Eq. [7]
for extreme oxygen pressures corresponding to Fe/FeO
and ¥eO/Fe;04 phase boundaries, was equal to about
0.05V. According to Eq. [7], these changes are linear
in the coordinates used for plotting the experimental
data in Fig. 4a-h. According to Eq. [6], the work func-
tion changes of the investigated sample are the sum
of the measured CPD changes and Ad,. Because of the
very small A®; values, however, the CPD changes are
practically equal to A®;.

As seen in rig. 4c-f, the work function increases
almost linearly within the wustite phase vs. oxygen
partial pressure between 725° and 850°C. This is in
accordance with the reported defect structure of wust-
ite showing cation vacancies forming acceptor centers
in the energetic model of wustite according to Eq. [1].
An increase in their concentration shifts the Fermi
level downward. Since the energetic model of the
wustite phase is not sufficiently developed it is difficult
to indicate the form of the defects and their acceptor
“activity.” These may be both doubly and singly ion-
ized cation vacancies as well as complexes. The ob-
served increase of the work function indicates that the
p-type conductivity should dominate within the whole
wustite range if p-type is assumed at the lowest non-
stoichiometry. This effect is in contradiction to the
data of Bransky and Tannhauser (7) as well as of
Wagner and co-workers (5) who reported a monoto-
nous decrease of Seebeck coefficient (referring to the
increase of the Fermi level) wvs. increase of non-
stoichiometry.

Figures 4g and 4h refer to 900° and 950°C, respec-
tively. For 900°C and at low nonstoichiometry, the
CPD changes linearly with oxygen pressure as was
found for the experimental runs below 900°C. A slight
decrease of the work function is observed at higher
nonstoichiometry. This effect is even more pronounced
at 950°C. In both cases, however, the final work func-
tion value is still higher than the initial one. Thus the
postulated change of the conductivity type from
p-type, at low nonstoichiometry, to n-type, at higher
oxygen content (3-6 ) cannot be confirmed in the pres-
ent investigations. The maxima of the work function
observed at 900° and 950°C for higher nonstoichiom-
etry may correspond to the change of sign of the See-
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beck coefficient which was found by Bransky and
Tannhauser (7) as well as Geiger, Levin, and Wagner
(5). Both work function and Seebeck coefficient in-
dicate an increase of the Fermi level vs. oxygen
pressure at higher O/Fe ratios than those referring
to the maxima. The discrepancy in the results of the
Seebeck effect and the work function observed at
lower nonstoichiometry, however, requires additional
investigation involving the simultaneous measurement
of the electrical parameters. It should be emphasized,
however, that a good qualitative agreement between
the work function and the electrical conductivity
data was found for lower defect concentrations (both
parameters indicating decrease of the Fermi energy
vs. oxygen content), although the maxima of the
work function vs. oxygen pressure was not confirmed.

Over the temperature range studied in this work,
no effect was observed that could be ascribed to struc-
tural “regions” which have been postulated by Vallet
and Raccah (15), Kleman (16), and Fender and Riley
(17).

All of the experimental studies of CPD vs. log Pos
show, more or less, sharp changes of the work function.
These changes occur at values of oxygen partial pres-
sures corresponding to the expected phase trans-
formations of wustite into the metallic iron phase, on
one hand, and into the magnetite phase, Fe3gO4, on the
other. The parameters of temperature and oxygen par-
tial pressure determined in the present studies for
the appropriate phase equilibria are plotted in Fig.
5 and compared with other literature data. The equi-
librium data of oxygen partial pressure obtained from
the work function measurements were recalculated
after Engell (45) into corresponding values of non-
stoichiometry y in order to compare the presently ob-
tained results with the literature data reported in
this measure (Fig. 6). As seen the data obtained
from the work function agree very well with the data
obtained by Engell (31), Marion (46), Vallet and
Raccah (15), and other investigators (47). The re-
sults obtained here may be helpful in more precise
determinations of the wustite phase boundary espe-
cially at lower temperatures (between 575° and 800°C)
for which great discrepancies are ghserved among the
available data.

Conclusions

1. The work function values of the iron-oxygen sys-
tem measured at temperatures above 675°C were de-
termined from the temperature and oxygen partial
pressure and are independent of the experimental pro-
cedure applied. This indicates that the sample was
equilibrated, and the work function data is char-
acteristic of the studied materials.

©-Darken & Gurry (experimental) @-Charette & Flengas
®-Darken & Gurry (extrapolated ) m-present results
@-Vallet & Raccah
1100 ®
'\\ '/
100§ )/
S T-Fe ip Fe.,0 ® /  Fe30,
w o900{ " T 48,
x A-Fe ™
2
= 800 oa /a
w
= 9
& 700 ¢ %
. -
600] w e

-06 -04 -02 0 02 04 06 08 10
Iog&‘_’x
Pco
Fig. 5. Experimental data for the wustite phase diagram plotted
in temperature vs. logarithm of the CO2/CO ratio.
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Fig. 6. Experimental data for the wustite phase diagram plotted
in temperature vs. oxide composition.

2. The work function data do not confirm the earlier
postulated p- to n-type transition for the wustite
phase (3-6).

3. The work function is very sensitive to crystalline
structure and thus may be used to determine the par-
tial pressure of oxygen corresponding to the thermody-
namic equilibrium state between the two phases. A
surprising agreement between the presently obtained
data from the work function measurements and the
literature data concerning phase boundaries of the
wustite phase indicates that this typical surface sensi-
tive method is capable of giving information rele-
vant to the bulk when the investigated system is well
equilibrated.

4. The phase boundaries of the wustite phase deter-
mined from the work function measurements agree
well with other literature data (31-33).

5. The hypothesis of Vallet and Raccah (15), Kle-
man (16), and Fender and Riley (17) concerning dif-
ferent structural domains in the wustite phase was
not confirmed in the present investigations.
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Aluminum Oxidation in Water
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ABSTRACT

Water rinse of aluminum metallized integrated circuits must be carefully
monitored because the Al can oxidize rapidly under certain conditions. Al
oxidation in 10 M@ deionized water was therefore studied using Auger spec-
troscopy, and transmission and scanning electron microscopies, to investigate
the oxide growth as a function of water temperature and rinse time, use of
photolithography, and Cu-doping of the Al Al oxide thicknesses were 20-
30A before any treatment and were 35, 70, and =3000A after 5 min rinses in
40°, 60°, and 80°C water, respectively. Photolithography and Cu doping in-
duced no large effects. In 40°C water, little oxidation occurred for 20 min and
rapid oxidation began after 40 min, especially at nucleation sites with C
and Si contamination. The oxide grown in water has a porous structure, is
nearly amorphous, and contains gamma-alumina and hydrated oxides. Near

80°C, several thousand angstroms of oxide can grow in minutes.

Oxidation of Al metallization in integrated circuits
(IC’s) can significantly affect device yield by in-
creasing the contact resistance. This is especially true
with beam leaded (1) devices to which contacts are
established without any physical means of breaking
the oxide barrier over the Al. Even with wire bonded
devices, excessive oxide growth is obviously unde-
sirable. Because deionized (DI) water rinsing of Al
is an integral part of IC processing, the growth of Al
oxide in DI water was investigated in this work.

Experimental

Sample preparation.—The samples studied are listed
in Table I together with the relevant final treatments.
Abbreviated descriptions of the processing steps are
given in Table II; the water rinse step, No. 4, is the
critical operation of interest here. The Cu-doped Al
films of Table I were 1.5 um thick, with 0.5 atom per-
cent (a/o) Cu deposited at either =40°C or at 300°C
by e-gun evaporation, and the undoped films were
similarly deposited at 40°C. The column labeled
“EG-BHEF” refers to a 30 sec dip in 1:1:1 ethylene-
glycol: buffered-HF: H,O etch, and “450°C anneal” re-
fers to a 30 min anneal in 1 atm H,. The EG-BHF
treatment removes Al oxide as well as some Si-
nitride and SiOj, with only a minimal attack of the Al
and therefore its value as a cleaning etch for the en-
tire Al metallized IC wafer was examined. In Table I,
all “Testers” are full-surface Al films (on oxidized
Si) unless photolithography is indicated. The device
samples 18 to 21 were pulled from device lots, after
the processing steps indicated; these steps are listed
in Table II. The DI water entering the overflow rinse
bath had a resistivity over 10 M and was heated
in a stainless steel tube just prior to admission into
the bath.

Analysis methods.—Instances of extensive Al oxida-
tion could be detected under the optical microscope, by
a halo type of feature along the edges of patterned Al
After 450°C anneal, the oxide layer sometimes devel-
oped cracks and the oxide could be removed with ad-
hesive tape, as demonstrated in Fig. 1. A scanning
electron microscope (SEM) was used in this work for
rapidly evaluating the effect of a particular water rinse
and to scan many different areas of a chip. Typical
SEM micrographs are displayed in Fig. 2. Surface
oxide films >100A thick appeared to quickly degrade
the SEM spatial resolution. Auger electron spectro-
scopy (AES) was used for chemical analysis and for
measuring oxide thicknesses <100A. Details of this
technique, which utilizes the chemically shifted Auger

* Electrochemical Society Active Member.
Key words: integrated circuits, dielectric, oxidation, insulator.
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peak of Al in the oxide, is described in Ref. (2); the
technique requires no ion milling and has high rela-

--L’) I

Fig. 1. Optical micrographs of films in contact windows to Al;
after step 10 of Table 11, sample 20. (Top) a wafer that was rinsed
in 80°C DI water. (Bottom) after adhesive tape was applied to above
sample and removed; the two arrows point to areas of missing Ti-Pt.
The displaced square near center is a sheet of Al oxide which be-
came detached and moved, probably just prior to Si-nitride
deposition.
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Table I. Al oxide thickness vs. treatment

450°C Oxide thick-
Cu-doped Photolithog. DI water (°C) EG-BHF anneal ness (A)
Testers samples
1 Yes - None 32
2 Yes — 40 35
3 Yes Yes 40 35
4 Yes — 40, 10 min 33
5 Yes —_ 40, 20 min 31.2+04
6 — Yes 40 — —_ 38
7 Yes Yes 40 Yes — 42
8 Yes Yes Yes Yes 65
9 Yes Yes 50 — - 62
10 Yes - —_ —_ 61
1 — Yes —_ 70
2 Yes — 80 —_ 3000
3 Yes Yes 80 Yes 2900
4 — Yes 80 —_ 3300
5 Yes Yes 80 — Thick
6A Yes None 29
Yes 40, 20 min 29
6C Yes 40, 40 min 33
Yes 40, 60 min 46
7A None 19
7B 40, 20 min 38
7C 40, 40 min 55
7D 40, 60 min 87
Devices
18, step 7 Yes Yes 80 Yes Yes >>100
19, step 4 Yes Yes 80 — — >6000
20, step 10 Yes Yes 80 Yes Yes 1600
21, step 4 Yes Yes 40 — — 43

Notes: Unless otherwise specified, DI water rinse time is 1 min, then 5 min, at indicated temperature, then 5 min in 20°C water, util-
izing a separate bath for each rinse; nonstandard times at temperature following the first 1 mun are indicated.

Table Il. Abbreviated y of process e

Al deposition.

Photolithography (HR100*), Al etch (HsPOs-based etchant).
Photoresist strip (A30*2, 110°C, 10 min).

Overflow DI water rinse.

EG-BHF clean, 30 sec.

450°C, Hz anneal, 1 atm, 30 min.

EG-BHF clean, 30 sec.

Si-nitride (passivation layer) deposition.

Contact window photolithography and etch.

Ti and Pt deposition in preparation for beam leads.

CLRIR TR

=

Notes: EG-BHF = 1:1:1 mixture of ethylene glycol, buffered HF,
and water. Although water is not a necessary component, it en-
hances the cleaning ability by increasing the rate of Al attack;
however, water also increases the residual oxide thickness by
hydration.

* HR100: photoresist (Phillip Hunt).
** A30: photoresist stripping solution (Allied Chemical).

tive accuracy (several angstroms) and spatial resolu-
tion (<10 um). Thicknesses >100A were estimated
approximately using the ion-mill Auger technique,
assuming the ion milling rate for SiO;. This estimate
is obviously inaccurate and was used only to demon-
strate that the oxide grown was very thick. Final de-
tailed information was obtained using the trans-
mission electron microscope (TEM) by examining
thin cross sections of the regions of interest. This
last technique has been described elsewhere (3).

Results

Preliminary identification of Al oxidation problem.—
An optically visible film formed on Al by rinsing in
80°C water (device sample 18) was determined by AES
to be essentially pure Al oxide. On this sample, a
halo visible optically and by the SEM on SiO, areas
more than 20 ym away from patterned Al was also
found by AES to be Al oxide; evidently, this oxide
spreads beyond Al areas. Optical examination after Al
etch and before photoresist strip had revealed no Al on
these SiO; areas so that this oxide is not formed from
unetched Al residues. These initial results clearly
established the importance of Al oxidation during
device processing.

Auger studies.—Testers 1-17 of Table I were then
prepared and AES experiments were performed to
answer four questions:

1. What are typical Al-oxide thicknesses after
various treatments?

2. What is the critical DI water temperature below
which oxidation rate becomes negligible?

3. Does oxidation depend on Cu doping?

4. Does oxidation proceed in pure water, free of
photoresist and/or A30 carry-over?

Results are as follows: Samples 1, 16A, and 17A
established the typical air-formed oxide thickness
(20-30A) on as-deposited Al (Cu doped and undoped).
We have not compared the initial oxide growth rates
of Cu doped and undoped Al in detail. Typically, oxide
thicknesses were about 20A within 2 hr after depo-
sition, about 30A after several weeks, and about 35A
after several months of air exposure for both types
of Al. Samples 1-15 were taken from many different
deposition runs and received varying times of air
exposure prior to experimental treatments and anal-
yses. Therefore, their initial surface oxides varied
somewhat and these variations may have masked the
smaller effects; the experiments using these samples
were intended to reveal only the stronger effects. This
defect is rectified for samples 16A-17D, as explained
below.

Samples 2, 4, and 5 showed that the surface oxide
thickness does not increase appreciably up to 20 min
at 40°C (35A maximum). The statistical accuracy of
the Auger data is demonstrated with sample 5, for
which the average oxide thickness and standard devi-
ation of one measurement each from five different
areas within about 3 mm of each other were 31.2
+0.4A. Thus in principle, measured differences be-
tween samples of 3% (1A at 30A) could be significant;
in practice, it has been demonstrated (2) that differ-
ences of 10% (3A) are meaningful.

Samples 3 and 6 showed that photolithography does
not affect the oxide thickness after 40°C rinse for Cu
doped and undoped Al, respectively.

Sample 7 showed that the EG-BHF etch leaves a
surface oxide of about 42A.

Sample 8 revealed that the Hy, anneal, preceded by
the EG-BHF treatment, increases the oxide thickness
by about 304, to about 65A. It might appear surprising
at first that oxide growth occurs in a reducing (Hj)
ambient. However, we have reproduced this result
many times (not listed in Table I) and it is in fact
consistent with the following two observations. (i) Hs
anneal has not been found to decrease the oxide thick-
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ness in any of the present experiments, and (ii) it is
obviously not possible to remove all contaminants dur-
ing the anneal. We propose that small amounts of con-
taminants, either from the furnace or the wafers them-
selves, cause the Al to oxidize; once formed, the oxide
is apparently stable in Hy at 450°C.

Samples 9, 10, and 11 demonstrated that the oxide
thickness begins to increase at 50°-60°C, to 60-70A.
Photolithography and Cu doping did not produce large
effects.

Samples 12-15 showed the rapid oxide growth (to
approximately 3000A) at 80°C, which is fairly inde-
pendent of photolithography and Cu doping. The 3000A
estimate does not take into account the porosity fac-
tor; for example, if the porosity factor (defined as the
percentage of total film thickness occupied by pore
space) is 75%, the actual oxide thickness could be 1.2
um. The oxide thickness on sample 15 was estimated

T T L
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Fig. 3. Oxidation rate of Cu-doped (triangles) and undoped
(circles) Al in 40°C water, samples 16 and 17. Filled points are
data from the contaminated nucleation centers. The arrow on the
filled circle at 116A indicates that the oxide was thicker than
116A.
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Fig. 2. SEM micrographs of
the halo feature due to thick
oxide growth. (A), (B) taken at
two ifications using pl
15 with thick surface film. The
halo is the light contrast sur-
rounding Al features; note the
poor spatial resolution caused by
the p of an lating
film. (C), (D) from sample 3 with
thin oxide (35A); there is no
halo, and spatial resolution is
greatly improved.

from SEM photographs of cleaved specimens to be at
least several thousand angstroms.

For samples 1-15, wafers from several Al deposition
runs were used, so that the initial oxide thickness be-
fore treatment probably varied from wafer to wafer.
To ensure identical starting conditions, samples 16 and
17 (Cu doped and undoped, respectively) were cleaved
into 4 quarters each. These were then treated in 40°C
water for 0, 20, 40, and 60 min, and the resultant sur-
face oxide thicknesses were measured and are shown
in Fig. 3. When viewed in the SEM mode of the Auger
apparatus, the untreated surfaces 16A and 17A ap-
peared featureless, and the Auger spectra revealed
only slight C and S contamination. The inability to de-
tect Si indicated that the cleaving operation for sepa-
rating each wafer into samples A-D resulted in no
serious Si contamination. After 20 min rinse, a faint,
uneven texture was visible on both samples 16B and
17B, when viewed in the SEM mode of the Auger ap-
paratus. After 40 min treatment, these features ap-
peared clearly as nucleation centers that were suffi-
ciently large (>10 um) for Auger analysis. They were
found to be oxide nuclei which grew even larger after
60 min treatment; the Auger data from these areas are
also included in Fig. 3. The arrow on the data point
at 116A indicates that the oxide was >116A thick.

No Si was detectable (<0.1%) on 16A and 17A,
but about 2% Si was found on all B, C, and D samples.
Since similar amounts of Si were found on surfaces of
unbroken wafers after 40°C rinse, this contaminant
was not unique to these cleaved samples. Although
the significance of this surface Si is not clear, the
nucleation ~enters contained higher Si and C contam-
ination, sujis2sting that the more rapid oxidation at
these cente:s is related to the contaminants. Possible
sources of hese contaminants are the wafer itself for
Si and the original C contamination on the Al surface.
This result points out the importance of removing all
photoresisi residues during IC processing. The data of
Fig. 3 lead to the following conclusions (applies to
40°C rinse) :

1. Cu-doped Al oxidized more slowly than undoped
Al. However, it is not known whether the slower oxi-
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dation rate of the doped film was due to its thicker
initial passivating oxide, or to a difference in some
other property of films deposited in different machines.

2. Oxidation rate is slow for the first approximately
20 min and becomes rapid after about 40 min.

3. Oxidation is more rapid at nucleation sites. These
sites were more contaminated with C and Si than the
rest of the surface.

For sample 18, a device wafer after 80°C rinse, the
total oxide thickness was not measured, but was de-
termined by Auger analysis to be >>1004, in agree-
ment with the above,

For sample 19, the oxide growth caused by 80°C
rinse was measured following the processing to step 4
of Table II. The oxide thickness was estimated from
TEM micrographs to be 6000-30004.

Sample 20 was processed to step 10 and the oxide
thickness was estimated using Auger analysis by ion
milling through the Ti-Pt layer and into the Al at a
contact window. The oxide thicknesses of < 6000 and
1600A for samples 19 and 20, respectively, verify the
rapid oxide growth for a device configuration, and
comparison of samples 19 and 20 suggests that large
amounts of oxide are removed by the brief EG-BHF
etch.

Finally, sample 21 demonstrated that devices can
be processed using 40°C water rinse with oxide growth
limited to 43A. This oxide thickness, which further
increases upon H, anneal, is uncomfortably close to
the limit of 55A beyond which electrical contact prob-
lems after subsequent Ti deposition are expected, as
established in a separate report (4); this point is fur-
ther amplified in the Discussion.

AES indicated that after photolithography and 40°C
water rinse, the amount of surface C was <0.5 atom
layer (<1A) and the Al surface is therefore suffi-
ciently clean for the next processing step. The only
other contaminants detected were about 0.5 atom
layer of Si and S and much smaller quantities of Cl
and F, and the dopant Cu in Cu-doped Al

Attempts were made in this work to check the Auger
measurements, d(Auger), of Al-oxide thickness by
comparison with ellipsometric measurements, d (ellip.),
for the full surface testers. Values of d(ellip.) were
usually in reasonable agreement with d(Auger) but
they sometimes differed by over a factor of 3, with
d(ellip.) always larger. When the electrical breakdown
voltages of these oxides were measured, the break-
down voltage was linear with d(Auger) but not re-
lated in any obvious manner to some of the d(ellip.)
values (4). Therefore, we conclude that ellipsometric
measurements may be sensitive to the contaminants
and precise structure of the oxide and cannot be used
except under certain controlled conditions. Values of
d(Auger) have also been checked using a gravimetric
method (in which the oxide film is weighed) and were
in agreement with the resulting d(grav.) (4). Thus in
addition to a fairly sound theoretical basis (2), there
is experimental evidence that the Auger method of
oxide thickness measurement gives probably the most
reliable results available at present.

TEM analyses.—TEM of cleaved edges of sample 12
revealed the oxide to be about 5000A thick and to have
a porous, filamentary structure; typical micrographs
are exhibited in Fig. 4. The oxide thickness estimates
from TEM are often over a factor of two larger than
from ion-mill Auger analysis. This disagreement is
due at least in part to the film porosity. Cleaved sam-
ples were investigated in addition to sectioned sam-
ples (following paragraph) because of the avoidance
of sectioning and ion-milling artifacts (sectioned sam-
ples are ion milled during the final stages of prepa-
ration). Avoidance of these artifacts is particularly
important for obtaining reliable diffraction patterns
(discussed below). Although the cleavage method is
simple and fast, the cleavage geometry is not precicely
known for the oxide, and details of the Al film are
difficult to study because of the uneven cleavage geom-
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Fig. 4. TEM micrographs from a cleaved edge of sample 12, (80°C
water rinse), taken from two areas. The filamentary material is Al
oxide; the featureless region below the oxide is Al. The plane of
the Al surface is tilted about 45°C from the electron beam axis.

etry and because the Al probably deforms during
breakage. Therefore, some samples were also sectioned
and examined.

TEM micrographs of cross sections of device wafer
19 are shown in Fig. 5 and 6. The appearance of the
Al oxide is similar to that of sample 12 in Fig. 4, al-
though the method of sample preparation for TEM
was entirely different (simple cleaving vs. sectioning).
In Fig. 5, a “hairline crack” can be seen running the
entire width of the photograph from left to right just
above the oxide-Al interface. This crack may be re-
sponsible for the lifting of the oxide as seen in Fig.
1. There is no preferential oxidation of the Al grain
boundaries. Figure 6 was taken from an area tens of
microns away from an Al runner that was found to
the far right, out of the photograph. The horizontal
line running across the photograph near center is the
surface of the substrate Si, and the wavy features be-
low this surface are mostly diffraction contrast from
ion milling artifacts such as thickness variations. The
cantilevered object entering from the left is a poly-Si
gate (left edge) which ascends the (45°) tapered field
oxide to a poly-Si runner (center). Material surround-
ing the poly-Si is SiOs; close scrutiny reveals faint
outlines of the various layers of thermal and deposited
SiO.. The Al oxide (filamentary material) is seen to
migrate onto the SiO, surface and its thickness de-
creases toward the left, away from the Al source to
the right (out of the picture).

Electron diffraction analysis of sample 12 indicated
a nearly amorphous phase of gamma-alumina; the
electron diffraction data are presented in Table III,
under the “Measured” column, and compared to the
expected values for gamma-alumina, boehmite, and
bayerite. Relative intensities (x-ray) are also given
in parentheses. The best match is with gamma-
alumina; there is a possible presence of the monohy-
drate, boehmite, and no indication of the presence of
the trihydrate, bayerite. This does not mean that bay-
erite is absent, as it may be in a more amorphous state
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Fig. 5. TEM of thin cross sections of sample 19 taken perpen-
dicular to the plane of the chip; the Al surface normal points up in
the photograph. (A) Bright field picture showing the Al oxide
(upper half) and the polycrystalline Al (lower half of photograph).
(B) Dark field picture of the same area; revealing the precise lo-
cation of the oxide-Al interface and the presence of small
crystallites in the oxide.

| 1

Fig. 6. SiO2 area of sample 19, tens of microns away from an Al
runner located to the far right (out of the picture). The identity of
each feature is explained in the text. The filamentary material on
the SiO2 surface is Al oxide. The bubbles seen above the Al oxide
are artifacts in the epoxy used to embed the specimen to facilitate
handling. The Al oxide is thinner toward the left, away from the
Al runner, suggesting that the runner is the source of the oxide.

than the others, All three compounds have been pre-
viously identified in diffraction patterns from Al oxi-
dized in hot water (5, 6) (to a much greater extent
than attempted here). The absence of the strong lines
at d = 4.56, 2.80, 2.28, and 1.52A for gamma-alumina
and 6.11A for boehmite in our diffraction data might
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Table I11. Crystallographic d-spacings (&) of oxide on sample 12

Gamma-
Measured alumina Boehmite Bayerite
6.11 (100) L6
.71 (90)
4.56 (40) 435 (70
.35 (70)
3.16 (weak) 2,80 (20) 3.16 (65) 3.20 (30)
2.41 (medium) 2.39 (80) 2.35 (55) 2.36 (4)
2.28 (50)
2.22 (100)
1.96 (strong) 1.98 (100) 1.98 (6) 1.98 (4)
1.86 (30)
1.85 (25)
1.72 (40)
1.66 (14) 1.60 (10)
1.52 (30) 1.53 (6) 1.55 (8)
1.45 (16) 1.46 (12)
1.43 (10) 145 (8)
1.39 (strong) 1.40 (100) 1.38 (6) 1.39 (6)
1.31 (16) 1.33 (18)
1.13 (weak) 1.14 (20) 116 (4) 1.17 (6)
0.966 (v. weak) 0.989 (10)
0.877 (v. weak) 0.886 (10)
0.790 (v. weak) 0.806 (20)

Note: From JCPDS Tables (formerly ASTM); x-ray intensities
are given in parentheses and all lines with intensities totaling
2>0(§11(<) ) vare listed. “measured” results are electron diffraction data,

eV.

be due to the difference in atomic scattering factor
between x-ray and electron diffraction, and to diffrac-
tion effects from extremely small crystallites with
anisotropic growth habits.

The relatively thick oxide film on sample 12 (3000A)
could not be detected using x-ray diffraction and we
attribute this result to its nearly amorphous nature. In
agreement with this conclusion, no individual crystal-
lites could be resolved with TEM. For the more ex-
tensively oxidized device wafer of Fig. 5 with an ox-
ide 6000-9000A thick, small particles, about 50A in
diameter, were visible in the dark field micrographs
(Fig. 5B).

Discussion

The most significant new results of this work are
the accurate quantitative measurements of the first
<100A of oxide growth in 10 Mq DI water, under
conditions actually experienced in IC processing. The
fact that Al oxidizes in hot water is well documented
(5-11). Our results are in qualitative agreement with
literature; namely, that oxidation becomes rapid above
60°C and that the initial thin oxide is essentially
amorphous. Although alloying of the Al and contami-
nants in the water certainly produce large effects (5,
9, 12) all the workers agree that the purest Al in the
purest water available to them has resulted in oxida-
tion (5-12).

The mechanism of Al oxidation in water has been
described in some detail (6, 8). Oxidation proceeds
in two major steps. In the first, Al and water react and
release hydrogen, forming gamma-alumina. In the sec-
ond, this oxide is hydrated and also redeposited. Thus
the role played by any initial passivating oxide in de-
laying the onset of this oxidation is obviously im-
portant.

More generally, Al corrosion occurs in polar liquids,
such as water and methanol (12). It is in polar liquids
that nonneutral pH is readily attained, and the de-
pendence on pH of the oxidation rate of Al in hot
water has been clearly demonstrated (6, 8). This
means, for example, that replacement of water with
nonaqueous solutions will not necessarily eliminate the
oxidation problem, since many nonaqueous solutions,
such as methanol, are polar. Our finding that a low
level of Cu doping retards oxidation slightly is of in-
terest because, at high levels (=4%), Cu has been
reported to increase the corrosion activity (5, 9). How-
ever, our result is in qualitative agreement with the
fact that anodization rate decreases with Cu doping
(10). Investigation of Si-doped Al may also be inter-
esting, because it has been reported (7) that Si dop-
ing retards Al oxidation in water. This last point is
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interesting because Si is always present in Si IC proc-
essing and Si was one of the contaminants found on
the Al in this work.

The usefulness of the above results to IC processing
is obvious. Although DI water rinse is most effective
at higher temperatures, we have established that above
50°C, oxide growth rate becomes too fast and the al-
lowed thickness limit (4) of about 55A can be ex-
ceeded in a matter of minutes. This limit is the sum
of the amount of oxide that is effectively nullified by
subsequent Ti deposition (45A) and the electron tun-
neling distance (12A), as determined by electrical
breakdown measurements. The EG-BHF etch was
shown here to be very effective for removing thick Al
oxide. However, it leaves a relatively thick residual
oxide (about 40A) which further increases in thick-
ness upon Hy anneal (to about 65A). A different etch
based on a mixture of CrO; and H3PO4 has been shown
(4) to leave a much thinner residual oxide (about
30A) and may be preferable for reducing oxide thick-
ness.

The rapid oxidation property of Al is not always un-
desirable and can be exploited to useful purpose. For
example, even a mild treatment in hot water may be
sufficient to passivate exposed Al areas of an IC chip.
If an entire device is coated with Al, a passivating
layer can be grown by completely oxidizing the Al
It should be kept in mind, however, that during oxida-
tion, hydrated oxides will migrate and redeposit on
adjacent areas that are tens of microns away from the
Al. Since many materials are stable in hot water, they
can be used as mask material for selective oxidation
of thin Al films.

Conclusions

1. 40°C is a “safe” temperature for DI water rinse
of Al (up to about 20 min); 50°-60°C is the “danger
point” beyond which excessive oxidation will occur.
The Al surface is quite clean (<1A of C) after a 5
min, 40°C rinse following photolithography.

2. Al-oxide growth occurs in pure water; (HR100)
photolithography, (H3;POs-based) Al etch, (A30) re-
sist stripping, and Cu doping (==0.5 a/o), do not sig-
nificantly affect the oxidation rate.

May 1978

3. This oxide is porous and contains nearly amor-
phous gamma-alumina and probably some hydrated
oxides.

4, The Al oxide is able to spread >20 um from the
Al to adjacent areas; this probably occurs by dissolu-
tion of gamma-alumina and redeposition of the hy-
drated oxides (6, 8).

5. This oxide is loosely adherent to Al, especially
after 450°C H, anneal, and causes poor adhesion of
subsequent metals deposited over the Al
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Silicon-on-Sapphire Crystalline Perfection and
MOS Transistor Mobility

C. E. Weitzel* and R. T. Smith
RCA Corporation, RCA Laboratories, Princeton, New Jesrey 08540

ABSTRACT

Experimental data show that there is a correlation between the crystal-
line perfection of a (100) silicon-on-sapphire epitaxial film and the magni-
tude and direction of misorientation of the sapphire substrate from the
{1102} normal. The perfection is ascertained by measuring the half-width of
Si {400} 6:26 x-ray diffraction profiles. Data obtained from SOS/MOS tran-
sistors show a direct relationship between epitaxial perfection and FET mo-
bility. Other factors which influence the perfection of the SOS film are

growth temperature and film thickness.

For many years considerable effort has been ex-
pended in optimizing the quality of the epitaxial sili-
con films grown on sapphire substrates. In the earliest
work (1-3), the optimization was achieved by select-
ing the appropriate Al,O; planes which allow single
crystal silicon growth and by using silane rather than

* Electrochemical Society Active Member.
Key words: x-ray diffractometry, §:26 half-width, FET mobility,
growth temperature, Czochralski sapphire.

silicon tetrachloride as the source gas. To achieve
higher quality SOS films later workers (4-11) found
it necessary to optimize other parameters: type of
sapphire, substrate polishing and cleaning, predeposi-
tion firing, growth rate and temperature, and post-
deposition annealing. Additional work (12-18) was di-
rected toward understanding and optimizing changes
in the SOS films which resulted from MOS transister
fabrication. More recently a vast array of sophisti-
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cated analysis techniques have been used by numerous
workers (19-35) whose goal is to understand and opti-
mize the Si-Al,O3 system.

Despite all of this work on optimizing (100) SOS
films, there is no mention of the possible dependence
of SOS film quality on the sapphire substrate misori-
entation from the {1102} plane. Recently we presented
data (36) that were obtained from wafers cut from
EFG (edge defined film fed growth) sapphire ribbons
that were polished using techniques that subsequently
have been improved. These data indicate that small

misorientations of the substrate away from the {1102}
affect the SOS film perfection, and as a result the
transistor mobility. More importantly the data show
that the most perfect (100) SOS films are not obtained

on the {1102} sapphire plane but rather off this plane.
The data presented here are corroborating observations
obtained using state-of-the-art Czochralski substrates.
The relative crystalline perfection of SOS films is de-
termined by x-ray diffraction profiles and is shown
to correlate with SOS/MOS transistor mobility. The
data from the Czochralski substrates also indicate that
the most perfect SOS films are grown on substrates

which are off the {1102} plane. Since the same results
were obtained for both sources of sapphire and both
polishing techniques we must conclude that the opti-
mum substrate orientation is independent of these
parameters. The transistor mobility and film perfec-
tion are also shown to be directly related for SOS films
grown at different temperatures and of different thick-
nesses.

Experimental Techniques

The 1% in. diam sapphire substrates used in this
investigation were cut from Czochralski sapphire
boules and polished by Union Carbide using state-
of-the-art techniques. Since a systematic investigation
of substrate misorientation was planned, the misorien-
tation of a large number of substrates was measured
using x-ray Laue and diffractometry techniques. Each
wafer had a fiducial flat ground at 45° to an Al,O3 “a”
axis lying in the plane of the wafer face. The pro-
jection of the Al,O; “c” axis in the polished side of
the wafer was determined relative to the ground
fiducial flat by the back-reflection Laue method. Com-
ponents of misorientation of the face of the wafers

from the {1102} were thus measured in orthogonal
directions perpendicular and parallel to the projection
of the “c” axis. The orthogonal components of mis-
orientation were measured on a Siemens diffractometer
equipped with a Siemans single crystal orienter and
using a Cu Ka; {1102} reflection. Components of mis-
orientation were read directly to an accuracy of +0.02°.

From this pool of substrates four groups of five
substrates were selected to be processed together. In
selecting the substrates for each group, care was taken
to select substrates with widely varying misorientation
so that any difference in transistor parameters would
be obvious. Figure 1 shows the misorientation com-
ponents of 20 of the substrates which were studied.
A perfectly oriented wafer would be located at the
origin of this graph. Figure 1 also shows how the
wafers are divided into four processing lots and the
processing lot number. At the time the wafers were
purchased, the orientation specification was 2.0° in

any direction from {1102}. Only three of the 20 wafers
were outside of this specification.

After the components of misorientation of the sub-
strates were measured, the substrates were fired in
H, at 1200°C for 30 min. The epitaxial silicon films
were grown on five substrates at a time in a five-sided
barrel reactor by the pyrolysis of SiH; at 970 C
pyrometer. The films were doped 1 x 10'3/cm3 n-type
during growth. Nominally 0.6 um films were grown
in 20 sec. Following epitaxial silicon growth, diffrac-
tion profiles were obtained from both the Al,O; {2204}
and Si {400} in the rocking curve (w-scan) and ¢:2¢
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Fig. 1. Misorientation components of 20 Czochralski {1102}
sapphire substrates.

modes. These diffraction profiles were obtained from
a rectangular area about 1 cm X 1 mm near the
center of each wafer. A Siemans w-drive diffractometer
with Cu Ke radiation was used to record the peak
profiles. The smallest entrance and receiving slits
(0.125 and 0.05 mm, respectively) were used to mini-
mize the instrumental broadening. Scanning speeds
were 1/8°/min in the 4:2¢ mode and 1/4°/min in the w-
mode. The crystal scanning-chart spead coupling gave a
strip chart recording sensitivity of 0.03125 /cm and
0.0625°/cm in the 6:26 and w-modes, respectively. In
the 4:2¢ mode, one samples only from a set of parallel
planes, and the broadening over instrumental may be
caused by a crystalline defect causing nonuniformity
in the d-spacing of these planes or small crystallite
size effects or both. In the w-mode the detector is
set at a fixed position centered within an angular
range of 0.02° about the maximum diffracted intensity
setting; hence any plane having a d-spacing charac-
teristic of the angular setting of the detector may be
sampled as the crystal alone is rotated through its
diffracting range. Broadening in this mode may be
caused by relative misorientation of crystallites or
sample curvature or both Each sample was oriented
such that its diffraction normal was in the plane of
the diffractometer. This was accomplished by incre-
mentally rotating the sample about its face normal
and successively readjusting the crystal  setting and
detector 26 setting to maximize the diffracted intensity.
The correct setting is attained when » reaches a maxi-
mum or minimum value.

Following characterization of the epitaxial silicon
film, SOS/MOS transistors were fabricated using the
P+ polysilicon gate deep depletion process (37).
Briefly the processing steps are: silicon island defini-
tion and etching, growth of 1200A of channel oxide,
polysilicon deposition, doping and etching, channel
oxide self-aligned etch, doping of sources and drains
from doped oxides, contacts, metallization and over-
coat. The process results in the fabrication of an
n-channel deep depletion transistor and a p-channel
enhancement mode trausistor. The average FET mo-
bility for a wafer is determined by averaging the
mobilities measured at five points on each wafer, one
point at the center of the wafer and four points equally
spaced around the perimeter of the wafer within
Ys in. of the wafer edge. The mobility of each point
is arrived at by plotting the drain current vs. gate
voltage with Vp = 0.1V. The transconductance is
determined from the linear part of this curve where
the gm is maximum. The FET mobility is then cal-
culated using the physical dimensions of the tran-
sistor (38).
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Experimental Results

Substrate misorientation and silicon epitaxial perfec-
tion.—Of the four diffraction profiles obtained from
each sample, the Si 6:2¢ half-widths were found to
have the greatest correlation to device performance.
The Si w-scan half-widths paralleled those of the ¢:2¢
with some exceptions. It is thought that these excep-
tions are due to the dependence of the w-scan half-
width on the direction of scan. Since each crystal
was oriented so that it was scanned in the direction
of misorientation and the orientation of each was
different, a common scanning direction did not exist.
Since the 6:2¢ half-widths are a valid qualitative
comparison of relative crystalline quality or perfec-
tion, we have chosen to compare device performance
characteristics with the crystalline quality as obtained
from 6: 26 scan half-widths.

The half-widths obtained from {2204} ¢:24 scans
of all the Al;O3; substrates were found to have a mean
value of 0.0413° =+ 0.0029°. Although the Al,O; half-
widths showed very little variation, the {400} ¢:26
half-widths of Si deposited on these substrates ranged
from 0.117° to 0.157° as shown in Table 1. The half-
width of a {400} Cu Kq; reflection of bulk Si obtained
with the same instrumental conditions was found to
be 0.0500°. Thus it appears that the method was insensi-
tive to any variations in the quality of the Al,O3
substrate, if present; while, the ¢:2¢ half-widths of
the epi Si were from 2.3 to 3.1 times as large as those
of bulk Si. Repeated half-width measurements of the
same SOS sample indicated that the measured half-
widths are reproducible to within +3.0%. The diffrac-
tion profiles of the {400} Si reflection were similar
to those reported earlier (36).

The half-widths obtained from each of the 20 wafers
are shown in Table I. The wafers in each processing
lot are listed in order of increasing 6:2¢ half-width.
Therefore, the SOS film having the smallest half-width
is listed first in each group of five wafers, and the
one with the largest half-width is listed last. An
examination of the components of misorientation of
each wafer revealed a correlation between the com-
ponent of misorientation parallel to the mirror plane
and the 6:2¢ half-width as shown in Table I. The
wafers, whose component of misorientation parallel
to the mirror plane is positive, have the smallest
half-widths; whereas, the wafers whose component
of misorientation is negatxve have the largest. There-
fore, wafers misoriented in the top half plane of
Fig. 1 consistently have smaller half-widths than
those in the bottom half plane. This correlation is

Table 1. 6:20 X-ray half-widths of SOS films, sapphire substrate
component of misorientation parallel to mirror plane and
SOS/MOS transistor mobility

SOLID-STATE SCIENCE AND TECHNOLOGY

SOS/MOS transistor
mobility (cm?/V sec)

Sapphire substrate Silicon
component of §:29
p-channel

Proc-  misorientation half n-channel

essing parallel to mirror width
lot plane (degrees) (degrees) Max Avg Min Max Avg Min

LP31 +1.80 0.117 457 447 440 218 214 209
+1.92 0.123 460 424 402 207 204 197
+0.92 0.134 356 353 344 177 170 163
—1.22 0.128 350 343 320 176 174 169
-1.28 0.142 336 320 300 171 165 155
LP33 +1.94 0.125 453 447 445 161 159 158
—0.03 0.126 491 483 477 186 182 180
-1.13 0.129 506 483 431 168 164 153
0.00 0.134 575 542 518 18) 186 176
—-0.84 0.145 432 416 399 153 150 146
LP34 +0.82 0.118 458 432 415 164 162 159
+0.35 0.122 451 426 40) 169 161 154
+0.25 0.128 347 337 330 143 141 139
—141 0.133 320 314 305 136 131 128
—2.50 0.141 295 268 236 130 114 109
LP39 +0.69 0.130 509 497 487 202 197 194
+0.81 0.134 535 530 523 225 218 212
+1.85 0.142 483 456 419 191 188 1
-1.3 0.150 0 410 405 193 185 169
—-1.26 0.157 Wafer broke
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Fig. 2. Silicon {400} 6:29 half-widths vs. component of mis-
orientation parallel to the mirror plane.

obvious for all of the lots except LP33. Possible
causes of this lack of correlation in lot LP33 are
discussed later. No correlation was found between
the components of misorientation parallel to the “a”
axis and the ¢:2¢ half-widths. This is not surprising
since most of the wafers are only slightly displaced
from the mirror plane, Fig. 1.

The data from the first two columns of Table I
are shown graphically in Fig. 2. The ordinate in Fig. 2
is the component of misorientation parallel to the
mirror plane and the abscissa is the 4:2¢ half-width.
The lines are drawn to approximately fit the experi-
mental data points. Three of the lines show a mono-
tonic decrease in ¢:2¢ half-width as the component
of misorientation changes from negative to positive;
whereas, the fourth line, for processing lot LP39,
shows a decrease followed by an increase for the
most positive component of misorientation. The 20
points plotted in Fig. 2 could be gathered together
into three groups: those with components of mis-
orientation parallel to the mirror plane of about —1°,
those with components between 0° and +1°, and those
with components around +-2°. The average half-widths
of these three groups are 0.140°, 0.128*, and 0.127°,
respectively. These averages also reflect the correla-
tion with substrate orientation. The average half-
width and misorientation component of these three
groups is plotted in Fig. 2 by the circled X.

Silicon 6:2¢ half-width and SOS/MOS transistor mo-
bility.—Since the ¢:2¢ diffraction profile is a measure
of the quality of the epitaxial film, such a parameter
should also correlate with the electrical properties
of the film that are also affected by film quality.
Since the mobility of charge carriers is limited by
scattering events, the mobility of carriers in a more
highly defected material would necessarily have to
be smaller than in a more defect-free material. This
correlation is shown by the transistor mobility data
in Table 1. The maximum, minimum, and average
mobilities of both n-channel and p-channel transistors
on each wafer are shown. With the exception of data
for lot LP33, the average mobility decreases as the
6: 26 half-width increases. The maximum and minimum
mobilities for each wafer also show this trend. For
most of the wafers the maximum and minimum mo-
bilities differ from the average mobility by less than
5%. For a few wafers, however, the difference is as
great as 10%.

This correlation between crystalline perfection and
FET mobility is shown graphically in Fig. 3. The FET
mobility for n-channel deep depletion transistors and
p- -channel enhancement transistors from lot LP34
is plotted vs. the 6:2¢ half-width of the silicon epi-
taxial film. The spread in mobility above and below
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200 T T T T T 466 defect concentrations, have higher FET mobilities than
P devices fabricated on substrates which are located
;‘g::::gt below the origin which have been shown to have
183 | '] P 1433 higher defect concentrations.
Other parameters affecting SOS epitaxial perfec-
- = tion.—The correlation between substrate misorienta-
= g167 H400 2 %5 tion, silicon 6:26 half-width, and SOS/MOS transistor
w> -~ oo mobility is quite obvious when the data from the five
e [y wafers which were processed together are compared.
23150 4366 & s However, the correlation becomes less obvious when
BN i 12 all 20 wafers are grouped together for analysis. In
g= F‘ W addition, the lack of correlation for the data from
az134f {33305 lot LP33 is unexpected in light of the data from
29 4 o2 the other lots. These facts indicate that, in addition
o P zZ= to substrate misorientation, there are other factors
Sguth 4300 < o which affect SOS epitaxial quality. If other parameters
o 5 Q were not important, all of the lines connecting the
Zis data points in Fig. 2 would cross the zero degree axis
100 |- 4266 at the same point. Instead, there is a 0.0115° variation
in half-width on this axis. This variation exists in
spite of the fact that the wafers were processed as
83 ! | L L | 233 identically as is presently possible.
0i0 o.ll ol2 o013 0l4 0I5 016
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Fig. 3. FET mobility of n-channel deep depletion and p-channel
enhancement transistors vs. 9:2¢ half-width of silicon epitaxial film
for wafers in lot LP34,

the average is shown by the vertical bar. The data
show that the mobility in the accumulation layer of
the n-channel device is reduced from 432 cm2/V sec
for a half-width of 0.118° to 268 cm2?/V sec for a
half-width of 0.141°. The average mobility in the
inversion layer of the p-channel device decreases from
162 to 114 cm?2/V sec. For a 3.32° change in substrate
orientation, the mobility is reduced to 70% of its
maximum value. The average mobilities for the de-
vices on wafers in the three groups previously dis-
cussed in reference to Fig. 2 also show the same
effect. The average n-channel mobility for the three
groups is 380, 450, and 443 cm?2/V sec, respectively,
and the average p-channel mobility for the groups
is 164, 183, and 197 cm?2/V sec, respectively.

Since the crystalline perfection correlates with mis-
orientation direction and also with the FET mobility,
the mobility must also correlate with misorientation
direction. This correlation is shown in Fig. 4 for proc-
essing lot LP31l. In Fig. 4 the misorientation com-
ponents for each substrate are plotted on a graph
similar to Fig. 1. Next to each point is given the
average n-channel and p-channel FET mobility. De-
vices fabricated on substrates which are above the
origin, which in Fig. 2 have been shown to have lower
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Fig. 4. FET mobility of n-channel deep depletion and p-channel
enhancement transistors vs. components of substrate misorientation
for wafers in lot LP31.

The factors that are not totally controlled are prob-
ably those that affect the substrate polishing and
cleaning and the silicon growth. Until recently no
technique for quantitatively measuring the perfection
of a polished sapphire surface has been available.
The infrared work by Duffy and Zanzucchi (31) is
a step in this direction. An important factor to con-
trol with regard to the silicon growth is the tem-
perature. This is usually done with an optical pyrom-
eter. Since the pyrometer measures the temperature
through the wall of the growth reactor any deposit
that accumulates on the inside wall of the reactor
will cause an error in the temperature at which the
film is grown. The sensitivity of the quality of the
SOS film to growth temperature is shown by the
data in Fig. 5. To eliminate the effect of the accumu-
lating deposit the bell jar was thoroughly cleaned
prior to growing the SOS films for this experiment.
In addition after each deposition run the bell jar
was cleaned again. These precautions were taken so
that the susceptor temperature could be measured
accurately. The FET mobility of n-channel deep de-
pletion transistors is plotted on the ordinate and the
growth temperature, as measured by an optical pyrom-
eter, is plotted on the abscissa. The vertical bars in-
dicate the spread in mobility across each 1% in.
diam wafer. The misorientation components of all
of the wafers are the same to within 0.100°. As the
deposition temperature is increased from 930° to
1000°C, the average FET mobility increases from 260
cm2/V sec to a high of 445 cm2/V sec and back down
to 258 cm?/V sec. The spread in mobility across a
wafer is smallest for films grown near the optimum
temperature. The films grown at 930° and 1000°C had
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g. 5. N-channel FET mobility vs. SOS film growth temperatute
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a cloudy or milky appearance when viewed with
intense low-angle lighting. In all probability there
are degrees of cloudiness not discernible to the human
eye for some of the other lower mobility wafers. The
crystalline structure of the cloudy films is presently
being studied. The 6:2¢ half-width of cloudy films is
larger than that of noncloudy films for identically
oriented wafers. The data indicate that temperature
control to within +5.0° of the optimum temperature
is desirable. However, it is still not that simple, be-
cause the temperature across the surface of the growth
susceptor varies. In addition, the temperature varia-
tion across a warped wafer will be different from
that across a flat wafer.

Talysurf measurements indicate that occasionally
the films on one or more wafers in a deposition run
are thicker or thinner than expected. Again as with
temperature, this can have a measurable effect on
FET mobility and 6:2¢ half-width, as shown in Fig. 6.
The misorientation components of all of the wafers
are the same within 0.100°. The mobility for n-channel
deep depletion transistors is plotted on the left-hand
ordinate, and ¢:2¢ half-width is plotted on the
right-hand ordinate. Again the vertical bar indicates
the spread in mobility across the wafer. The preproc-
essed film thickness is plotted on the abscissa. Approx-
imately 700A of silicon is consumed during oxidation
in the process. As the film thickness decreases the
mobility first decreases slowly and then rapidly below
3000A. This mobility decrease is mirrored by an
increase in ¢:2¢ half-widths. These mobility data are
consistent with those of other workers (39-41). These
data indicate that the defect density of an SOS film
increases as the Si-Al,O3 interface is approached.
Cross-section transmission electron micrographs also
show this dependence of defect density on film thick-
ness (24).

The high temperature processing steps that the
film undergoes during the fabrication of MOS devices
also have a significant effect on the defect density of
the SOS epitaxial film, as shown by the data in Fig.
7. These data were taken by measuring the ¢:26 half-
width of as grown 0.6x thick films. Then a thermal
SiO; layer is grown in HCI steam on each of the films,
as would be done in normal processing. A different
oxidation temperature and time was used for the two
films. Normally the SiO, is used as an etch mask
for the silicon film. However, in this experiment the
oxide is merely removed before the 6:2¢ half-widths
are re-measured. The results are shown in Fig. 7.
It is interesting to note that the film with the larger
half-width that was oxidized at the higher temperature
for the longer time had the smaller half-width fol-
lowing the oxidation. Next the films were oxidized as
if the channel oxide were being grown. The oxide was
removed, and the half-widths remeasured. This proc-
ess was repeated after each of the anneals at 1050°C
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Fig. 6. N-channel FET mobility and 6:26 half-width vs. SOS film
thickness.
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in helium for 15 min. The data clearly show that the
high temperature processing steps cause a decrease
in the 6:2¢ half-width. This is indicative of an an-
nealing out of some of the defects in the SOS film.
That the more defective film had less defects at the
end of the processing shows the importance of the
time and temperature for improving the perfection
of the film. Finally the data show that continued an-
nealing does not reduce the SOS, 6:2¢ half-width to
that observed for bulk silicon, 0.0500 degrees. Rather
the half-width decrease saturates at a value between
0.0900 and 0.1000 degrees. These results were con-
firmed by other experiments in which SOS films
were annealed in inert ambients for periods of hours
or days. In all cases the half-widths decreased; and
in many cases following saturation, the half-widths
increased with further annealing, as did the data in
Fig. 7. The smallest half-width measured for an
annealed 0.6x SOS film was 0.0844 degrees, and only
one other film out of about 30 had a measured half-
width of below 0.0900 degrees.

Discussion

The experimental data presented here is additional
evidence for the correlation between sapphire sub-
strate misorientation, silicon 6:2¢ half-width, and
SOS/MOS transistor m.obility. In the earlier work
(36) this correlation was found using wafers cut from
EFG sapphire ribbons that were polished using tech-
niques that have subsequently been improved. As a
result there was concern that the source of the sapphire
and polishing techniques might have contributed to
the effect. The present observations, however, were
obtained using substrates cut from Czochralski boules.
These wafers were fabricated using state-of-the-art
techniques which included a final polish using col-
loidal-silica type polishing agents. Since the same
behavior was found for both sources of sapphire and
both polishing techniques, we must conclude that one
factor that determines the qualtity of the SOS film is
the substrate misorientation. In addition the data show
that the highest quality SOS films are not grown on
the {1102} plane, as was formerly supposed, but rather
off this plane by an, as yet, undetermined amount.
This optimum orientation is presently being sought.

Although most of the experimental data clearly
shows the correlation between substrate misorienta-
tion, SOS film perfection, and FET mobility, anomalous
results are occasionally found. In this work the data
from lot LP33 is clearly anomalous when compared
with the data from the other lots. In addition the
wafer with the component of misorientation parallel
to the mirror plane of +1.85 degrees in lot LP39 is
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also somewhat anomalous. One possible explanation
of this behavior is that factors other than substrate
misorientation are affecting the film quality. The data
in Fig. 5 and 6 show that growth temperature and
film thickness are two other factors which affect film
perfection. The growth temperature could be different
for wafers in the same deposition run if the faces
of the susceptor are at different temperatures or if
there is poor thermal contact between the wafer
and susceptor which could be caused by wafer warp-
age. The data in Fig. 5 clearly show that a deviation
of only 10°C from the optimum growth temperature
can cause a signficant decrease in transistor mobility.
A limited study of film thickness variation for wafers
grown at identical conditions revealed that although
the thickness of 90% of the films was within +10%
of the average thickness of all the SOS films, the
thickness of the films on the other 10% of the wafers
differed by as much as +25%. This translates to a
film thickness variation of +1500A. The data in Fig. 6
show that a variation in thickness of this magnitude
would also have a significant effect on 6:2¢ half-width
and transistor mobility.

The data in Table I show that for the anomalous
wafer in lot LP39 not only is the mobility lower than
expected, but the half-width is also greater than would
be expected for a wafer with this misorientation.
Therefore, the correlation between mobility and half-
width still holds; whereas the correlation with mis-
orientation is violated. This type of behavior would
be expected if the film were too thin or if the growth
temperature were not optimum.

In light of the correlation between misorientation,
half-width, and mobility for the data from the other
three lots, the data for lot LP33 is most disconcerting.
The data for lot LP33 in Table I show very little
correlation between any of the measured parameters.
If the half-width data correlated with the mobility
data, but not the misorientation the arguments used
for the wafer in lot LP39 with regard to growth
temperature and film thickness could be applied here.
However, the data for LP33 in Table I do not show
this correlation. Therefore, the only explanation for
the lack of correlation is that either the wafers be-
came mixed up or that there are other factors which
can affect the film mobility but not the half-width.

The data which show the decrease in half-width
following various processing steps points out an im-
portant fact about SOS films. The fundamental prop-
erties of SOS films are not unaffected by the proc-
essing steps required for transistor fabrication. On
the contrary SOS films are very sensitive to process-
ing parameters. These x-ray diffraction techniques
are merely another tool that can be used to acquire
a better understanding of the dynamics of the Si-Al,04
system. The ultimate goal of all this work is the
optimization of SOS transistor performance.

Summary

Experimental data obtained from state-of-the-art
Czochralski sapphire substrates were presented which
show a correlation between substrate misorientation,
SOS film perfection, as measured by x-ray diffraction
techniques, and SOS/MOS transistor mobility. The
correlation is identical to that obtained in earlier
work (36) in which EFG ribbon wafers were used.
The data indicate that the optimum substrate orienta-
tion is not the {1102} plane but rather off this plane.
Growth temperature and film thickness are also shown
to have a large effect on film perfection and transistor
performance.
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Optical Monitoring of the Etching of
SiO. and Si.N. on Si by the Use of
Grating Test Patterns

H. P. Kleinknecht and H. Meier
Laboratories RCA Limited, CH-8048 Zurich, Switzerland

ABSTRACT

An optical technique is described which monitors both the etch depth and
the amount of lateral underetching during the etching process. This tech-
nique applies to wet chemical etching as well as to plasma etching. For this
purpose a test pattern containing one or more diffraction gratings is included
on the mask, which is used to aefine the particular etching step. During the
etching process a laser beam is aimed at this test pattern on the Si wafer and
the retiected first-order diffraction intensities are monitored. As the etching
progresses and the grating profile deepens, the diffracted intensity goes
through oscillations which give an in-process indication of etch depth and
etch rate. In the wet process the complete underetching underneath the
photoresist bars of the grating is signaled by a drastic drop in the diffraction
intensity. The simultaneous monitoring of a number of gratings with different
bar widths permits one to follow the underetching in fine steps.

In silicon devices and integrated circuits fabrication
many processing steps involve etching of SiO: and
SizgN4 layers on Si through photoresist patterns. The
lateral dimensions and the profiles of the patterns
etched into the layers depend to some degree on the
amount of underetching or undercutting in lateral
direction underneath the photoresist mask. In many
cases this undercutting is undesirable because it re-
duces the edge definition. In other cases a certain
amount of undercutting is desirable for a sloped,
rounded edge of the layer which is required in order
to ensure continuity of the metallization stripes at the
edge. In any case it is necessary to have control over
the amount of underetching, and it is desirable to have
in-process control over this parameter.

One technique, which reduces undercutting, is
plasma etching (1). Unfortunately, in contrast to wet
etching, the plasma-etching process does not stop
completely when the SiO; has been removed, but it
continues to etch into the silicon. This problem has
been addressed by Heinecke (2), who has obtained a
ratio of etch rates of 10:1 in favor of SiO;. However,
with etch rates being very much dependent on rf
power, temperature, flow rate, and pressure (3, 4), one
still would like to monitor the etch depth in situ.

Poulsen and Smith (5) have described an endpoint
detection system which operates on the change of the
spectral emission from the plasma during the plasma
etching process. Konnerth and Dill (6) have used a
computed-controlled spectrophotometer for measuring
the thickness of glass and SiO; layers during etching
and of photoresist during development. Van der
Meulen and Hien (7) have constructed an automated
ellipsometer for in situ measurement of dielectric lay-
ers at high temperature.

This paper describes a technique for in-process
monitoring of the etching which is probably cheaper
and more flexible than the systems quoted above and

Key words: wet etching, plasma etching, etch depth, etch rate,
underetching.

which has been shown to work for wet chemical etch-
ing as well as for plasma etching of SiO; and SizN4
layers on Si wafers. In addition to the etch depth,
this technique also monitors the amount of underetch-
ing which, to the knowledge of the authors, has not
been done before. The new method uses test patterns
in the form of diffraction gratings which can be
arranged in a “knock-out” area on the normal photo-
mask used for the delineation of the particular etch-
ing step to be controlled. Such gratings can be moni-
tored during the etching process by reflection of a
laser beam which results in a diffraction pattern. The
intensities of the diffraction orders can give informa-
tion about the profile of the grating, in particular on
the etch depth, etch rate, and undercutting.

Figure 1 shows in a schematic way what can be
expected to happen if, for instance, a SiO, layer is
etched in HF through a fine photoresist grating pat-
tern: As the etching progresses, the thickness, h, of the
SiO; layer will decrease. This will cause the phase
difference of the light reflected from the photoresist
bars and from the SiOp to change. As a result the
diffracted intensity will oscillate. This oscillation will
stop when the etch has reached the SiO.-Si interface.
At the same time the etching will progress laterally.
As soon as this lateral underetching has gone as far as
half the width of the photoresist bars (u = a/2), the
grating bars will start to shift and finally fall off. This
will destroy the periodicity of the grating, and as a
consequence the diffraction pattern, e.g., the first order,
will decrease in intensity.

Exploratory Tests with Wet Etching

In order to test this, a number of polished silicon
wafers were covered with a SiO:; layer of 0.94 um
thickness (as measured by ellipsometry), coated with
photoresist and exposed through a mask containing
1.5 X 3 mm? areas with a grating-like parallel bar
pattern of a periodicity of 10.2 um and a width of the
bars of a = 3.0 um.
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Samples cleaved from these wafers were mounted
on a Teflon holder which could be immersed into a
Teflon etch container provided with a window of
transparent acrylic sheet. The optical setup is described
in Fig. 2. The beam of a He-Ne laser (A = 6328A) is
chopped and aimed approximately perpendicular at
the grating area of the sample. During the etching,
which was done in buffered HF, the intensity, I;, of
the first-order diffraction beam was measured with a
silicon PIN diode and a lock-in amplifier.

Figure 3 shows the recorder curves for three con-
secutive experiments. One observes the expected oscil-
lations which stop after 5.5 min, indicating that the
etching has reached the Si-SiO, interface. After
about 7 min there is the sharp decrease which in-
dicates an undercutting of ¥ = a/2 = 1.5 ym. This
interpretation was confirmed by microscopic inspection
of the samples after the etching cycle.

Analysis of the Diffraction Intensity

For a quantitative interpretation of the oscillations
of the diffracted intensity vs. time one has to use dif-
fraction theory, which is relatively simple for the
Fraunhofer regime only. The diffracted intensities of
the 10 um grating were measured for up to 12 orders
with the incident beam polarized parallel and per-
pendicular to the grating lines. No significant differ-
ence was observed, which was taken as a justification
to use the Fraunhofer integral (8). One can write the
diffracted amplitude, U, for the case of a square
aperture as

________ He-Ne LASER
ETCH CHOPPER
CONTAINER 2

SAMPLE
HOLDER MIRROR
)
0
A
SANPLE =—APERTURE
I ">pIN DIODE

FUME HOOD

Fig. 2. First experimental set-up

Here N is the total number of grating lines, d the
grating constant, and

2
E-Tndsine 121

0 is the angle of diffraction (see Fig. 2). r(x) is the
complex reflectivity as a function of the coordinate x
running perpendicular to the grating bars in the plane
of the grating. The analysis will be restricted to a
rectangular grating profile as shown in Fig. 4. For-
tunately, as will be shown below, this will be good
enough for our purpose. For this case the reflectivity,
r(x), can be taken to be constant across the grating
bars (= ra) and across the spaces in between (= 7p).
If ¢ is the phase difference between the two reflec-
tivities, one has

{ Ta = |14
r(x) =

Ty = |7y exp (ig);

ilo<xr<a)
(a<x<d) [3]

where 74|, |75 and ¢ are independent of x.

On inserting Eq. [3] into Eq. [1] the intensity I({) =
|U|2 can be calculated. I(¢) is large for ¢{ = m - 2x only,
i.e., for the directions of the diffraction orders (order
number m), namely

. a
sin? | mx—

I(m) « [|7a|? + [p]2 — 2|7a||rs| cos ¢]
m2
[4]
no = .34
PR
g 4K i
NV AN A i
!
i n,= 3.8
a d f' £

Fig. 4. Rectangular grating profile used for calculating diffraction
intensities.
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Note that the bracket does not contain the order
number, m. In order to test the validity of the rec-
tangular profile approximation, the intensities of the
first 10 diffraction orders were measured quantitatively
on several samples and plotted as a function of the
order number, m. Figure 5 gives such a plot. The
curve is a computer fit to the measured points ac-
cording to Eq. [4]. As can be seen, the rectangular
approximation is justified for the first three orders
which is good enough for the present work since only
the first-order intensities are used.

The reflectivities r, and 7, in Eq. [4] depend on the
refractive indexes and the thicknesses of the four
media: etching solution, photoresist, SiOg, and Si. For
monitoring the SiO; thickness, h, in the region a < x
< d during etching, one only needs an expression for
r as a function of h. Since in the practical case the
photoresist is not etched, r, can be considered to be
constant. Using, for instance, Ref. (9) one gets for
normal incidence

71 4 72 €xp (i2
s P BEEDIR L 5]
1 4 rirz exp (i28)

with
Ng — N, n — N2
"= L o= (61
o+ 1 n + n2
and
2 21
=Tn1h; v=Tm(9—h) [7

no is the refractive index of the etching solution
(buffered HF), which we measured to be 1.34; n; =
1.46 for SiOs; ne = 3.8 for Si at A = 6328A. The factor
exp (i2vy) in Eq. [5] is due to profile depth, g — h (see
Fig. 4). From this one can calculate ||, ¢, and the
bracket of Eq. [4], which is proportional to the inten-
sity. The result is plotted in Fig. 6 for three photo-
resist thicknesses, i.e., three different values of 7. As
can be seen, the main oscillations are the same for all
three curves, having a period of about Ah = 0.22 um.

Knowing this period, one can by comparison of Fig.
3 and 6 assign to each point in time an oxide thickness,
h. We notice that within 5.5 min we go through a
total of 4.5 periods of 0.22 um each, which gives a
layer thickness of 0.99 xm in good agreement with the
ellipsometric value of 0.94 um and an etch rate of 0.18
xm/min,

Plasma Etching of SiO, Layers

The technique of monitoring the etch depth and the
etch rate described above was also tried out with
plasma etching. The etching apparatus used was a
commercial system: Model “PDE/PDS-301" built by
the LFE Corporation. The etching chamber of this sys-
tem has a plane front window which is suitable for
the optical tests. The samples and the optical equip-
ment were the same as described above.

XX
x Fox oy
O il
5 10
—=
Fig. 5. Intensity vs. order ber of a sampl ing a 10 um

photoresist grating on Si + SiO2. The curve is a fit to Eq. [4].
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Fig. 6. Calculated first-order intensity as a function of the SiO2
thickness, h, for three different photoresist thicknesses.

Figure 7 gives recordings of the first-order inten-
sities for three runs with different flow rates of the
reactive gas. Aside from the shoulders and small
maxima in the top curve, which are very likely due
to sputter abrasion of the photoresist, one can see
that the spacing of the maxima decreases, i.e., the etch
rate increases, with increasing gas flow. In addition,
the spacing of the maxima decreases, as the etching
goes on; very likely an increase of etch rate due to
heating (3).

It has to be pointed out that similar reflectivity os-
cillations can be obtained by interference in specular

GAS
FLOW : 15

L1 1 1

N N T N T N T T S [ Y Y Y Y O Y

@Ci)g&s)w : 3

N Y T O Y Y T T T N I T Y | 11

GAS
FLOW : 6
‘ 11 PN B A A A A
(¢} 5 10 15 20 25

MIN

Fig. 7. First-order intensities vs. time of three samples measured
during plasma etching.
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reflection on uniform SiO, layers without gratings.
However, the practical disadvantage of the specular
reflection for monitoring IC processing is that it
requires a uniform area on the sample which is as
large as the laser beam. If a large part of the beam
is reflected from other areas of the structure con-
taining photoresist, other oxides, etc., this reflection
will largely go in the same specular direction and dis-
tort or bury the wanted signal. The grating gives the
possibility to use test areas on the wafer, which can be
smaller than the laser beam. The detector properly
positioned as in Fig. 2 will receive nearly no other
signal but the one coming from the grating. All light
reflected, diffracted, and scattered from other struc-
tures on the wafer will go mostly in other directions.

For a quantitative evaluation one again has to go
through the analysis which was indicated above for
wet etching with the only difference that now the re-
fractive index of the surrounding medium is np = 1 in-
stead of 1.34. The results of these calculations are
strong oscillations in I; with a period of 0.217 wum.

The middle and bottom curves in Fig. 7 show 5
maxima. The last maximum occurs after 4.4 periods
giving a total oxide thickness of 4.4 X 0.217 = 0.95 ym
in good agreement with the ellipsometric thickness
measurement. After the 5th maximum the intensity
drops to a low constant value. Microscopic inspection
after that showed that the spaces not covered by
photoresist were heavily pitted and showed a mat
silvery gray color characteristic of bare Si.

In several etching experiments the process was
interrupted at the top of the 5th maximum (arrow 1
in Fig. 7). The microscope then showed that the Si
was bare and very little pitting was present. For other
samples etching was stopped at the 4th minimum
(arrow 2 in Fig. 7) leaving a residual SiO; layer of
uniform blue color indicating a thickness of 700-800A.
These experiments prove that satisfactory control can
be achieved by the monitoring process with the pos-
sibility to stop the etching at a given etch depth re-
gardless of the etch rate, i.e., independent of the par-
ticular conditions.

Nevertheless, this technique permits very rapid and
simple measurement of the etch rates as the process
goes on. As a demonstration of this we summarize in
Yig. 8 these preliminary plasma etch data in terms
of the etch rates in SiO; as a function of gas flow
for two rf power levels. The etch rate at the begin-
ning of the process (initial) is lower than the final
value because of heating.

Plasma Etching of Si;N, and SiO,

The problem of defining patterns and etching win-
dows into SizN4-SiO; double layers is particularly
suited for plasma etching. In this case wet chemical
etching is rather complicated and troublesome. There-
fore the optical monitoring technique was tried out
for this case too, using samples with 1000A of SizN4
on top of 1 um of SiO,. Figure 9 gives one of the I vs t
curves taken during the process. In the first 5 min a

+
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Fig. 8. Etch rates vs. gas flow in plasma etching
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Fig. 9. First-order intensity vs. time during plasma etching of a
Si3N4-5iO2 double layer.

rather irregular pattern is seen which is interpreted
as the etching through SizN4 indicating an etch rate of
200 A/min. After that the curve looks similar to the
other SiO, etching curves. The etch rates obtained
from the curve fit quite well with the other SiO; etch
rate data. They are included in Fig. 8 with the points
marked “N”.

With the particular sample in Fig. 9 the etching was
terminated after the 5th oxide maximum as shown.
The microscope showed bare Si and pitting. In another
run with a similar sample the etching was interrupted
at the 4th minimum (arrow in Fig. 9). This left a blue,
uniform 700A thick SiOs layer. This thin SiO; layer
can now easily be removed with dilute HF without
the danger of undercutting.

Refinement of the Technique for Wet Etching

Encouraged by these exploratory experiments, we
have proceeded to refine the technique to bring it
closer to usefulness in the factory. In order to obtain
a finer measure for the degree of underetching a test
pattern containing 4 gratings with 4 different periodici-
ties, d = 10, 6, 4, and 3 um, and bar width a ~ d/2, was
designed, which is sketched at the top of Fig. 10. The
dimension, 1 X 1 mm, is small enough to fit into a
“knock-out” area of the wafer. The four gratings are
rotated by 45° with respect to one another. This results
in 4 diffraction patterns which also are rotated by 45°,
making the separation of the 4 signals easier. The bot-
tom part of Fig. 10 shows the diffraction reflexes as
they appear on a screen if the laser beam strikes the
test pattern with normal incidence.

By positioning four Si detectors at the locations of
the four first orders, one can simultaneously monitor
the underetching of the 4 gratings. With a = d/2 one
will expect the fall-off of the 4 signals for a lateral
underetching, u, equal to 0.75, 1.0, 1.5, and 2.5 um, re-
spectively.

Figure 11 gives the traces of the signal from 3 of
those 4 gratings recorded simultaneously during one
etch run. One sees the oscillations, simultaneous in all
3 traces, and the fall-off successively for the 3, 4, and
6 um gratings.

A large number of etching runs in buffered hydro-
fluoric acid were made. No special care was taken to
keep the etch rate constant by temperature control or
by always using fresh solutions, etc. This was not done,
because the objective of the optical test is to obtain
the right amount of etching in the presence of chang-
ing etch rates. In spite of these changes the character-
istic behavior of the four first-order diffraction intensi-
ties of the 10, 6, 4, and 3 um gratings as shown on the
recorder were always the same. Another example of
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for 3 gratings simultaneously.
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Fig. 12. Recorder trace of a typical etch run: first-order intensi-
ties of the four gratings (d = 3, 4, 6, and 10 um) vs. time.

such a recorder trace for all 4 gratings is shown in Fig.
12. Again, all four signals oscillate in synchronism,
each period corresponding to a decrease in h of about
0.22 um. After about 2.2 periods, i.e., after 0.48 um of
normal etching, the 3 um grating starts to fall off.
This indicates that in this case lateral undercutting
has penetrated somewhat faster (0.75 um) than the
normal etching. After 3.3 periods (0.7 um of normal
etching) the 4 um grating starts to fall off, indicating
an undercutting of 1.0 um, and after 4.1 periods (0.9
um) the fall-off of the 6 um grating starts, signaling an
undercutting of 1.5 um. The oscillations of the signal
from the 10 um grating stop after about 5 periods cor-
responding to the SiO, thickness of 1.1 yum. From then
on the 10 um signal rises smoothly until it shows a
fall-off after 16 min, at which point the lateral etch-
ing has reached about 2.5 um.

As can be seen from this plot, the normal etch rate
is rather uniformly 0.16 xm/min and the lateral under-
cutting is about 1.5 times as fast as the normal etching
for all four gratings. These figures may be different for
other etch conditions. However, in any case a record-
ing of the type of Fig. 12 gives the etch rate, and most
important, signals the exact time at which the lateral
underetching has reached a certain extent, namely, for
the test pattern used here, 0.75, 1.0, 1.5, and 2.5 um.

Finally Fig. 13 shows the equipment used for these
last experiments. The test sample, T, is placed in a
suitable etch container in the fume hood, H. This sam-
ple can be the end wafer of a whole lot of wafers being
etched together. The beam of the laser, L, (A = 0.6328
um, 1 mW) goes through the chopper, C, and is di-

(7 ] (][5

Dy [[ D2 || Ds|| D4

4-CHANNEL RECORDER

Fig. 13. Block diagram of the test set
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rected by the mirror, M;, at the test pattern on the
sample. The mirror, M,, directs the reflected diffrac-
tion pattern at the four silicon solar cells, Sy, Sz, S,
and Sy, which are connected to the four phase-sensitive
amplifiers Py, Py, P3, and P4. The signal coming from
the reference detector, R, is amplified in P, and proc-
essed in F to be used as a frequency reference. The
amplifiers P;-P4 are sample-and-hold type operational
amplifiers, which make the system insensitive to room
light. In order to be independent of any changes in the
incident laser intensity, the reference signal is fed to-
gether with the signals from P; to P4 into the divider
circuits Dy, Dg, D3, and Ds.

During the first experiments it was recognized that
it was desirable to adjust the mirror, M, very quickly
and conveniently in order to “find” the test pattern
on the wafer during a few seconds after immersion
into the etch bath. For this reason, the mirror, M;, was
equipped with servo motors for remote control of the
two tilt angles, which are operated from the joy stick,
J, via the servo circuit, C;.

The mirror, M,, is equipped with a similar servo
system in order to make sure that, regardless of the
orientation of M; and of the sample, the diffraction
pattern always strikes the solar cells S;-S4. This servo
system is controlled by the signal of a quadrant sensor,
Q, which senses the position of zero-order diffracted
beam.

Conclusion

Test patterns in the form of diffraction gratings of-
fer a simple technique for the in-process control of
the etching of patterns into SiO, through photoresist
masks both for wet etching as well as for plasma etch-
ing. In the case of the wet etching the time at which
the undercutting has reached a given amount can be
determined by a pronounced drop of the diffraction
signal. A test pattern containing several gratings of dif-
ferent line widths appears to be promising for the
tailoring of a desired amount of undercutting., In
plasma etching the grating technique gives reliable
control of the etch depth even if the SiO; is covered
with a SizNy layer.

The theory of this process as well as detailed infor-
mation about the equipment has been given.
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Oxidation of Copper in CO. at 800°-1000°C

W. J. Tomlinson and J. Yates!
Department of Applied Sciences, Lanchester Polytechnic, Eastlands, Rugby, United Kingdom

ABSTRACT

The oxidation of spectrographically pure copper in carbon dioxide has
been studied at 800°-1000°C. An initial linear oxidation rate changed gradually
to a second, lower, linear oxidation rate. During the first linear stage the sur-
face was covered with a feathery pattern of small dendrites of unknown
structure which were replaced progressively with more massive crystallites
of Cus0O associated with the second linear stage. The thickness of the CuxO
layer at 1000°C when the surface was fully covered was 14 um. Surface finish,
preannealing, and gas flow rate in the range 0.1-2.0 em sec—! had no effect on
the reaction. It is reasoned that the rate-controlling process was the de-
composition of CO; to form chemisorbed oxygen which was influenced by a
change of catalytic activity on the surfaces of the structures associated with

the two linear kinetic curves.

Oxidation is a multistep process. The early stages
involve oxygen dissolution in the metal and nucleation

1 Chester Education Department, Chester, United Kingdom.
Key words: linear kinetics, nucleation, Cuz0.

and growth of the oxide. Once the surface is covered
with a continuous layer of oxide, for oxidation to con-
tinue the following steps for the reactants must occur:
(i) transport within the gas, (ii) reaction at the gas/
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oxide interface, (iii) transport within the oxide, and
(iv) reaction at the metal/oxide interface. One step is
usually rate controlling, and the reaction is reflected
in the kinetics. Parabolic oxidation kinetics typically
indicates that diffusion within the oxide layer is rate
controlling. Linear kinetics are relatively uncommon
and imply that the slow step is a phase boundary re-
action; provided the reaction products form a uniform
dense layer they frequently change to a parabolic form
as the amount of oxidation increases.

Linear oxidation in COz or CO;-CO mixtures has
been observed with Fe by Hauffe and Pfeiffer (1) and
other workers (2-5), with Co (6), Mn (7), Ni (8),
and with Cu (9, 10). Hauffe and Pfeiffer found that the
linear oxidation rate of Fe in COy/CO mixtures is pro-
portional to (Pcos/Pco)?/3, and the rate depended
solely on the decomposition of COy; to form chemi-
sorbed oxygen. Smeltzer (2) interpreted his linear
oxidation rates of Fe in CO; as incorporation of chemi-
sorbed oxygen into FeO at temperatures below 910°C
and both dissociation of COz and incorporation into
FeO above 910°C. C. Wagner (11) derived a formula
which indicated that the linear oxidation rate should
depend not only on the CO3/CO ratio but also on the
sum of the partial pressures of CO; and CO. This was
confirmed by Pettit et al. (4). Swaroop and J. B. Wag-
ner studied the oxidation of Cu in CO3/CO mixtures at
1000°C (10). Two linear curves were observed with a
distinct change occurring at an oxide thickness of 0.4-
0.6 um. From the pressure dependence of the first
linear rate constant, it was inferred that the reaction
mechanism did not involve chemisorption.

The present work investigates the oxidation of Cu
in CO, at 800°-1000°C. The equilibrium pressures of
oxygen with CO;, Cus0, and CuO are shown in Table
I From these data CuO is not expected to form on Cu
oxidized in COs, and it is seen that the Po, from dis-
sociation of COy is only slightly greater than that from
dissociation of CupO. However, these data are for bulk
substances at equilibrium, and during oxidation the
interfacial energies and dynamic flow conditions will
alter the thermodynamic data and possibly the cata-
lytic effects due to the electronic/atomic defect equi-
libria being altered. The early stages of oxidation are
usually very sensitive to surface structure and cleanli-
ness, and so the purity of the Cu and COs, and the sur-
face finish are important. Transport in the gas may
also have an influence because of the low pressure of
oxygen in COa.

Experimental

The Cu was spectrographically pure with maximum
impurities (ppm): Ag 10, Pb 2,Si1,Ca < 1, Mg < 1,
Fe < 1. It was supplied by Johnson Matthey and Com-
pany Limited as 0.25 mm thick cold-worked sheet and
cut into coupons about 4 cm?2 surface area with a hole
for a Pt suspension wire. Four surface finishes were
used. In the as-received condition the specimen was
simply degreased in acetone before exposure. Mechani-
cal polishing consisted of polishing to 6/0 grade paper
then washing in turn with distilled water and acetone.
The bath used for chemical polishing (12) consisted of
55 v/o HNO; (density 1.75), 25 v/o glacial acetic acid,
and 20 v/o H3PO4 (density 1.40), and the specimen
was immersed for 1-2 min at 55°C and then washed as
above. The bath for electrochemical polishing was 33
cm?® HNO3 and 67 cm3 CH3OH cooled to 0°C and oper-
ated at 3V and 1 A cm~2 for 30 sec. After polishing
the specimen was washed as above.

The quartz-spring thermobalance was similar to one
used previously (13). The main difference was a mag-

Table I. Equilibrium pressures of oxygen at 1000°C [Ref. (10)]

WEIGHT GAIN (mg cm?)

Reaction Po, (atm)
CO2=CO + %203 1.2 x 10-5
Cu:0 =2Cu + % Oa 5.6 x 10-7
2Cu0 = Cuz0 + Y% 03 14 x 101

May 1978

netic winch which allowed insertion and removal of a
specimen to and from the hot zone while under vac-
uum or CO, Temperature control was within = 2°C
and the weight gain could be measured to within
+ 0.03 mg cm 2 The operating procedure was as used
previously (13), but in addition the oxidized specimen
could be quickly quenched in cool CO..

Special analytical grade CO. supplied by Distillers
Company Limited was used. It had maximum impuri-
ties : residual gases (non-KOH soluble) < 25 ppm (by
volume), water < 50 ppm (by weight), and other
gases < 5 ppm (by volume). The water content was
further reduced by passing through silica gel and then
phosphorus pentoxide. Gas flow was measured by a
rotameter. Gas pressure was 1 atm.

Standard x-ray diffraction techniques were used to
examine the surface products.

Results

Figure 1 shows the rate curves for the oxidation of
chemically polished Cu in CO; flowing at 0.2 cm sec—1.
At 900° and 1000°C there were two linear curves with
the gradient of the first curve greater than that of the
second, and an intermediate region which is shown
dashed. At 800°C there was only one linear curve. The
amount of oxidation was small, and in such cases sur-
face finish, gas speed, and preannealing might be par-
ticularly important so oxidation data were obtained
under the following conditions: (i) Cu chemically,
mechanically, and electrolytically polished, and in the
as-received condition, was oxidized at 800°-1000° in
CO; flowing at 0.2 cm sec—1; (ii) chemically polished
Cu was oxidized at 1000°C in CO; flowing at 0.1-2.0 cm
sec™!; and (iti) Cu was preannealed at 1000°C and
10-5 mm Hg, chemically or electrolytically polished,
then oxidized at 1000°C in CO; flowing at 0.2 cm sec—1.
In all cases the results were of the same form as Fig.
1. All these data are summarized in Tables II, III, and
IV.

In Fig. 1 the points in the dashed region could be-
long to either curve. This represents a gradual transi-
tion from the first linear curve to that of the second.
The extrapolated intersection coordinates of the lines
were used to characterize the change, and these are
reported with the other kinetic data in Tables II, III,
and IV. It is seen that at 900° and 1000°C the transition

14
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Fig. 1. The oxidation of chemically polished Cu in CO,. Gas
speed 0.2 cm sec.
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Table II. Linear rate constants and transition coordinates for Cu
with various surface finishes oxidized in CO2 at various
temperatures. Gas speed 0.2 cm sec 1.

Rate constants Transition
(g cm-2 sec-? coordinates
Temper- x 10-9) D ————
ature ——————— Wt gain Time
Surface finish (°C) Ky, Ki, (mg cm-2) (hr)
Chemical 1000 5.33 4.72 0.6 31
Chemi 1000 6.11 4.53 0.8 36
Chemi 900 4.32 2.89 0.7 45
C i 900 4.39 3.19 0.7 44
C 800 111 — — —
Mechanica 1000 6.83 4.53 0.8 33
M 1000 6.28 4.67 0.7 31
900 4.00 3.31 0.6 42
VI 900 4.31 3.33 0.6 39
echani 800 0.94 — — -_—
Electrochemical 1000 5.31 4.03 0.6 31
Electrochemical 1000 5.28 4.06 0.7 37
Electrochemical 900 3.28 2.78 0.6 51
Electrochemical 900 3.61 2.94 0.6 46
Electrochemical 800 0.75 — — —
As-received 1000 6.33 4.03 0.70 31
As-received 1000 6.08 4.50 0.70 32
As-received 900 4.58 3.89 0.60 36
As-received 900 4.39 3.4 0.60 38
Asreceived 800 1.00 — = -
Table H11. The effect of gas speed on chemically polished Cu
oxidized in CO3 at 1000°C
Rate constants Transition coordinates
(g cm-2 sec-1 x 10-°) _
Gas speed —_——————— Wt. gain Time
(cm sec-t) Kr, K, (mg cm-2?) (hr)
0.1 5.31 4.64 0.7 37
0.5 5.00 442 0.6 33
1.0 5.33 4.50 0.7 36
2.0 5.06 3.86 0.6 33

Table IV. The effect of preannealing 12 hr at 10—5 Torr before
oxidation in CO2 at 1000°C. Gas speed 0.2 cm sec—1,

Rate constants

Transition coordinates
(g cm-* sec! x 10-°) —_—

Wt. gain Time

Surface finish Ky, K, (mg cm-2) (hr)
Chemical 5.28 3.89 0.7 37
Electrochemical 5.83 3.33 0.6 38

Table V. Average linear rate constants for Cu oxidized in CO2

K, (g cm-2 sec-! x 10-9) Ki, (g cm-2 sec-! x 10-?)

Tem- Coef. Coef.
perature Std. vari- Std. vari-
(°C) Mean dev. ation Mean dev. ation
1000 5.67 0.57 10.05 4.19 0.44 10.50
900 4.11 0.45 10.55 3.22 0.36 11.18
800 0.95 0.15 15.79 —_ — —_—

occurs at a critical weight gain of 0.6-0.7 mg cm—2 but
at 800-C the total amount of oxidation was only 0.3
mg cm~—2 so the transition was absent. An unexpected
feature of the kinetic data is its insensitivity to changes
in surface finish, preannealing, and gas speed in the
range 0.1-0.2 cm sec—1, Because of this insensitivity, all
the data have been analyzed together, and the results
are reported in Table V. The Arrhenius function of the
first linear curve is shown in Fig. 2.

Specimens oxidized 72 hr at 900° and 1000°C were
examined by x-ray diffraction powder techniques, and
in back reflection after 40 and 72 hr at 1000 C and 72
hr at 800° and 900°C. The amount of reaction product
at 800-C was too small to be detected. CusO was ob-
served in all other cases but no CuO was detected.

The surface was examined after oxidation at various
times at 800°, 900°, and 1000-C. Figure 3 shows typical
oxidized surfaces. There were two types of surface
structures, one small, feathery, and acicular, and the
other much larger, thicker, and more rounded. For
convenience in this paper they will be called dendrites
and crystallites, respectively. The crystallites were
identified as Cuz0, but the structure of the dendrites is
uncertain. The formation of the surface products al-
ways followed the sequence: dendrites were nucleated
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Fig. 2. The Arrhenius function of the first linear rate constant

(Fig. 3a) and spread rapidly over the whole surface
(Fig. 3b), crystallites then nucleated on the dendrites,
and further oxidation resulted in the growth of the
crystallites (Fig. 3c) until the whole surface was
covered (Fig. 3d). In Fig. 3 note that (a) is for oxida-
tion at 800°C and the others for specimens oxidized at
1000°C. The reaction at 1000°C was so fast that it was
not possible to record at 1000°C the stage shown in
Fig. 3a for oxidation at 800°C. The times the structures
appeared at each temperature are shown in Table VI
where it is seen that the structures always appeared in
the same sequence, but after longer times as the tem-
perature was lowered. No detailed topographical
studies were carried out but the crystal heights were
estimated using the depth-of-focus of a microscope.
Using a fine adjustment with a drum calibrated in
micrometers, under oil immersion it was observed that
for a given oxidation the crystallites were approxi-
mately the same height, and that at 1000°C their height
was nearly the same for crystallites on specimens oxi-
dized for 20 and 40 hr. The height of the dendrites was
always very much less than the height of the crystal-
lites. Figure 4 shows the cross section of the dendrites
and crystallites formed on a specimen oxidized for 24
hr at 1000°C. The concave Cu surface clearly reflects
the Cu used in the nucleation and growth of the oxide.
The maximum thickness of the dendrites and crystal-
lites shown are about 1-2 and 10 um, respectively.
Cuz0 has a density of 6.0 g cm—3 (14), so at 1000°C
the CuzO film was about 14 um thick when the surface
was covered.
Discussion

The kinetic data summarized in Table V indicates
good reproducibility for the rate constants in the two
linear kinetic stages over the temperature range 800°-
1000-C. Swaroop and Wagner (10) also observed at
1000°C two linear curves and the first one had rate
constants in the range 6.1 to 8.93 x 109 g cm—2 sec—1.
This agrees well with the present, lower, values of
5.00-6.83 x 10-9 g cm~—2 sec.—!. However, the two
linear curves of Swaroop and Wagner appear to make
a sharp transition whereas in the present work the
change was gradual over a large weight gain range.
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hemicall

Fig. 3. Surface morphology of y polished Cu oxidized

in CO2. (a) 800°C, 72 hr; dendrites nuzleated. (b) 1000°C, 10 min;
dendrites cover the surface, a crystallite nucleating. (c) 1000°C,
20 hr; dendrites and crystallites. (d) 1000°C, 72 hr; surface cov-
ered with crystallites.

There is a direct relation between the kinetics and
surface morphology. The kinetic transition co-ordi-
nates are shown in Tables II, III, and IV, where it is
seen that the change occurs at a critical amount of
oxidation of 0.6-0.7 mg cm—2, and in the time range
30-38 hr at 1000°C and 36-51 hr at 900°C. When com-
pared with the surface morphologies, it is seen that
the first linear kinetic curve occurs when mainly den-

Table VI. The surface morphology of chemically polished Cu
oxidized in COg flowing at 0.2 cm sec—!

Time oxidized (hr)

°C 0.17 20 40 72
1000 D DC DC (%

900 D DC DC DC

800 —_ —_ — D

D = dendrites only.
DC = crystallites and dendrites present.
C = surface covered with crystallites.

May 1978

—

( b) 1O pm

Fig. 4. Chemically polished Cu oxidized in COy for 24 hr at
1000°C. Unetched. Cu at bottom. (a) Cross section of a crystallite
about 10 um thick. Note the concave Cu surface due to removal of
Cu into the preexisting dendrites and separate crystallites before
lateral growth formed the uniformly thick massive crystallite. (b)
Cross section of dendrites in the intercrystalline regions. Note the
concave Cu surface containing the oxide dendrites with @ maximum
thickness of 1-2 um.

drites cover the surface, and the second linear curve
is associated with the crystallites, and the gradual
change in kinetics reflects the change in structure as
the crystallites grow to cover the surface. Because the
two gradients are so close, scatter in the data tends to
mask the transition and so the change in kinetics can-
not be defined precisely. A more appropriate equation
describing the apparent dependence of the rate con-
stant on surface features would be

rate = K; (1 — f) + Kpof

where f is the fraction of the surface that is covered
with crystallites.

Linear oxidation kinetics reflect a phase boundary
reaction, or a constant rate of supply of gas from the
interior of the gas across a boundary layer of constant
thickness. In the present case gas supply is not the
rate-controlling process since the thickness of the
boundary layer, and so the flux of gas reaching the sur-
face, is a function of gas speed, and no effect of gas
speed on the oxidation rate was detected. Moreover, if
the gas supply was rate controlling, then there would
be only one linear reaction rate corresponding to the
gas supply, whereas two linear kinetic curves were
observed. The insensitivity of the kinetics to surface
finish and preannealing indicates that the rate-con-
trolling process is also not at the metal/oxide interface.
It appears from these considerations that reaction con-
trol is at the oxide/gas interface where the possible
reactions are chemisorption and incorporation repre-
sented by the equations

CO2(g) = CO(g) + O~ (ads) + h*
O~ (ads) = Oo* + Vo'

with similar equations for O(ads) and O2- (ads). Here
the defect chemistry notation of Kroger and Vink (15)
is used. The average activation energies of the first
linear curve (Fig. 2) are of the order Eggo.900 = 170 kJ
mol—! and Egg-1000 = 50 kJ mol—! and while these
have no detailed diagnostic value it is clear that they
are within those typical of adsorption processes, and
also they become less as the temperature is increased.
Hauffe and Pfeiffer (1) have shown that the rate-con-
trolling process during the oxidation of Fe in CO2/CO
mixtures is the decomposition of COz on the surface
to form chemisorbed O~. Also Kobayashi and Wagner
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have shown (16) that the catalytic activity of a surface
depends not only on the composition of the gas phase,
but also on the composition of the solid phase, in par-
ticular the concentration of electronic defects.

During the second linear stage the catalytic surface
is clearly Cu2O crystallites but during the first linear
stage the surface structure is uncertain. While spread
over the whole surface, the dendrites represent only a
small fraction of the area. The Cu atoms in CuyO form
a fcc lattice with oxygen atoms occupying one quarter
of the tetrahedral sites (17). The linear misfit in the
Cuy0/Cu system is 18% (18), and it is probable that
the dendrites are a distorted epitaxial form of CuzO.
Considerable effort has been made in nucleation
studies to identify the surface structures in between
the nuclei but its nature is still largely conjectural.
Rhead (19) assumed on the basis of known data that a
thin layer exists which is intermediate between a
chemisorbed layer and an oxide layer which is formed
by place exchange, and the mixed character of such an
adsorbed layer has been shown by recent emission
microscopical research where molecules made up of a
nucleus of three or four metal atoms around an oxy-
gen atom have been identified (20).

With Cuz0 the equation of nonstoichiometry is
% 02(8) =00+ Vcu" + 2h°

and there is a relation between the concentrations of
atomic and electronic defects. Since the energies of
the intermediate layer/metastable Cu;O and Cu2O are
different they will have different concentrations of
atomic defects and so by the above, different concen-
trations of h-, i.e., the two surfaces will have similar
but slightly different catalytic activities. The two linear
rate constants are similar in magnitude and so could
reflect the different rates of catalytic decomposition of
CO; to form adsorbed oxygen on the two similar sur-
faces. Moreover, the higher linear rate constant is as-
sociated with the intermediate surface structures
which would be expected to have a higher catalytic
activity. Also a nonlinear activation energy as ob-
served for the first linear rate (Fig. 2) is not incon-
sistent with these ideas. Dissociation of defect com-
plexes and/or ionization of defects may occur (21, 22)
as the temperature is raised, and these would alter
the concentrations of atomic and electronic defects
and so affect the catalytic activity of the surface. A
complication with oxidation in CO; is that there will
be additional oxygen at higher temperatures owing to
the greater degree of dissociation of CO;. However, in
the present case there is a lower than expected oxi-
dation rate at higher temperatures and this would in-
dicate that the rate of oxidation is less sensitive to the
extra oxygen present than it is to the reduced catalytic
activity of the surface. A possible cause of such a re-
duced catalytic activity as the temperature is raised is
that the intermediate structure of the catalytic surface
may move towards a lower energy and so less active
structure. A similar mechanism to decomposition of
CO; has been observed with the decomposition of N2O
on Cuz0 and the simultaneous oxidation of Cu, where
the catalytic decomposition depended on the concen-
tration of h- (23).

Swaroop and Wagner (10) found that the first linear
rate constant for Cu oxidized in COy/Ar mixtures
obeyed an empirical equation of the form

Ky = CPn¢o,

where C and n are constants, and found values of n =
1.3 and 1.5. For oxidation of Ni in CO3/CO mixtures
n = 1 and for Fe in COy/CO mixtures n = 0.33 while
Fe in low pressure oxygen n = 0.7 (10). It is stated
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(10) that for n > 1 the oxidation mechanism is not
due to chemisorption but the basis of this statement is
not clear. Moreover, Swaroop and Wagner have taken
their surface oxide in the first linear stage to be CuO
and have assumed it forms a uniform layer, whereas
in the present work the first linear kinetics is associ-
ated with an intermediate surface structure whose area
is changing, and it may be that the cause of the un-
usual (if indeed they are) n values for Cu is the
changing areas during nucleation and growth available
for a catalytic chemisorption reaction.

Conclusions

Copper oxidized in COg at 800°-1000°C follows .an
initial linear kinetic law which changes gradually to
a second, lower, linear law. At any temperature small
feathery-patterned unstable dendrites formed. Later
crystallites of CuzO formed on the dendrites and grew
to cover the whole surface. The first linear curve was
associated with a surface covered with dendrites and
the second linear curve with the CuyO crystallites.
Surface finish, preannealing, and gas flow rate in the
range 0.1-2.0 cm sec—1! have no effect on the oxidation
rate. It is considered that the rate-controlling process
is the catalytic decomposition of CO2 on the surface
to form chemisorbed oxygen.

Manuscript submitted Oct. 27, 1976; revised manu-
script received Nov. 18, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JournAL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.
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Thermodynamic Properties of Metal-Water Systems at

Elevated Temperatures
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ABSTRACT

The advent of commercial nuclear power generation has created an in-
creased need for thermodynamic data on metal-water systems at tem-
peratures up to 350°C. The entropy correspondence principle discovered by
Criss and Cobble [J. Am. Chem. Soc., 86, 5385 and 5391 (1964)] provides an
excellent means of estimating high-temperature partial molar ionic entropies
and hence high-temperature heat capacities, from entropy values at 25°C. It
is therefore often possible to calculate both equilibrium constants and stan-
dard electrode potentials with surprising accuracy for elevated temperatures.
Unfortunately, different conventions have been used by several authors in
publishing calculated numerical data. One purpose of the present paper is
to clarify these differences. In addition, a means of simplifying the calcu-
lations is described. This new approach permits rapid modification or aug-
mentation of existing values when more accurate data become available,
or when information at other temperatures is required. Values of K., the
ionization product of water, and E°agx/ag, the standard electrode potentials of
silver-silver halide electrodes, are calculated as examples for temperatures up
to 300°C, and these values are compared with available experimental data.

The advent of commercial nuclear power generation
has created an increased need for thermodynamic data
on metal-water systems at temperatures up to 350°C.
An understanding of the corrosion processes which can
facilitate the transport of radioactive contaminants or
cause cracking of structural materials is particularly
important, and with faster reaction rates at higher
temperatures, thermodynamic properties play an in-
creasingly important role in controlling the chemistry
of dissolved species.

Unfortunately the entropy, heat capacity, and vol-
ume data required for calculating the relevant values
of AG°, and hence the equilibrium constants and stan-
dard cell potentials, for conditions other than 25°C and
1 atm pressure are not presently available for many
species of interest. However, the entropy correspon-
dence principle discovered by Criss and Cobble (1)
provides an excellent means of estimating high-tem-
perature partial molar ionic entropies, and hence high-
temperature heat capacities, from entropy values at
25°C. It is therefore often possible to calculate both
equilibrium constants and standard electrode potentials
with surprising accuracy for elevated temperatures.
For example, at temperatures up to 250°C, most pre-
dicted values of Ky, the ionization product of water,
and E°agx/ag the standard electrode potentials of sil-
ver-silver halide electrodes, agree with available mea-
sured values within the quoted experimental uncer-
tainty. Beyond 250°C, the contribution of pressure to
changes in free energy starts to become important, and
systematic deviations occur. Calculations involving
temperatures above 300°C are probably only semi-
quantitatively correct.

Robins et al. (2), Townsend (3), Cowan and Staehle
(4), MacDonald et al. (5-7), and Cobble and Murray
(8) among others, have used this approach to predict
the thermodynamic behavior of several elements and
their oxidation products in high-temperature aqueous
systems. Some confusion may arise, however, because
different conventions have been used in listing numeri-
cal data. One purpose of the present paper is to clarify
these differences.

In addition, a means of simplifying the calculations
is described. This new approach permits rapid modifi-
cation or augmentation of existing values when more

Key words: electrolyte, chemical potential, heat capacity, en-
tropy, equilibrium constant, standard hydrogen electrode (SHE),
electrode potential.
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accurate data become available, or when information
at other temperatures is required.

Free Energy Changes at Elevated Temperatures
For a reaction which goes to completion at tempera-
ture T and pressure P, the change in free energy is
given by
AG=§apu’p—2arﬂr [1]
r

where o, and «, are the stoichiometric coefficients of
the products and reactants, respectively, and (T, P)
is the chemical potential: the molar free energy for
pure substances and the partial molar free energy for
species in solution.

Since the activity of system component i, aj, is de-

fined by
w(T,P) = w° 4+ RT In a4 [2]

where y;° is the chemical potential of component i in
some conveniently specified standard state at tempera-
ture T, the value of x;° depends on the units chosen to
express aj, and on the choice of standard state. The
standard state for gases is the hypothetical pure ideal
gas at unit pressure, usually 1 atm. The standard chem-
ical potential x°ges thus depends only on temperature.
The standard state for a liquid or solid element or
compound is its stable state of aggregation as a pure
substance at equilibrium, and therefore u°soiig and
#°liquia depend on both the temperature and pressure.
This is the usual choice of standard state for the sol-
vent in an electrolyte solution, but it is not convenient
for the solute. The standard state for electrolyte solu-
tions is that of a hypothetical ideal solution at unit
concentration, most often unit molality to avoid com-
plications from density changes, and u°solute is depen-
dent on both temperature and pressure.

If the chemical potential of any component in its
standard state is known at 25°C, 1 atm (298.15°K,
1.01325 x 105 Pa), integration of the relationships

( oui ) 5 ( dui ) — -
T/ O \ep T
with the definition
S C
( 9_*) - R 14
aT/p T

yields the chemical potential of this component in its
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standard state at any temperature (or pressure for
condensed phases and electrolyte solutions)

P
w° (T, P) = u°(25°C, 1atm) -+ fl st Vi°dpP

.o J.. G
+ Jsgip CEOAT — Ty CrodINT

— (T — 298.15)§;°(25°C, 1atm) [5]

where the superscript ° denotes the standard state and
unit activity, V, S, and Cp have their usual thermo-
dynamic meanings, and the superscript — denotes
(3/8m1) p,T,n;: the molar value for pure substances and
the partial molar value for components in solution.

Api® is independent of the integration path, but since
Vi° and Cp;® are each functions of both T and P, the
order of integration is important. Cp;° is generally
available as a function of temperature for a pressure
of 1 atm. V;° is then required as a function of P at
temperature T.

#i°(25°C, 1atm) for ions in solution and pure com-
pounds is defined as the molar Gibbs free energy of
formation by Eq. [1] and the convention which assigns
a chemical potential of zero to Ht,q and the elements
in their standard states at the arbitrary reference point
of 25°C and 1 atm. Thus the values of w°(T, P) cal-
culated from [5] are not correct on an absolute scale,
but the value of AG° (T, P) calculated from [1] for any
reaction is correct because a change is being evaluated
and the arbitrary zero cancels out. This approach to
calculating AG° (T, P) is particularly convenient when
a number of reactions with several common reactants
and products are being considered. MacDonald was the
first to adopt the procedure, but added an unnecessary
complication by extending the Gibbs energy of forma-
tion terminology to temperatures and pressures other
than 25°C and 1 atm (5, 9, 10).1

Cobble anticipated minor effects from changes in
partial molar volumes at temperatures up to 300°C,
and suggested that the pressure term could be ignored,
especially since very little is known about the partial
molar volumes of ions (11). It will be shown that this
approximation is a good one.

Accurate molar heat capacity data is available for
many pure substances in a readily integrable power
series of the form (12, 13)

Cp°(T) = A+ BiT 4 CiT-2 [6]

but ionic partial molar heat capacities are generally
not available.

Criss and Cobble (1) developed a technique for eval-
uating S;° (T') for ions, and their results suggest a very
simple new approach to calculating Cp;°, one which is
both more accurate at higher temperatures than the
average value they proposed, and conveniently con-
sistent with [6].

1 Cobble and Murray (8) have chosen to list values of the free
energy function (FEF) based on a reference temperature of 25°C

°(T) — Hi® (25°C
FEF,(T) = (D T (35°0)
T
Hi°(T) — Hi° (25°C) -
Sl el il wodtiad SRR L
T
Thus, since

i ey _
FEF(T) = — f Ce,°(T")dT’
T 298,18

T
- f Cr,°(T")d In T' — 5i° (25°C)
208,16

w°(T) = m" (25°C) + TIFEF((T)] — 298.15[FEF; (25°C)]

This modification of the direct approach requires separate speci-
fication of wi® (25°C) values and some additional computation.
However, the value of §i° (25°C) is immediately available as—
FEF;: (25°C), and the slow variation of the free energy function
with temperature permits interpolation between calculated values.
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Criss and Cobble observed that “a standard state can
be chosen at every temperature such that the partial
molar entropies of one class of ions at that tempera-
ture are linearly related to the corresponding entropies
at some reference temperature.” The zero for ionic
entropies at each temperature was defined by the value

of S°u+(T), the partial molar ionic entropy of the
hydrogen ion which resulted in the best linear fit of
experimental data. The reference temperature was
chosen to be 25°C. Thus for a given class of ion (simple
cations, simple anions, oxy-anions, acid oxy-anions)

S (T) = a(T) + b(T)Sy (25°C) 7]

where ?denotes a partial molar entropy not referred
to the conventi_fmal scale which sets S°u+ (T) = 0.

In fact, the 'Si° values defined in this manner appear

to be absolute or “third law” entropies. S°g+ (25°C)
is —5.0 calories mole—! degree—!, in relatively good
agreement with the value of —4.48 calories mole—!
degree—1 deduced by deBethune et al. for the standard
ionic entropy of electrochemical transport of hydrogen
ions at 25°C (14), and the value of —5.5 calories mole—!
degree—1 obtained by Laidler and Pegis for the stan-
dard entropy of hydration of hydrogen ions (15).
Entropies on the conventional scale are related to
the absolute scale at any temperature by the equation

B (T) = 52 (T) + 2 8°u+(T) [8]

where z is the charge on the ion (with sign). At 25°C,
this becomes

Si°(25°C) ='§p°(25°C) — 5.0z (9]

Criss and Cobble noted that up to 150°C the parame-
ters a(T) and b(T) in Eq. [7] varied approximately
linearly with temperature, with most of the deviation
occurring near 60°C. On this basis they extrapolated
their results to 300°C. Thus for a given class of ion, the
tabulated values can be reproduced quite accurately
by relationships of the form

a=a; 4 6T, b =Dy 4 bT [10]
and by substituting from Eq. [7] and [10] into [4]

e (T) = [az + bsSr° (25°C)IT = BT [11]

Equation [11] will be referred to as the linear ionic
heat capacity approximation (LIHCA). This relation-
ship makes computer or calculator programs based on
Eq. [5] and [6] directly applicable to ionic species with
A; = C; = 0, and 4;° can be calculated in one step for
any temperature in the range where the constant pres-
sure approximation is valid. Note that the choice of

Si°(25°C) or Si°(25C°) in Eq. [5] does not affect the
value of AG® obtained from [3] provided that the same
choice is made for calculations of all y;°. Since absolute
values must be used in [11], there is less confusion if
they are used throughout. In either case, the choice of
convention must be clearly stated.

The apparent linearity of partial molar ionic heat
capacities with temperature was noted first in studies
of weak acids (16, 17), and the work of Criss and
Cobble (1) seems to confirm its generality. Naumov
et al. (18) also list partial molar ionic heat capacities
in this form. A reasonable estimate of high-tempera-
ture partial molar ionic heat capacities can thus be
obtained easily when the values at 25°C are available.

Electrode Potentials at Elevated Temperatures

The change in free energy for the generalized reduc-
tion in an aqueous system

aA + hH* 4 ne— = bB 4+ wH,0 [12]

is not experimentally accessible, but the tendency for
any such reduction to occur can be measured relative
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to-a standard reduction, usually chosen to be the stan-
dard hydrogen electrode (SHE) reaction

H+(ag+ =1) + e~ = 1/2Hz(auy, = 1) [13]

in aqueous systems. Thus for constant n, the values
of AG°a/s at any temperature for the complete reac-
tions represented by

aA + (h—n)H* + ;Hz — bB 4+ wH;O  [14]

are one basis for comparing the relative tendencies of
the reductions represented by [12] to occur at that
temperature.
Since
AG = — nFE [15]

where E is a measurable cell potential and F is the
Faraday, it is logical to define a “standard electrode
potential” for [12]

E°p/p = —AG®s/B/1F [16]

The standard electrode potential for [12] at any tem-
perature can therefore be obtained by determining
AG°a/p through Eq. [1] and [5]. It follows as a natural
consequence of [16] that

EUH"'IHz: 0 [171

at all temperatures since AG°a/p is identically zero
when Eq. [12] represents the SHE reaction.

The definition of the standard electrode potential
can be generalized to include activities other than
unity for the reactants and products in [12] through
Eq. [1] and [2]. Since the activities of Hy and H*
contributed from [13] are unity by definition

agPanyo” ]

apday+ h [18]

RT
Exp =E°s/p — —1n [
nF
The electrode potential, or “potential vs. SHE at the
same temperature” provides a very convenient basis
for comparison among all the reactions which are pos-
sible in the system at a given temperature.

The concept of the electrode potential is by definition
independent of the convention which sets u°ny, and
w’u+ equal to 0 at 25°C, and does not require, as sug-
gested by Van Rysselberghe (19), that

YopHg = p°n+ [19]

This relationship is true only at the temperature for
which x°H, and x°y+ are defined to be zero.

The variation of Ex/s with temperature defines the
“isothermal” temperature coefficient of the electrode
potential since Ea/p is referred to the SHE at the same
temperature. Another alternative for describing the
effect of temperature on reaction [12] is to measure the
tendency for this reaction to occur at temperature T
relative to the same reaction at a fixed reference tem-
perature, normally 25°C. This is satisfying from an
experimental point of view since any two identical
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electrodes at different temperatures in the same cell
will develop a potential difference which is independent
of metallic thermocouple effects and the thermal liquid
junction potential (14).

For two hydrogen electrodes, this thermal cell reac-
tion is

H+(T) + % H2(25°C) = % Ho(T) + H+(25°C) [20]
and

AG*u+/1a(T) = % p°uy(T) — wou+ (T) [21]

where * denotes the 25°C “thermal” convention. In a
manner analogous to that used in defining E°, a stan-
dard “thermal” electrode potential can be defined for
the SHE

E*n+/mp(T) = — AG**u+/ne(T) /F [22]

It is important to note that absolute ionic entropies
must be used in Eq. [5] to obtain standard thermal
electrode potentials. The use of absolute entropies for
all calculations therefore seems advisable.

Comparison of the Linear lonic Heat Capacity
Approximation with Experimental Data

Very accurate values for the ionic dissociation con-
stant of water, K,, (20), and the standard electrode
potentials (vs. SHE at the same temperature) of the
silver/silver halide electrodes (21-23) are available for
comparison with predicted values over a wide tempera-
ture range. Both comparisons have been made previ-
ously on a limited or graphical basis using the multi-
parameter Criss-Cobble approximation (4, 6, 11).
These studies provide an excellent source of calculated
data. In addition, the measurements of Fales and
Mudge (24) are available for verifying predictions of
thermal hydrogen electrode potentials up to 60°C.

Table I contains the thermodynamic data used in all
the calculations of ui° values. The parameters for water
are not included since u°uy0 values were taken directly
from the data of Helgeson and Kirkham (25) and these
are listed in Table II. u°ou—(25°C) was calculated by
[1] using the value of AG°yw(25°C) determined by
Sweeton, Mesmer, and Baes (20)

H;O =H+ 4+ OH- [23]
AG°w = — RTInKy = p°u+ + #°ou— — r°Hgo [24]

B values (for Cp;°) were calculated from Eq. [4]
for H+ and Eq. [11] for the other ions. A linear fit of
the Criss-Cobble entropy parameters to 300°C, ex-
cluding the values at 60°C, resulted in the following
values for H+, and simple anions

(a§°u+/aT)p = 9.35 X 10—2cal mole—1deg—2
as = —1.77 x 10—1 cal mole—! deg —2
by = —1.12 x 10~4deg—1!

Table II summarizes the results from calculations of
AG®, and pKy using the linear ionic heat capacity ap-
proximation (LIHCA). The number of significant fig-
ures is not warranted by the accuracy of the original

Table I. Thermodynamic data

5 (25° ©) (26,27)

w° (25°C) (26, 27) (calories mole-!

Cr® = A + BT + CT= (12, 13)
(calories mole-! degree-1)

(calories mole-1) degree-+) A B c
H+ 0 -50 0 9.35 x 10t 0
OH- —37596 243+ 0 —177 x 101t 0
Cl- —31372 1855 0 —1.79 x 10t 0
Br- — 24850 247 0 — 180 x 10-1f 0
I- —12330 316 0 —1.80 x 10-1f 0
Ha 0 31.208 652 0.78 x 10-3 0.12 x 105
Ag 0 1017 5.09 204 x 108 0.36 x 105
AgCl — 26244 230 1488 1,00 x 108 —2.70 x 105
AgBr ~23160 25.6 7.93 1540 x 10= 0
Agl —15820 276 5.82 2410 x 10 0

t Calculated using the linear ionic heat capacity approximation (LIHCA).

* Consistent with AS°w (25°C) and S°ugo (25°C) from (20) and (25).
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Table II. Thermodynamic parameters for the ionic dissociation of water—comparison of
experimental values with those calculated using the linear ionic heat capacity approximation (LIHCA)

Temp. n°1,0 (25) a°n+ (LIHCA) u°on~ (LIHCA) AG°w (LIHCA) AG°w (20)

*C) (cal mole-?) (cal mole-1) (cal mole-1) (calories) (calories) PKw (LIHCA) PKw (20)
25 —56686 —37596 19090 19090 =9 13.994 13.993 = 0.009
—57122 96 —37601 19617 19624 %= 12 13.268 13.272 * 0.006
75 —57593 133 —37496 20230 245 == 1. 12.700 12.709 + 0.006
100 — 5809 112 —37280 20928 20939 = 12 12.258 12.264 = 0.009
125 —58630 32 —36953 21709 21704 * 18 11917 11.914 = 0.009
150 —59191 —106 —36516 22569 22541 * 21 11.657 11.642 =+ 0.012
175 —59779 —302 —35968 23509 23460 = 11.465 11.441 *+ 0.012
2 —60392 —557 —35309 4526 24468 * 24 11.329 11.302 = 0.012
225 —61029 —870 —34539 25620 25578 = 27 11.241 ‘11.222 +0.012
250 —6168 —1242 —33659 26787 26801 = 36 11.191 11.196 % 0.015
275 —623 —1672 —32668 8029 28151 * 69 11.176 11.224 + 0.027
300 —63069 —2161 —31566 29342 29638 = 117 11.189 11.301 =% 0.045

data, but all x;° and AG° values were calculated to the
nearest calorie for direct comparison with the results
published by other authors. Six of the calculated pK.
values are within +0.1% of the experimental values,
and all ten of the values up to 250°C deviate less than
+0.25%. The deviation at 275°C is —0.43%, and at
300°C, —1%.

This systematic error escalation above 250°C prob-
ably results from contributions to AG°® by the rapidly
increasing vapor pressure of water. Sweeton et al. in-
dicated that the effects of density changes on the par-
tial molar volumes of ions are not well understood in
this temperature region (20). Extrapolation of the con-
stant pressure approximation to temperatures above
300°C is a questionable procedure, especially since no
experimental data are available for comparison.

The accuracy below 300°C is quite remarkable. Mac-
Donald and Butler (6, 9) assumed all discrepancies in
Ky were the result of inaccuracies in x°y+ and recal-
culated “corrected” values of this parameter for ap-
plication to other systems. However, since Criss and

Cobble obtained S°y+ by fitting all available ionic en-
tropy data (1), u°u+ is probably more accurate than
the other calculated values, and further comparison
with experimental observations seems to bear this out.

Table III lists the results from calculations of x;° for
components of the hydrogen and silver-silver halide

electrodes, again using the linear ionic heat capacity
approximation.

Corresponding standard potentials (vs. SHE at the
same temperature) appear in Table IV, along with val-
ues calculated from MacDonald and Butler’s results
(6) and observed values (21-23). Equation [14] takes

the form
AgX + % H; = Ag+ HY + X-
and hence

[25]

E°agx/ag = (n°agx + Y2 u°Hp — #°ag — £°H+ — #°x-)/F
[26]

A value of 23060.9 calories V-! equivalent—! was used
for F.

Once again, the calculated results are quite accurate.
The agreement for Ag/AgCl is almost perfect. The
very systematic error of ~+4 mV for Ag/AgBr can be
eliminated by a change of +90 cal in the u°g,— (25°C)
value. The Ag/AgI results do not agree nearly as well,
and no simple adjustment of parameters can bring
them more closely into line, However, the linear ionic
heat capacity approximation with no special adjust-
ment of parameters duplicates the MacDonald-Butler
results at lower temperatures, and yields consistently
better results at higher temperatures.

The excellent agreement with experimental results
obtained for Ky and the silver-silver chloride and

Table IIl. Standard chemical potentials for components of the hydrogen and silver-silver halide
electrodes calculated using the linear ionic heat capacity approximation (LIHCA)

Temper-

(calories mole-1)

ature
(°C) H+ Hai Ag AgCl AgBr Agl Cl- Br- I-

25 0 0 -26244 —23160 -15820 -31372 —24850 —12330
60 118 —1106 —-368 —27073 —24081 —16812 —31910 —25604 —13325
90 127 —2074 —701 —27822 —24909 -17703 —32196 —26076 —14003
100 112 —2401 —816 —28079 —25193 —18009 — 32256 —26197 —14193
125 3 —3225 —1109 —-28736 —25917 —18789 —32327 —26422 —14588
150 —106 —4061 —1413 —29415 —26664 —19593 —32287 —26534 —14871
175 —302 —4906 —1725 —30115 —27432 —2042. —32134 —26534 —15040
200 —557 —5761 —2046 —30833 —28221 —21272 —31869 —26422 —15097
225 —870 —6626 —2375 —31571 —29030 —22146 —31493 —26197 —15042
2! —1242 — 7499 —2711 — 32326 —29858 —23042 —31005 —25860 — 14873
275 —1672 —8380 —3056 — 33099 —30706 —23961 — 30405 —25411 14592
0 —2161 —9270 —3407 —33888 -31572 —24901 —29693 —24850 —14198
Table 1V. Standard potentials for the silver-silver halide electrodes (mV)
T AgCl/Ag AgBr/Ag Agl/Ag

'emp.

(°C) LIHCA (21)1 (21)2 (6) LIHCA (22)r (22)2 (6) LIHCA (23) (23)2 (6)
25 222 222 222 222 73 72*=1 71 73 -151 —152 —152 —151
60 197 197 197 196 53 50x1 50 53 —164 —166 —167 —165
90 170 170 170 31 251 27 —181 —185

100 160 160 160 22 18 22 —187 —-193%1 -192 -187

125 132 133 133 -1 -5*1 -5 —205 -213+=1 —213

150 102 103 103 103 -29 -31=*=1 —-32 -27 —227 —-238 1 —238 —226

175 69 71 71 —57 —-61*1 —62 —252 =270t 1 —271

2 33 35 35 40 —-90 -95*1 —94 -84 —280 —309=1 —307 —273

225 -6 -5 -4 —126 —130 —311 —346

0 —48 —-54%2 —45 —34 —165 —169 —150 —345 -390 —-331

275 -93 -90x5 -90 206 -210 —383 —437

300 —141 —138 —124 —251 —255 —233 —424 - —406

1Experimental.

2 Smoothed/extrapolated.
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bromide standard potentials undoubtedly reflects the
fact that these or similar experimental results were
used to determine values for the parameters of the
correspondence principle in the first place. This in no
way detracts from the demonstrated general internal
consistency of the approach, but suggests that the
silver-silver iodide results may be a better indication
of the accuracy to be expected. It should also be noted,
however, that silver iodide undergoes a phase transi-
tion at 144.6°C (23), and it is possible that at least part
of the discrepancy arises from the failure to account
for this in the calculations.

The value of a; for simple anions used in these cal-
culations was obtained from the parameters of the
linear correspondence principle as they appeared in
Criss and Cobble’s original publication (1). The value
of ap calculated after correcting for an apparent typo-
graphical error which was first noticed by Tremaine
et al. (a for simple anions at 300°C should be —47.2
instead of —49.2) (28) is —1.72 X 10! calories mole—!
degree—2, This “corrected” value actually causes a
slight deterioration in the agreement between all cal-
culated and observed values, with the original value
fortuitously producing a fit which does not benefit sig-
nificantly from optimization,

Even at 60°C, where the linear ionic heat capacity
approximation should be least accurate, it compares
well with experimental data from thermal electrode
measurements. From [21] and [22], and the data in

Table III,
E°*y+/1,(60°C, LIHCA) = 0.029V [27]

From the data of Fales and Mudge (24), deBethune
et al. calculated an expression for the thermal poten-
tial of the hydrogen electrode (Pt/H: (f=1), 0.IM
HCl/sat’'d KCl) which gives E*y+(0.1m)/H2(60°C) as
0.022V (14). The standard thermal potential at 60°C
can be calculated from [28], an equation obtained by
generalizing Eq. [21] and [22] to include activities
other than unity

E°*u+/n(60°C)

RT
= E*H+0.1m)/u2(60°C) +| —— In an+
F 125°C

[RTl o ]
—| — Inan+
F " 60°C

where ag+ = 0.1 y= (HCIl). The values obtained by
Greeley et al. (29) for v+ (HCI, 0.1m), 0.7972 at 25°C
and 0.776 at 60°C, yield

E°*u+/15(60°C, OBS.) = 0.030V [29]

It is interesting to note that [22] predicts that the
temperature coefficient of the thermal SHE potential,
dE°*n+/uo/8T, decreases significantly as the tempera-
ture increases, contrary to the behavior first assumed
by MacDonald (9). Using the values in Tables I and III,
the temperature coefficient is 0.893 mV deg—! at 25°C,
passing through zero and changing sign at a tempera-
ture of about 265°C. This result differs slightly from
MacDonald’s later calculation (10) because of his “cor-
rected” u°y+ values.

[28]

Conclusions

1. The Criss-Cobble entropy correspondence princi-
ple makes possible surprisingly accurate predictions of
thermodynamic properties in aqueous systems at tem-
peratures up to ca. 300°C.

2. The linear ionic heat capacity approximation
(LIHCA) reduces the number of parameters required,
simplifies the calculations, and makes possible a one-
step computation while improving over-all accuracy.
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3. Extrapolation of the constant pressure approxima-
tion to temperatures above 300°C may involve consid-
erable error.

4, It is important to state the x;°(25°C) and
Si° (25°C) values used in calculations on any system.
Separate u;i° (T') values are the most useful parameters
for subsequent applications of the data.

Manuscript submitted Sept. 23, 1977; revised manu-
script received Jan. 3, 1978.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1978
JournaL. All discussions for the December 1978 Dis-
cussion Section should be submitted by Aug. 1, 1978.

Publication costs of this article were assisted by the
General Electric Company.
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Boron in Near-Intrinsic {100) and <IH> Silicon
under Inert and Oxidizing Ambients—
Diffusion and Segregation

Dimitri A. Antoniadis,* Adalberto G. Gonzalez, and Robert W. Dutton
Stanford Electronics Laboratories, Stanford University, Stanford, California 94305

ABSTRACT

The diffusivity of boron in <100> and <111> silicon is experimentally
determined under both inert and oxidizing (dry Oz) ambient conditions in the
range of temperatures 850°-1200°C. The boron is implanted at moderate
dose (1.3 X 10 cm~—2) and energy (70 keV) and subsequently activated by
a moderate temperature anneal. The resulting profile ensures near-intrinsic
silicon at the processing temperatures and serves as initial condition for sub-
sequent processing. Diffusivities and segregation coefficients are calculated as
fitting parameters in numerical solution of the experiments. A systematic
fitting procedure is used and the target experimental parameters are sheet
resistances and junction depths. Inert ambient diffusivities agree well with
previous measurements, thus demonstrating the integrity of newly published
mobility data used in the simulations. Diftusivities in oxidizing ambient are
enhanced, more so in <100> than in <111> silicon. The enhancement in-
creases with decreasing temperature, being about 10 for <100> at 850°C. It is
demonstrated that there is good agreement between the observed diffusivity
enhancement and growth of oxidation stacking faults if an interstitialcy
mechanism is invoked to explain both phenomena. Observed segregation
coefficients are different for the two silicon orientations but they obey the
same activation energy over the temperature range.

Boron is the dominant p-type dopant for silicon
technology. For this reason a great amount of effort
has been expended during the last two decades for the
determination of physical properties of boron in silicon
at fabrication conditions. Since the device electrical
characteristics depend strongly on the final impurity
distributions, a detailed understanding of boron im-
purity diffusivity in silicon and its partition (segrega-
tion) in the silicon-silicon oxide interface is essential.

It is presently established that boron diffuses at
least partly by means of charged-defect interactions
(1, 2). For this reason the diffusivity of boron is af-
fected by substitutional impurities in silicon present
at sufficient levels to cause the crystal to become ex-
trinsic at the fabrication temperatures. The terms in-
trinsic and extrinsic in this paper refer to the condi-
tion of the silicon at the process temperature. Boron
diffusivity in absence of oxidation is uniform, i.e., in-
dependent of impurity concentration provided this
concentration is lower than that of intrinsic carriers
at the process temperature. We refer to this as “in-
trinsic boron diffusivity.” Boron diffusivity under ex-
trinsic conditions becomes a function of Fermi level
position increasing as the Fermi level approaches the
valence band and decreasing as the Fermi level ap-
proaches the conduction band. The results of this ef-
fect are to a large degree responsible for the abun-
dance of conflicting values of boron diffusion coeffi-
cients. Reviews on this matter have been presented by
Kendall and DeVries (4) and Fair (5).

It has also been established that the diffusivity of
boron in silicon is enhanced by the growth of silicon
dioxide at the surface (6-9). The degree of enhance-
ment is greater in <100> crystal orientation than in
<111>. Again a number of mostly conflicting diffusion
coefficients have been reported mainly because of the
coexistence, in most experiments, of high concentration
effects, oxidation effects, and redistribution of boron
at the moving silicon-silicon oxide boundary (10).

The redistribution of boron during oxidation is, to
a large degree, controlled by the segregation (or par-

* Electrochemical Society Active Member.
i Key words: boron, oxidation, diffusivity, enhancement, segrega-
on.
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tition) process at the moving silicon-oxide interface
(3). This physical process gives rise to a nonunity
segregation coefficient defined as m = Csi/Cox, Where
Csi and Cox are the impurity concentrations at the two
sides of the interface. The only direct measurements of
the ratio m for boron as a function of temperature
and crystal orientation have been presented by Colby
and Katz (11). Most of the other values appearing in
the literature have been indirectly calculated from
redistribution models under various degrees of ap-
proximations and thus do not present a consistent pic-
ture of the physical process (10).

In the present paper we report the results of a study
of boron diffusivity in near intrinsic <100> and <111>
silicon under inert (N2) and oxidizing (dry O2) ambi-
ents at various temperatures. For the oxidation cases
we also calculate the effective segregation coefficients,
which we define as the constant ratios, mes, that best
fit the experimental data over the entire time of each
experiment.

The initial distribution of boron for all experiments
was established by means of an ion-implantation and
annealing process that insures the complete boron
electrical activation and the intrinsic silicon require-
ments at the temperatures of the experiments. Diffu-
sivities and segregation coefficients have been calcu-
lated using a new IC process simulator (12) together
with an automatic optimizer program that seeks the
best-fit parameters compatible with the measured data.
For the determination of diffusivities in inert atmo-
sphere the only measured data were the initial and
final sheet resistance for each experiment. For the
simultaneous determination of diffusivity and segrega-
tion coefficients in the oxidation experiments, the addi-
tional information of junction depths was used. Re-
cently reported hole mobilities were used (13, 14) for
the calculation of sheet resistances resulting from the
simulation. The reliability of the technique and the
integrity of the mobility data is demonstrated by the
excellent fit of the diffusivity in inert ambient by a
single activation energy and the agreement with other
reliable data (15).

In dry O,, diffusivity enhancement has been ob-
served, more so in <100> than in <111>. This is in
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qualitative agreement with previously reported data
(9, 11). For both orientations the observed enhance-
ment increases as the temperature is decreased and
the results cannot be characterized by a single activa-
tion energy. We demonstrate that this behavior is pre-
dicted by the self-interstitial supersaturation model
proposed by Hu (16) to explain the growth of stacking
faults and the diffusivity enhancement during silicon
oxidation. In this context we show that the diffusivity
data obtained here are compatible with the stacking
fault growth data obtained by Hu (17, 18).

The segregation coefficients determined here are
generally higher than those measured by Colby and
Katz.! Also in all cases the calculated segregation co-
efficient is higher in <100> than in <111> silicon, but
their difference is not as large as that reported by the
above workers.

Experiment

The substrate materials used were low dislocation
density (=100/cm?), Czochralski-grown, phosphorus-
doped, <111> and <100> crystal orientation silicon
wafers, with an initial resistivity of 5-10 Q-cm. Clean
wafers were oxidized at 1000°C for 60 min in dry oxy-
gen, growing about 510A of SiO; for <100> material
and about 615A of SiO: for <111> material. Subse-
quently the wafers were implanted with Bll* at a
dose of 1.33 x 1014 atoms/cm2, at an energy of 70 keV,
and at 7° misalignment to minimize channeling. The
oxide layer was used to minimize silicon damage at
the surface during implantation and to prevent evapo-
ration of impurities during subsequent nitrogen drive-
ins. Such a static oxide film does not aftect the diffu-
sion of boron (6). Although it is possible to have oxy-
gen knock-ons into the silicon during implantation
(19), it was assumed that the amount of oxygen pres-
ent in the lattice would not seriously affect the diffu-
sion of boron (less than 10!2 atoms/cm? get knocked on
to a maximum depth of 1000A in the worst case). After
implantation, the wafers were annealed in an N; atmo-
sphere at 900°C for 35 min. The implantation and the
annealing conditions were chosen in order to give the
initial distribution of substitutional boron that has
been experimentally determined by Hofker et al. (20),
using secondary ion mass spectroscopy (SiMS) and
electrical profiling techniques. This distribution is
shown in Fig. 1. The only dirference between the pres-
ent process and that of Hofker et al. was the presence
of the thin capping oxide, in which a maximum of 6%
of the implanted dose is retained. The importance of
excluding the implant annealing phase from the dif-
fusion experiments cannot be overemphasized. Transi-
ent diffusion phenomena (20, 21) occurring during the
electrical activation of the implant can easily lead to
overestimation of the normal (thermal) diffusivity,
particularly at the lower temperatures (20). Also,
since initial sheet resistances are needed with our
method, the implant had to be fully electrically acti-
vated prior to subsequent processing. Each as-annealed
wafer was cut into quarters and one quarter was re-
tained as a reference, while the other three were used
for experiments at the same temperature and ambient.
Since the peak concentration of the as-annealed boron
profile was below 4 x 10!® atoms/cm3 and the intrinsic
carrier concentration even at the lowest temperature
considered here (850°C) is about 5 x 1018 carriers/cm3
(22), the silicon substrate was near intrinsic under
all conditions of our experiments and thus extrinsic
diffusivity effects have been avoided.

For inert ambient experiments, <100> and <111>
quarter wafers were subjected to nitrogen atmosphere
drive-ins for different times and temperatures. For
oxidizing ambient experiments, the quarter wafers

1The definition of the segregation coefficient here follows that
of Grove et al. (19), and is the inverse of the one used by Colby
and Katz. Since boron generally prefers the oxide, “higher” seg-
regation coefficient, in this paper, means a smaller boron concen-

tration in the oxide side of the interface for a given concentra-
tion in silicon.

May 1978
|OI9 C T T T T T il
C | =
C : o SIMS, FROM REF (20)7
L l —— SIMULATED i
- B : BOTH IMPLANTS |
% L ! HAVE THE SAME
S | TOTAL DOSE
2 L 1.33x(0/4 4
o
s
5 |O|8 = | =
5 b ]
o r | 9
= - I B
g | :
o L | i
=4 |
3 I | J
|
L ! |
|
|
|
|O|7 | | L | |
-2 0 .2 4 6 .8 1.0

DEPTH (m)

Fig. 1. Boron implant, 1.33 X 104 ions/cm? dose, 70 keV, an-
nealed at 900°C for 35 min.

were previously stripped of capping dioxide in 5:1
H>O/HF solution until hydrophobic, and then sub-
jected to 100% dry Os atmosphere drive-ins for dif-
ferent times and temperatures. In most cases diffusion
of <100> and <«111> wafers was performed simul-
taneously in the same furnace to guarantee the same
processing conditions. '

After processing, junction depths were measured
using angle lapping and electrical probing with a high
precision spreading resistance two-point probe (23).
The mechanical reliability of the probe yields junction
depths with a resolution of + 500A for deep junctions
(2-5 um), and + 250A for shallow ones (0.5-2 um).
Some of the deeper junction depths were verified using
groove and stain techniques and a sodium light dual-
beam interferometer. Sheet resistances were measured
using a light (45g) and a heavy pressure (180g) linear
four-point probe array. Agreement between the mea-
sured values had a relative deviation no greater than
3%. Oxide thicknesses were measured with an el-
lipsometer at various points on the wafer, observing a
fluctuation no greater than 2%. Good agreement was
observed between the experimental thicknesses and
those reported recently (24), except for the experi-
ments at 900°C where thicknesses were consistently
lower.

Analysis

The process simulator SUPREM (12) was used to
model the impurity distribution of boron, on a com-
puter, for every one of the different experimental proc-
essing schedules. In each case, the simulated profile
characteristics were matched to the corresponding
measured values. The diffusion and segregation co-
efficients were thus obtained as a result of the fitting
process. In the simulation of oxidation, minor adjust-
ments were made to the linear and parabolic oxide
growth rates (25) in order to simulate the proper ex-
perimental oxide thicknesses.

The simulated junction depths and sheet resistances
were compared with the corresponding measurements
of these quantities. In each case, the initial estimates
of diffusion and segregation coefficients were itera-
tively adjusted until agreement (within less than 1%)
between measured and simulated values was estab-
lished. The iterative adjustment was carried out by
the built-in SUPREM optimizer (26). The optimizer
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is operated as a nonlinear equation solver in which
the unknown diffusion coefficient in the case of inert
ambient drive-ins is found by fitting the measured
sheet resistance. In the case of oxidizing ambient
drive-ins the diffusion and segregation coefficients are
found by fitting both the measured sheet resistances
and junction depths.

Optimized parameter extraction is a systematic way
of obtaining model-dependent parameters from mea-
sured data, even under conditions where parameters
interact strongly. This method proves most useful when
two or more parameters are to be fitted simultaneously
as in the case of oxidizing ambient diffusion, where the
boron diffusivity tends to increase the junction depth
and lower sheet resistance, whereas segregation and
the moving boundary tend to raise sheet resistance and
decrease junction depth. It is important to note that
in this work both diffusion and segregation coefficients
were extracted simultaneously.

The simulated sheet resistance computed by
SUPREM is a strong function of the hole mobility. Re-
cently available information (13,14) has been used
to achieve substantially better agreement with actual
measured values than was possible using older refer-
ences (27,28). The new mobility data as well as a
smooth function fitted to them are shown in Fig. 2. De-
tails on the fitting function are given in the Appendix.
In order to minimize the effect of small process varia-
tions and measuring equipment condition in the ob-
served values of sheet resistance, a constant ratio tech-
nique was employed. Each time sheet resistance was
measured on a processed wafer, the corresponding con-
trol wafer was also monitored. Thus the goal of the
fitting process was to match the observed and simu-
lated ratios of processed-to-unprocessed sheet resist-
ances rather than exact absolute values. Since the con-
trol wafers reflect the state of the common initial im-
purity distributions, small variations in the process up
to this step tend to cancel out. Also, by measuring proc-
ess and control wafers at the same time, probe condi-
tioning variations tend to cancel out.

Results and Discussion

Diffusion.—Figure 3 is an Arrhenius plot of boron
diffusivity obtained in inert ambients. An activation
energy of 3.42 eV with an intercept factor of 0.55 cm2/
sec (often called preexponential factor), is found to
describe boron diffusivity in <111> and <100> crys-
tal orientation silicon, in the range of 900°-1200°C. For
comparison, the diffusivity obtained by Kurtz and Yee
under near intrinsic conditions (15) is also plotted.
The agreement of our results with those generally ac-
cepted data supports the reliability of our fitting ap-
proach, namely, using only sheet resistance data. As a
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Fig. 3. Boron diffusivity in intrinsic silicon in nonoxidizing ambient

further confirmation we also performed junction depth
measurements in selected nonoxidized samples, and the
agreement with simulation was found to be satisfac-
tory.

Having established the integrity of the sheet re-
sistance approach we have been able to confidently use
the additional information of junction depth for the
simultaneous determination of diffusivity and effective
segregation coefficient in the oxidation experiments.
The results are shown in Fig. 4. As a reference, the inert
ambient diffusivity is also plotted. Diffusivity enhance-
ment has been obtained for the <100> orientations in
practically all temperatures investigated. However, for
the <111> orientation, enhancement was observed
only at 900° and 850°C. Although other investigators
have also reported absence of enhancement (6,7) or
reduced <111> enhancement (9) at the higher tem-
peratures, we do recognize the fact that our data may
be slightly underestimating the diffusivity because the
spreading resistance method often tends to underesti-
mate junction depth.

A remarkable feature of the data presented here is
the multifold increase of boron diffusivity at the lower
temperatures. For <100> silicon there exist enhance-
ments of order 2, 5, and 10 at 1000°, 900°, and 850°C,
respectively. For <111> silicon the enhancement order
is 2 at 900°C and 5 at 850°C. It is clear that for both
orientations the enhancement increases with decreas-
ing temperature. An attempt to fit the data by a single
activation energy over the entire range of the present
experiments would be misleading.

An extensive set of boron diffusivities in <100>,
<110>, and <111> silicon has recently been pub-
lished by Masetti et al. (9). However, since they have
used chemical predeposition the silicon was not in-
trinsic at least for part of the process duration. Fur-
thermore, their numerical scheme cannot take con-
centration dependence into account. For dry O; in the
range from 950° to 1200°C they have reported data
fitted by single activation energies. Enhancement for
<111> is small (about 1.2 over the whole range), but
larger for <100>, increasing with decreasing tempera-
ture. Qualitatively these data are similar to ours but
there is significant quantitative disagreement in the
<100> case, particularly at 1000-1100°C. In general it
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Fig. 4. Boron diffusivity in silicon in an oxidizing ambient

is difficult to compare our oxidation results to pre-
viously published data mainly because of differences
in experimental conditions and in some instances,
methods of data analysis. For this reason we will not
pursue a comparative survey of the literature at this
point.

Concentrating on the data presented in this paper,
an explanation of the temperature-dependent behavior
of the diffusivity enhancement will now be presented
based on the model proposed by Hu (16) to explain
the formation of stacking faults and enhanced diffusion
during oxidation of silicon. Briefly, this model en-
visages a supersaturation of the silicon lattice by excess
self-interstitials at concentrations dependent on the
oxide growth rate and silicon orientation. These in-
terstitials are thus responsible for the growth of stack-
ing faults and, by invoking a dominant interstitialcy
diffusion mechanism for boron, also responsible for
diffusion enhancement. Assuming a fractional inter-
stitialcy mechanism, fa, it is straightforward to show
that the effective diffusivity <D> of boron in an oxi-
dation process of duration t, is given by

lft
<D>=— ), Dit

* D‘ ft *
=D +_tCi—“fA s (Cy — Ci*)dt [1]

where D* is the intrinsic diffusivity of boron and Ci*
and C; the intrinsic and the extrinsic concentrations
of silicon self-interstitials, respectively. Using Hu's

May 1978

theory (16), the above equation allows one to relate
the effective diffusivity to the size of oxidation stack-
ing faults. Indeed, from Eq. [13] of Ref. (16) the
length, r, of stacking faults as a function of the process
duration, t, can be expressed as

t
7 = nae2Dy J; (Ci — Cy*)dt [2]

where a, is the capture distance of interstitials by the
faults and D; the silicon interstitial diffusivity. Thus
the ratio <D>/D* can be expressed by

<D> r
=1 _— 3
D* +1a mao?DiCi*t 3
Assuming further that the diffusivity of silicon is
partly due to an interstitialcy mechanism (29, 30), we
may write

DiCi* = fsDsCs [4]

where fs is the fractional interstitialcy mechanism, and
D and C; the intrinsic diffusivity and lattice concen-
tration of silicon. Thus Eq. [3] becomes

D
b MU N S (5]
D* .fs ﬂaozDsCst

Recently Hu (17,18), published an empirical rela-
tionship for r based on his experiments

r = (Ae—Q/kT) 0.8 [61

where T is the absolute temperature, k is Boltzmann’s
constant, and for both wet and dry oxygen Q¢ = 2.3 eV
while the values of A for dry oxygen are A = 326 cm
sec™ 08 for <100>, and A = 156 sec— 08 for <111>
silicon. Finally, it is well known that at least within
limited temperature ranges the self-diffusivity of
silicon can be expressed in terms of a single activation
energY) QS (4’ 5: 31)

Dy = Dys exp (— ’?; ) [7

Hence using Eq. [6] and [7] in Eq. [5] we have

( <D> ) fa A ( Qs — Q¢ )
—1 )t02=—— exp
D* fs  7ae2DosCs kT

(8]

In the above expression all factors are experimentally
determinable with the exception of the ratio fa/fs.

Figure 5 is a plot of the quantity (<D>/D* — 1)t0-2
obtained from our <100> experiments. It can be seen
that this quantity exhibits a negative activation en-
ergy of —1.8 eV at the temperatures below 1000°C
while over-all an activation energy of about —2 eV
may be fitted. Assuming the experimentally deter-
mined values Qf = 2.3 eV (17,18) and Qs = 4.4 eV (an
average of values in literature for the low tempera-
ture end), the activation energy expected from Eq. [8]
is —2.1 eV. Thus, there is at least good qualitative
agreement between theory and experiments. This
agreement is even better if the value Qs = 4.1 eV re-
cently obtained by Sanders and Dobson (31), near the
lower temperatures of our experiments is used.

A quantitative comparison between theory and ex-
periments is not directly feasible. The reason is mainly
the presence of the term fa/fs. Accepting the Sanders
and Dobson data (31), as representative of lower
temperatures (5), and «, = 3.85 X 10—8 cm, we ob-
tain the following relationship from Eq. [8]

s ( <D>
fa D*

where B = 2.4 X 10-7 for boron in <100> silicon
and B = 1.1 X 10~7 for boron in <111> silicon. Table
I summarizes the observed (<D>/D* — 1)t%2 results

—1 ) t02 = Bexp (1.8/kT) [91
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Fig. 5. The boron diffusivity enhancement factor in <100>
silicon as a function of temperature.

and the calculated values of fa/fs from Eq. [9]. It is
clear that a value of about 3 would be expected from
the presented theory. The meaning of this is that the
fractional interstitialcy mechanism for boron diffusion
in silicon is about three times larger than that for
silicon self-diffusion. Although this conclusion cannot
be supported from independent data we do feel that
it is quite plausible.

It is clear from Eq. [8] that the presented theory
together with the experimentally determined growth
of stacking faults predict a slight inverse time depen-
dence (~t—92) of the diffusivity enhancement. Due to
the magnitude of experimental errors we have not
attempted to accurately establish this time dependence.
However, we have indeed observed a consistent time
dependence suggesting at t—@ relation and although
the exact value of “a” is not clear, there is conclusive
evidence that it is smaller than'0.5.

In conclusion it should be mentioned that an in-
herent assumption in the present theory is that the
concentration of excess silicon interstitials is not af-
fected by the density of stacking faults. This assump-
tion is quite valid since only a small fraction of the
excess interstitials is expected to participate in the
fault growth. Thus, although the density of oxidation
stacking faults may vary significantly in accordance
to the density of available nucleation sites that, in
turn, depends on sample preparation, the length of the
faults is only dependent on oxidation conditions and
surface orientation (16,7, 32). Thus, we do not expect
that the introduction of boron by ion implantation

Table 1. fa/ts from data and theory

From experiments
(<D>/D* — 1) toa
(sec.%-2)

fa/fe
T (*C) <100> <111> <100> <111>
850 104 42 3.6 3.2
900 38 14 29 23
950 21 - 33 -
1000 10 - 31 —_

<100> AND <111> SILICON 817

(which increases strain sites) may have affected the
diffusion enhancement mechanism. In addition, tran-
sient phenomena such as excess point defect concen-
tration due to the ion implantation do not affect our
results because, as already mentioned, all samples
received annealing prior to the diffusion experiments.

Segregation.—Under conditions of thermal equilib-
rium the chemical potential as seen by an impurity
species such as B, As, or P must be continuous across
the Si/SiO; boundary. Thus, generally the concentra-
tion of impurities across the boundary are not equal,
giving rise to a nonunity equilibrium segregation co-
efficient, meq. Theoretical calculations only bracket the
value of meq within several orders of magnitude. It
is not clear whether during thermal oxidation of silicon
the segregation process is actually in equilibrium. It
thus follows that the actual impurity ratio may not be
either equal to meq Or even constant throughout an oxi-
dation process step. In the present work we have as-
sumed that at a given temperature, the segregation
process can be characterized by a constant (effective)
segregation coefficient. The segregation coefficients thus
obtained are plotted as a function of temperature and
silicon orientation in Fig. 6. For comparison, the data
presented by Colby and Katz (11), Prince and Schwett-
mann (33), and Murarka (34) are also shown. As can
be seen, our data can be fitted by a single activation en-
ergy over the entire range of temperature of the ex-
periments. However, there is a disagreement with the
other three sets of data. Although no explanation can
be given at present, the difference in experimental
methods between the various works needs to be out-
lined. (i) Colby and Katz have obtained their data
by direct measurement of boron concentrations across
the interface using SIMS. As in the present work they
have used dry O; oxidation. However, unlike our case
the silicon crystal was not intrinsic, but rather it was
uniformly doped at relatively high concentration
(2 x 1019 em—3), (ii) Prince and Schwettmann have
obtained their data by a fitting technique similar to
ours. However, their oxidation process was performed
in steam ambient. (iii) Finally, Murarka (34) has also
used a fitting technique similar to ours and in addition
his experiments were at low dose and in dry Oz am-
bient. Thus, the experimental and fitting procedures
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Fig. 6. Boron effective segregation coefficient in <100> and
<W1> silicon.
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are similar with only two but possibly important dif-
ferences. First, Murarka’s samples were not annealed
prior to the oxidation experiments, and second the
mobility data he used was after Caughey and Thomas
(27). If a fast-transient diffusivity exists at the be-
ginning of the oxidation, the effect would be to pre-
serve more boron in the silicon, thus appearing as a
lower effective segregation coefficient. This effect
would be more pronounced at lower temperatures
(29), with a resulting decrease in the activation energy
of the segregation coefficient.

Conclusions

The diffusivity of ion-implanted boron in <100> and
<111> near-intrinsic silicon has been studied experi-
mentally under inert (N;) and oxidizing ambients
(dry Oz). The method has consisted of fitting com-
puter-simulated process results to observations by
means of an automatic zero-in algorithm. As-annealed
rather than as-implanted initial profiles were used to
avoid the regime of transient diffusion during initial
annealing and to ensure full implant activation. The
initial profile was assumed similar to that experi-
mentally determined (by SIMS) in another work (20)
under almost identical conditions. For inert ambient
experiments the only measured data were the initial
and final sheet resistance. The determined intrinsic
diffusivity agrees well with previously reported data
(15) and thus it may be concluded that the recent
mobility data used in the present simulation are quite
realistic. Previously accepted mobility data (27,28)
would give different results.

In the oxidation experiments both sheet resistance
and junction depth were measured. The fitting process
has thus yielded the effective segregation and diffusion
coefficients. Diffusivity enhancement has been observed
in both orientations. In qualitative agreement with
previous works more enhancement was observed in
<100> than in <«111>. Also this enhancement was
found to increase with decreasing temperature. Quan-
titative differences do exist between this and the only
comparable published work (9), which, however, was
carried out using chemical deposition.

The determined effective segregation coefficients are
in the general range of previously reported ones and
obey a single activation energy. There is, however, a
small difference between <100> and <111> orienta-
tions. Such an effect has been previously observed (11).

We have demonstrated that there is reasonable
agreement between experimentally determined oxida-
tion enhanced diffusion and growth of stacking faults,
if one accepts the interstitialcy oversaturation model
proposed by Hu (16). Within the context of this model
it is necessary to assume at least a fractional inter-
stitialey diffusion mechanism for boron. Also, in order
to bring the two sets of data to quantitative agreement,
a fractional interstitial self-diffusion mechanism
must be assumed for silicon, approximately three times
smaller than for boron. The model readily predicts the
observed increase of enhancement with decreasing tem-
perature. It also predicts a slight time dependence of
the diffusivity enhancement. At present the experi-
mental errors of our method have not allowed verifi-
cation of this dependence.
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APPENDIX

From the work of Caughey and Thomas (27), mo-
bility can be expressed in the following functional form

(#max — pmin)
14 (C/Crer)®

where umin and umax are the minimum and maximum
mobility values expected, Crer a reference concentra-
tion value, and 8 an exponential factor that controls
the slope around C = Cre. From Ref. (13) and (14),
the following values were obtained for this work

#(C) = pmin + [A-1]

p-type Hmin Hmax Cret B8
Ref. (26) 47.7 495 6.3 E16 0.76
Ref. (27) 47.7 495 1.9 E17 0.76
This work 49.705 467.729 1.606 E17 0.700
n-type Amin Hmax Cret 8
Ref. (26) 65 1330 8.5 E16 0.72

This work 55.24 1388.157 1.072 E17

The use of these new mobility function values re-
sulted in excellent fit between measured and simulated
sheet resistance values.
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Preparation and Some Properties
of Chemically Vapor-Deposited
Si-Rich SiO. and Si.N. Films

D. Dong,* E. A. Irene,* and D. R. Young
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

Films of SiO, and SizN4 containing excess Si were prepared b;

chemical

vapor deposition at 700°C by the reaction of gaseous SiHs and N2O for the
Si-rich SiO; and NHj for the Si-rich Si;Ny. By adjusting the gas-phase ratio
of the reactants it was possible to vary the amount of Si in the films. Trans-
mission electron microscopy studies revealed that the films contain two amor-
phous phases. One phase is amorphous Si while the other is SiOs or SisNs. The
Si content of the films was measured by electron microprobe analysis. Ellip-
sometry measurements on the films were made at several angles of incidence
in order to measure the film absorption coefficients which were found to in-
crease with increasing Si content. The d-c conduction characteristic for the
Si-rich films was found to be nonohmic. The resistivity at any given field
was found to decrease with an increase of the Si content.

Films of silicon dioxide (SiO;) and silicon nitride
(Si3N4) prepared by chemical vapor deposition (CVD)
have received considerable study. These films are used
as gate dielectrics and for a variety of masking pro-
cedures within the MOS technology. Typically, the
films are prepared in an open-tube CVD reactor at
temperatures greater than 500°C by the reaction of
a volatile silicon compound such as SiH4 with a gaseous
oxidant such as Oj, CO, H20, N3O, etc. for SiO; films
and SiH; with NH3 for SigNy4 films. The films are usu-
ally amorphous and if the SiH4 is maintained at about
10% or less of the reactive gas mixture, the film com-
positions are stoichiometric SiO; or SizN4. It has been
reported (1-4) that the Si content of SizgNy films can
be increased for CVD films. In these previous studies,
the Si content of the films was inferred from refractive
index changes, etch rate measurements, and electrical
behavior. For Si-rich SiO; films, several articles (5-8)
demonstrate the preparation of these films by sputter-
ing, glow discharge, and evaporation techniques except
for a recent paper (9), in which Si-rich SiO; was pre-
pared by CVD using a SiH4-N20O-N; mixture. The Si-
rich films exhibited higher conductivity (3, 4, 9) than
the stoichiometric analogs, and the conductivity in-
creased with Si content. Use was made of this variable
conductivity property to controllably limit reverse
current for a pn-junction diode (9).

The goals of the present study were to determine
the CVD parameters which yield Si-rich SiO; and
SizN4 with a desired amount of Si; to identify the rela-
tionships between gas phase mixtures, solid phase com-
position, resistivity, and refractive index; and to deter-
mine whether the films are homogeneous or phase sep-
arated. Presently, there exists controversy (5, 7)

* Electrochemical Society Active Member.
Key words: dielectric films, variable conductivity, excess Si.

whether Si-rich SiO, is composed of a mixture of Si-
Si4 and Si-SiO4 tetrahedra or simply separate Si and
SiO; phases. Therefore, transmission electron micros-
copy (TEM) was performed on the films prepared in
this study to elucidate the morphology.

Experimental Procedures

CVD. —The CVD apparatus was the same resistance-
heated system previously described (10). The Si-rich
films were deposited on cleaned <100> oriented, chem-
mechanically polished, 2 Q-cm p-type Si wafers (3.2 cm
diam). The cleaning procedure for the Si substrates
was also previously reported (11). A temperature of
700°C was used for all depositions. This temperature
was chosen to be low enough to preclude extensive de-
composition of the SiH4 prior to injection into the re-
action zone of the furnace. Although higher tempera-
tures can be used to prepare Si-rich films, the amount
of SiH4 used for the preparations becomes excessively
large.

The Si-rich SiO; films were prepared by the reaction
of gaseous N»O and SiHy; for Si-rich SigN4, NH; and
SiH; were the reactants. In both cases the reactants
were diluted with a N, carrier. The total flow into the
CVD reactor (at 20°C, 1 atm) was maintained at 15
liters/min (~13 cm/sec linear gas stream velocity) of
which the reactant gases were always less than 0.5
liters/min. In order to alter the Si content of the films,
the gas phase reactant ratios, Ro (N20/SiH,), for Si-
rich SiO, and Rx (NHj3/SiH4) for Si-rich SizNy was
varied.

The elemental composition of the films was obtained
from electron microprobe analyses on films several
thousands of angstroms thick. Film thickness, index of
refraction, and optical adsorption were measured by
ellipsometry. Electrodes for electrical measurements
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were evaporated Al dots (0.8 mm diam) on the film
side of the samples and gallium-indium paste was used
for the Si side electrical contact.

Ellipsometry.—Excess Si in the films causes optical
absorption. The absorption needs to be characterized
in order to perform accurate ellipsometric measure-
ments of the film thickness. For this purpose, a special
procedure was used (12) in which ellipsometry was
performed at multiple angles of incidence. The pro-
cedure is outlined as follows: (i) Two zone ellipso-
metric measurements were made on a particular sample
at constant wavelength (5461A) but at several angles
of incidence, ¢, ranging between 60° and 80° in 5° in-
tervals. (ii) A range of values for adsorption, x, was
arbitrarily chosen. The film thickness, D, and the real
part of the film refractive index, N, were calculated
for each « and at each ¢. The relationship between «, N
in the complex refractive index, N is given by the
equation

N=N(1 —ix)

(iii) For each value of ¢ a line in «, N, and D space
was obtained. The sets of lines for various ¢ were
plotted together on a three coordinate axes graph. In
principle, all the lines should intersect yielding one
value for N, x, and D. However, due to experimental
uncertainties (12), a zone of convergence is realized.
From the zone of convergence, an average value for N,
x, and D can be obtained. An example of the conver-
gence is given in Fig. la. Figure 1b shows a cut of
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Fig. 1. a, A plot of the zone of intersection of the lines repre-
senting various angles of incidence, ¢, on the axes of absorption
coefficient, K2, real part of the refractive index, N2, and film
thickness, D2; b, a cut of Fig. 1a showing the K2, N2 plane.
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Fig. 1a showing the « and N planes. Such projections
were used to obtain the numerical values reported
later.

Electrical measurements.—The resistivity, p, was
measured with the 2 0-cm p-type silicon substrates in
accumulation. Heavily doped substrates were not used
in order to preclude possible dopant effects in the films.
Capacitance-voltage measurements at 1 MHz were
made to determine whether the films stored charge
or whether they lost the injected charge as anticipated
by considering the measured values of p.

In order to compare the results for films with differ-
ent Si content, films of approximately the same thick-
ness (700 = 100A) were measured. The applied volt-
age ramp speed and amplitude were kept constant and
the films were ramped first from depletion to accumu-
lation, and then in reverse. The hysteresis in the C-V
curve measured on the voltage near flatband (called
AV) is proportional to the amount of charge, assumed
to be near the Si surface, stored by the films.

Transmission electron microscopy (TEM).—The sam-
ples for TEM studies were prepared as previously de-
scribed (13). Starting with films ~500A on an Si sub-
strate, the substrate was etched with HF-HNO3; mix-
tures. The etch mixtures vigorously attacked the Si-
rich SiO2 and stoichiometric SiO; films. The etchant
moderately attacked Si-rich SizNy films and only
slightly attacked stoichiometric SisN4 films. The quali-
tative difference in the etch rates observed and the re-
sultant morphologies lead to the results to be reported.

Results
Film composition.—The solid-phase compositions as
a function of gas phase reactant ratios, Ro and Rx,
are shown in Fig. 2a for Si-SiO; films and in Fig. 2b
for Si-SigNy films. For the higher gas phase ratios, the
films approach stoichiometric SiO; and SizN4. For Ro
< 50 and Ry < 25, there is Si enrichment of the oxide
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Fig. 2. a, Electron microprobe analyses of Si-rich SiOy vs. the
gas-phase ratio; b, the same relationship for Si-rich SizN..
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and nitride films. For the Si-rich SizN, films, the Si
content increases smoothly with decreasing Ry for the
entire range studied (0.6 < Ry < 25), and the Si con-
tent varies from 42 to 51% in this Ry range. Similarly,
for Ro values between 100 and ~ 3, the Si content for
the oxide films varies from 33 to 45%. However, for Ro
< 3, both the Si and O content drop sharply while sig-
nificant amounts of N and C appear. Later-reported
resistivity values are also sensitive to this anomalous
drop in Si content. Although not experimentally veri-
fied in this study, we believe that silicon oxynitride
and/or oxycarbide type compounds were formed due
to carbon impurities in the N2O and the large amount
of Ny that was present.

Refractive index.—The optical absorption of these
Si-rich films was characterized by the previously out-
lined ellipsometry procedures. The measured absorp-
tion coefficient values are shown in Fig. 3. The values
of « are seen to be small for the Si range studied, and
if « is assumed to be zero, less than 10% error in thick-
ness is made for film thicknesses in the first ellipsome-
tric period. Figure 3a shows that the absorption in-
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Fig. 3. a, The absorption coefficient, K2, vs. the Si content for
both Si-rich SiO2 and SisN4 films; b, K2 vs. the gas-phase ratios
Ro and RN.
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creases nearly linearly with Si content. Figure 3b
shows that Si content for Si-rich SiO; films does not
increase smoothly for low Ro values. In fact, as ob-
served in Fig. 2a, the Si content drops for low Ro
values while N and C levels increase. Therefore, « is a
sensitive measure of the Si content for these films.
Electrical measurements.—Figure 4 summarizes the
resistivity measurements. The d-c behavior is seen to
be nonohmic and p decreases as the Si content in-
creases. Therefore, from Fig. 4a and 4b, films with
desired values of p can be grown if the value for the
operating field, E, across the film is specified. As men-
tioned previously for the Si-rich SiOp films at low
values of Ro, the Si content drops anomalously. As
seen in Fig. 4a, the curve for Ro = 1 shows larger
values for p at any field studied than for the Ro = 3
curve. Therefore, the p value for a specified E is also
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Fig. 4. a, The plot of log1o p vs. the applied electric field, E, for
Si-Si0y with various gas phase ratios, Ro; b, the same as Fig. 4a
for Si-SigNy4 for various Ry.
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a sensitive indicator of the Si content of the film.
For the Si-rich SisNs film, the Si content increased
smoothly with decreasing Ry in the range studied, and
the p values decreased for decreasing Rn.

The capacitance-voltage, C-V measurements are
summarized in Fig. 5. Figure 5a shows that for Si-
SisNy films the amount of stored charge, as measured
by the hysteresis in the C-V curves, decreases with in-
creasing Si content. This is to be expected inasmuch
as with decreasing p the time constant for the storage
of charge should also decrease. However, Fig. 5b for
Si-SiO,; shows an enhancement of charge storage with
increasing Si content. This may be due to a thin ther-
mal oxide being formed at the Si surface in the ambi-
ent containing N»O. When the thin thermal oxide is
coated with the Si-rich SiO, a metal, insulator, SiOg,
silicon (MIOS), charge storage structure is formed.

Transmission electron microscopy.—The TEM results
are summarized by Fig. 6. The photographs are in-
terpreted by remembering that the etchant used to
prepare the samples attacks Si very vigorously, SiO2
vigorously, and only very mildly attacks SizN4. Figure
6a shows the TEM results for stoichiometric SigNa.
With the exception of some particulate in the films, the
micrographs are featureless indicating uniform etching.
Figure 6b, however, shows the result from the etchant
attacking the Si-rich SizN4. The bright areas are re-
gions where Si has been preferentially attacked by
etchant. Both photographs show only diffuse diffrac-
tion halos indicative of amorphous material. The Si-
rich material shows randomly distributed Si areas
having a rather connective appearance. Figure 6c and
6d show a comparison for stoichiometric and Si-rich
SiO; films. Although the effect is not as definitive as
for the SigNy films, it is clear that some regions of the

J : T T

1000+ + o

Ry=07

! L )
400 - T .
350
300

% 250

& 200+
150

T

100 -

50~

20 10 [e] -10
E (10%v/cm)

Fig. 5. o, C-V curves for Si-SizNg with various Rx; b, C-V curves
for Si-SiO with various Ro.
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Fig. 6. TEM micrographs and diffraction patterns for stoichi-
ometric and Si-rich SigN4 and SiOs. a, stoichiometric SisNy, Ry =
25; b, Si-rich SisN4, Ry = 0.5; ¢, stoichiometric SiO2, Ro = 100;
d, Si-rich SiO2, Ro = 1.

Si-rich SiO; shown in Fig. 6d are attacked more vigor-
ously than others while by comparison Fig. 6¢c shows
uniform etching characteristics. Since SiO; and Si are
attacked by the etchant, this result for Si-rich SiO,
is expected. Both 6b and 6d reveal that the etched
phase is connective rather than spherical.

Based on the morphologies discovered by TEM, it
is concluded that these Si-rich materials are composed
of two amorphous phases: a silicon phase and either a
SiO; or SizN4 phase.

Summary

It has been shown that films of SiO; and SizNy can
be prepared with a controllable excess of Si by chemi-
cal vapor deposition by adjusting the gas phase re-
actant ratios. The excess Si forms a rather connective
secondary phase under the conditions of the present
study. The resistivity and optical absorption are both
sensitive to the Si content of the films. The d-c con-
ductive behavior for the Si-rich films is nonohmic
but for any given field the resistivity decreases with
increasing Si content.
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Protective Glassy Layers Passivating Copper
at 500°C

B. J. Mulder
Philips Research Laboratories, Eindhoven, Netherlands

Copper objects of complicated shape have been
coated with a protective glassy layer consisting mainly
of SiOg with a thickness of a few tenths of a micron.
The coating offers protection against oxidation in air
at temperatures up to 500°C. The coating is applied by
chemical vapor deposition in sealed ampuls using a
technique worked out by Chu and Gruber (1) for
coating semiconductor materials. The reactive gases
(HF and H20) were not, however, introduced as such,
but generated in situ from copper difluoridehydrate
(2). Glass is transported from the walls of the ampul
in a cooler zone onto the copper in a hotter zone.

The arrangement for the coating reaction is shown in
Fig. 1. Ampuls were made of borosilicate glass.
Larger ampuls were sprung open at A for loading.
The ampuls contained: (i) Copper difluoridehydrate,
preferably in a separate glass container with the pow-
der not in direct sight of the copper substrate. The
water content of the fluoride! was apparently not criti-
cal: the mono and the dihydrate served equally well.
Normally a technical-grade monohydrate was used in
amounts corresponding to 1-2 mg per milliliter of
ampul volume; (ii) The carefully cleaned and de-
greased copper objects. The copper was normally pre-
treated with a polishing etch; (iit) A glass heat shield,
protecting the copper against oxidation when the
ampul was repaired (in a vertical position) at A.
The ampul was pumped with a rotary pump and
sealed at B. It was then heated without delay in a
furnace with two temperature zones, one at 550°C
(just below the softening point of the glass) where
the copper was placed, and one at 500°C for the fluo-
ride. Heating up took about 5-10 min; after another

Key words: chemical vapor deposition, copper, passivation, SiO-,

‘ The water content of a hydrate was determined by slowly heat-
ing in air to 600°C and weighing the residue of CuO.
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Fig. 1. Arrangement for chemical vapor deposition of glass onto
copper in sealed borosilicate ampuls. Ampuls were used with
diameters ranging from 10 to 60 mm ond a length of about 250 mm.

30 min the ampul was taken out of the furnace and
cooled. We froze the bottom end of the ampul in
liquid nitrogen to prevent reverse transport reactions
and also to avoid condensation of vapor on the copper.
The layers had a very uniform and smooth appear-
ance, which was preserved when the copper was
heated in air up to temperatures of 500°C. This sug-
gests that the layers are essentially pinhole free.
The thickness of the layers was determined from
measurements of their x-ray fluorescence.2 with 500°C
for the temperature of the source region and 550°C for
the substrate the layers attained their final thickness
of a few tenths of a micron in about 30 min. The
thickness increased with the amount of copper di-
2 The intensity of the characteristic fluorescence of silicon was
referred to standard layers prepared by bias sputtering fused
quartz on copper foil. The intensity was almost proportional to
the thickness of the standards up to 0.4 um. Siu.ce the sample lay-

ers cousisted almost entirely of SiO:, intensities were converted
into thickness using data for fused quartz.



824 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

fluoride weighed into the ampul: for a tenfold in-
crease in copper-difluoride (from 0.7 to 7 mg per ml
volume of the ampul) the thickness approximately
doubled from 0.15 to 0.3 um SiO;. The composition of
the layer was studied qualitatively by secondary ion
mass spectrometry (SIMS), revealing F, B, and OH
as minor contaminants of the SiOs. The F/Si ratio was
determined quantitatively by electron-excited x-ray
spectrometry3 and was found to correspond to x =
0.005 in the composition formula SiOs—,Fs,. Heating
in air for 16 hr at 450°C approximately halved the

3Thin standard layers with a known Si/F ratio were prepared
by mixing polyvinylidenefluoride, [(—CH:CF2)a] dissolved in hot
cyclohexanone. and heavy silicone 0il [(—Si(CHs)20)x] dissolved
in hot toluene, spraying the hot mixture onto warm copper foil
and evaporating the soivents. The correction required for the dif-

ference between the mass absorption coefficients of standards and
samples turned out to be quite small.

10 M=28(Si)

10" MIgels0) A

0% a
T10—15_""~--......,,M.fﬁ?.(.%i?.':..’ ......
% glass > fe-COPper |
= gt (si®c0)
: b | (si2ecu®50)
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&
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Fig. 2. Depth profiles obtained by SIMS for a 2000A thick glass
coating on copper.
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fluorine content of the layers without affecting their
integrity.

An in-depth analysis with SIMS revealed the exist-
ence of an interlayer between glass and copper, char-
acterized by the production of CuSiO clusters. Depth
profiles of a typical coating are shown in Fig. 2. The
curves were traced while scanning an area of 1 mm?2
with a primary beam of oxygen ions. Positive ions with
a fixed mass and originating from the central 50 x 50
wm? region of the erosion crater were detected. The
presence of an interlayer of ~ 200A thick is evident
from the peak in the curves traced for mass numbers
107 and 109 (Fig. 2b). In the peak the intensity ratio
for the two mass numbers is equal to the abundance
ratio of Cu® and Cu$% (2.23), showing the peak to be
associated with the production of CuSiO -clusters.
“Mixed” clusters (Cu and Si) are not observed in
SIMS when scanning an abrupt junction (3) and are
therefore indicative of the presence of an interlayer.
To the left of the peak the intensity ratio in Fig. 2b
is close to the ratio expected for Si2® and Si30 contain-
ing clusters (~14). Other noticeable features of the
curves are the very efficient production of copper ions
(see curve for M = 63) from the interlayer and the
relatively high production of fluorine containing
clusters from the surface region of the coating.

The interlayer may arise from the diffusion of copper
into the defective SiO; at the temperature of the coat-
ing reaction. An in-depth inhomogeneity was also sug-
gested by measurements of the electrically insulating
properties of the layers, using a mercury drop as one
of the electrodes. Layers thicker than about 0.1 um
behaved normally in that they withstood voltages cor-
responding to field strengths of several times 106 V/cm,
whereas thinner layers usually broke down at voltages
corresponding to only 104-105 V/cm.
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Anodization of Layered Semiconductors:
A Method to Count the Number of Layers

A. Moritani, H. Kubo, and J. Nakai

Department of Electronics, Faculty of Engineering, Osaka University, Suita, Osaka, 565, Japan

In the anodization process of metals and semicon-
ductors, it has been known that there exist nonpassive
(or active) states and passive states, depenaing on
the surface potential of the anode materials. We define
the nonpassive state as the state in which the anodic

Key words: tor, anode, elli try, passivity.

dissolution is in process or a nonpassive film is growing
with little increase of the anode potential on the
surface of the anode material when anodization is
performed under constant current condition. In this
paper we demonstrate that anodization provides a
new and simple method to count the number of layers
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in some layered semiconductors by utilizing the prop-
erty of the nonpassive-passive transition which has
been widely observed in the fundamental anodic proc-
ess in metals and semiconductors (1, 2).

The layered semiconductors have been a recent
topic in both experimental and theoretical studies
(3). The micalike layer structures are characterized
by strong covalent bonds within each layer and by
weak van der Waals forces between layers, so that
there exist high and fairly wide potential barriers
and the crystals are easily cleaved at the layer
boundary which we may consider to be another surface.
Therefore, it is reasonable to expect that if a layered
semiconductor is anodized in the direction normal
to the cleaved surface, the nonpassive-passive transi-
tion will repeat at the nth layer boundary (n =
1, 2, 3, . . .). Thus, a periodically varying structure
reflecting the layered structure with the monolayer
thickness of ~10A is expected to be observed in the
cell voltage vs. time (V.-vs.-t) characteristic curve
when anodization is performed under a proper con-
stant current condition with the use of a proper
electrolyte. These observations will enable us to count
the number of layers in the layered semiconductors:
we can count the number of layers by this method
after some experiments with the layered semicon-
ductor of interest are over.

The electrolytic cell-system used in this study con-
sists of a platinum cathode, the semiconductor anode,
a simple quartz beaker, a magnetic stirrer, and a
solution of sodium borate in ethylene glycol as the
electrolyte. The cell voltage is measured and recorded
through a buffer amplifier with high input impedance.
The second derivatives of the V.-vs.-t characteristics
are recorded simultaneously in order to clarify the pe-
riodic structure and make it easier to count the num-
ber. P-type Bi;Te; and p-type GaTe with carrier con-
centrations of 1-5 X 10! em~—3 and 0.5-2 x 1018
cm~—3 at room temperature were used as the semi-
conductor samples. The samples were cleaved in lab-
oratory air, and edges and ohmic contact of the samples
were covered for insulation by an epoxy paint.

Periodically increasing cell voltages are observed
in Fig. 1 and 2 for Bi;Te; and GaTe, respectively, as
expected. It is seen in these figures that these periodic
structures are formed by repetition of the unit-line-
shape shown in the insert of Fig. 1, where t, repre-
sents the duration time of the nonpassive state and
Ven represents the cell voltage increase in the pas-
sive state for the nth layer.

For the purpose of confirming that the unit line-
shape really results from anodization of the monolayer,
we have performed ellipsometric measurements on
the anodic films grown by anodization of more than
20 layers and obtained the anodized film thickness
of 16 = 1A for monolayer anodization. The ratio of
this value to the monolayer thickness of Bi,Te;3, i.e.,
10.16A (4) is 1.57 which is in close agreement with
the theoretically expected value.l

Another experiment was done as in what follows
to confirm that the region indicated by 7, in the
unit lineshape is really in the nonpassive state. The
experimental result of t, ws. current density Jy
(tn-vs.-Jq) characteristics are shown in Fig. 3 where
the solid and broken curves were obtained with the
use of the electrolytes which were prepared by dis-
solving 100 and 200g of sodium borate in one liter
of ethylene glycol, respectively. It is observed in
Fig. 3 that 1, increases as Jq decreases and is dependent
upon the electrolyte: the slope of the t,-vs.-J4 charac-
teristic lines in log-log plot is found in the range of
—1-—2, depending uron the electrolyte. These ob-
servations may be sufficient for the verification that
the region indicated by v, is in the nonpassive state.

1The theoretical ratio of the oxide thickness to the monolayer
thickness of Bi:Tes (so-called Pilling-Bedworth ratio) was evalu-
ated to be 1.54 * 002 under the assumption that the growth film

consists of trioxides, i.e., Bi2Os and TeOs which seem to be the
most probable products of oxides from Bi.Tes; see Ref. (10).
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Fig. 1. The V.-vs.-t characteristic and the second derivative of
the V.-vs.-t characteristic in BioTes. Anodization was performed
under constant current density Jg = 540 wA/cm2. The initial
voltage drop induces large transient output in the second derivative
circuit, so that the initial part of the second derivative is not
recorded in this figure, The inserted figure shows the unit line-
shape from which the Vc-vs.-t characteristic curve is constructed.

CELL VOLTAGE (V)

[6Y]

]
—d2Vc / dt2 (Arb.Units)

GaTe
Jg=504 pA/cnf

e oo = f af | IR PN T |

(0] 30 60
ANODIZATION TIME (Sec)

Fig. 2. The Vc-vs.-t characteristic and the second derivative of
the Vc-vs.-t characteristic in GaTe. Anodization was performed
with constant current density J3 = 504 uA/cm2 The initial volt-
age drop induces large transient output in the second derivative
circuit, so that the initial part of the second derivative is not re-
corded in this figure.
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Fig. 3. The tn-vs.-Jq characteristics. The solid and broken lines
were obtained with the use of electrolytes of sodium borate in
ethylene glycol (100 g/liter) and (200 g/liter), respectively. The
T-vs.-t characteristic obtained in GaAs is shown for reference.
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Fig. 4. The off-null signal of in situ ellipsometry (Al) and the
corresponding V-vs.-t characteristic during constant current ano-
dization with Jg = 250 xA/cm2 in BizTes.

For reference, the t-vs.-t characteristic observed in
GaAs (5) is shown in Fig. 3, where t is the duration
time in the nonpassive region.

We have observed the periodic structure optically
too in in situ ellipsometric measurements.2 In Fig. 4,
the in situ ellipsometry signal with initial null setting
is shown together with V.-vs.-t characteristic for
Bi,Te;. Al is the increase of photomultiplier intensity
due to the anodic film growth which causes the
offset from the null setting. It is noted that AI shows
rapid increase in the nonpassive region and little
increase in the passive region. This observation strongly
suggests that a conductive nonpassive film grows in
the nonpassive state and transforms into a passive
film in the passive state. These phenomena have been
found in the anodic processes of iron and indium

2The details of the present experimental setup will be re-

ported elsewhere. The readers should refer to Ref. (8) for
details in the in situ ellipsometry.
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(6):3 the initial film on iron in slightly alkaline
solution at potentials V < V, is Fe(OH), which trans-
forms completely into Fe;O; at higher potentials
V > V,, where V, is a critical anode potential.

Thus, we have come to the stage that the unit
lineshape represents anodization of the monolayer and
it is possible to count the number of layers with
extremely thin monolayer, i.e., 7.45A in GaTe (7) and
10.16A in BisTe; (4). In Fig. 1 and 2 are shown the
second derivatives of the V.-vs.-t characteristics which
enable us to count more clearly the number, especially
of the initial several layers in GaTe. We have counted
the number up to 115 for BixTe; and 95 =+ 2 for
GaTe in one anodization procedure.4

It should be noted that the nonpassive region for
the first layer of Bi,Tes; was not observed in many
cases, in other words, t; ~ 0. This experimental result
for the first layer in Bi;Te; may be corresponding
to the observation in the anodization of GaAs by
Harvey and Kruger (8). They have shown that, in
the nonpassive region, no change in ellipsometric
parameters attributable to a film forming on an ini-
tially clean anode was observed, but nonpassive anodic
film was grown with virtually no change in potential
when a vestige of a previously formed passive film
presumably remained. In the present case, it is reason-
able to consider that the passive film of the first layer
can possibly be the nucleus for the nonpassive film
growth of the second layer and this process repeats
in the nth layer (n = 2).

It should be also noted that in Bi,Te; the steady
state in the anodization process is built up in the
region n = 5 in many cases

Ven 2 Ven+n; (n=1,2,3,4),

Ven = Vetn+1; (n=5)
On the other hand, a quite different feature from
BiyTe; is observed before the steady state in anodiza-
tion of GaTe: not little increase of cell voltage in
the nonpassive (?) regions is observed in Fig. 2,
which causes uncertainty in counting the number of
initial few layers, and more layer numbers are re-
quired to realize the steady-state anodization than
in BisTes. The electrochemical mechanism which in-
duces different values of V¢, or amplitude of the
second derivative between, before, and under the
steady state in both cases is not understood at present.
However, it is a realistic idea that materials with
different quality will be produced in different situa-
tions: one anodization proceeds adjacent to the electro-
lyte and the other at a distance from the electrolyte
through the buffer layer of previously anodized film.

We have obtained very similar results in Bi,Ses
and GaSe to those in Bi;Te; and GaTe. The anodized
films of these semiconductors are easily removed by
most acids and alkalis, so that successive anodization
and removal of the films will enable us to count
the number in thick semiconductor samples.

It is of great interest to investigate the structure
and electrical property of the anodized films or to
apply the present method to the intercalation study
in the layered transition metal dichalcogenides (9).
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Etching Characteristics of Phosphorus
Containing Polycrystalline Silicon in a CF. Plasma

Kiyokatsu Jinno,! Hiroshi Kinoshita,! and Yasuo Matsumoto!

Tokyo Shibaura Electric Company, Limited, Toshiba Research and Development Center, Kawasaki 210, Japan

The use of a rf-generated plasma for the etching
of dielectric and other films and for the removal of
photoresists has become a viable alternative to the
conventional wet chemical etching used in the fabrica-
tion of semiconductor devices since the plasma process
is simpler and more economical (1-9). Using a CFy
plasma for poly-Si etching eliminates the additional
oxidation and associated process steps since photo-
resists can be used as a masking material in the
plasma.

From a device fabrication viewpoint, it is important
to investigate the plasma etching of phosphorus con-
taining poly-Si which is widely used to reduce the
resistivity of the interconnections and gate electrodes
in MOS LSI’s. In our experiments, phosphorus was
introduced into the poly-Si films by two methods;
doping with PH3 during the chemical vapor deposi-
tion of the poly-Si films at 550°C in an Ar ambient
(doped poly-Si method) and diffusion from a phos-
phosilicate glass (PSG) film after the deposition of
an undoped poly-Si film by the decomposition of
SiH; at 800°C in an N, ambient (diffused poly-Si
method). The films were about 5000A thick. Plasma
etching was carried out in the IPC 2005-1813SC
plasma etcher with an 8 in. diam quartz reactor
with aluminum shield. The etching gas was a CFy,
the gas pressure was maintained at 0.6 Torr, and
the rf power was kept at 150W. Film thicknesses were
measured by using a Talystep.

The phosphorus concentration of the poly-Si films
was varied by changing the flow rate ratio of PH;
to SiH; and keeping the diffusion time at 1000°C.
It was estimated by the Auger electron analysis.

In Fig. 1, the relative etch rates (defined as the
etch rate of the doped poly-Si film to that of the
undoped poly-Si film) of the poly-Si film formed
by the two doping methods are shown as a function
of phosphorus concentration. The two methods give
almost the same results. It is apparent that the etch
rate of phosphorus containing poly-Si films in a CFy
plasma is independent of the doping methods and
only depends on the phosphorus concentration in
those films. This fact is clearly seen in Fig. 2 which
shows the scanning electron micrographs of the cross
section of a 4 ym wide line. The etch rate is high

1 Present address: NEC-Toshiba Information Systems Incorpo-
rated, Kawasaki 210, Japan.

_ll_(ey words: plasma etching, phosphorus effect, polycrystalline
silicon.
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Fig. 1. Relative etch rate of the poly-Si films vs. phosphorus
concentration.

at the surface of the diffused poly-Si film due to
the high phosphorus concentration measured by the
Auger electron analysis. From Auger electron analysis
data, high phosphorus concentration regions exist to
800A in depth from the diffused poly-Si film surface,
whereas below the regions the phosphorus concen-
tration takes a constant value and increases with
increasing diffusion time. Meanwhile, the phosphorus-
doped poly-Si film has an isotropical edge due to
the uniform concentration of phosphorus measured
by the Auger electron analysis. The etched profile
of an undoped poly-Si film has also isotropical edge
and is shown in Fig. 2 for a comparison.

In a CF4 plasma etching, a gas plasma is generated
in the reaction chamber by the rf power and silicon
compound films begin to react with an activated
fluorine species. A large plasma etch rate is obtained
for elements which produce fluorides with high vol-
atility. Therefore, phosphorus doping effect in a CF4
plasma etching can be interpreted by high volatility
of PH; (bp = 101.5°C at 760 mm Hg) compared to
SiFy (bp = 94.8°C at 760 mm Hg) (10),

As a conclusion, the plasma etch rate of phosphorus
containing poly-Si films is dependent on the phos-
phorus concentration, and the etched profile of those
films depends on the phosphorus concentration dis-
tribution in depth direction.
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End Point Determination of Aluminum CCI,

Plasma Etching by Optical Emission Spectroscopy

B. J. Curtis and H. J. Brunner
Laboratories RCA Limited, Zurich, Switzerland

The use of optical emission spectra for
end point detection has been reported for the
CF4 plasma etching of Si (1, 2) and for the 0,
plasma stripping of photoresist (3, 5). This
note reports the application of the method
to the CC14 plasma etching of aluminium

Etching experiments were carried out in
a parallel plate reactor consisting of a
pyrex glass cylinder 30 cm in diameter and
35 cm high with ports to accommodate a silica
window and a quadrupole mass-spectrometer;
the end plates were made of stainless steel.
The water-cooled electrodes, made of polished
nickel-plated copper, were 20 cm in diameter
and, for these experiments, were spaced 40 mm
apart. CCl, was introduced through the centre
of the upper electrode which was connected to
a 13.56 MHz rf generator. The substrates were
placed on the lower, grounded electrode. Opti-
cal emission spectra were taken on a Heathkit
EUE-700 Monochromator using an RCA photomulti-
plier type IP28, a Keithley 601 electrometer
as an amplifier and a chart recorder. The
distance between the monochromator entrance
slit and the plasma was 30 cm; the emission
was viewed through the silica window without
focussing.

Fig. 1 (upper) shows the spectrum of a
CCly4 plasma at a pressure of 7 Pa and 500
Watts power; the CCl, flowrate was 20 scc per
minute. An unequivocal assignment (4) of all
of the peaks has so far not been possible,
even though the species present in the gas
phase are known from mass-spectrometric mea-
surements. However, bands due to CC1 can be
identified with maxima at 255.8 nm, 277.7 nm,
278.6 nm, 305.5 nm and 460 nm. Free chlorine
is known to be present in the system and bands
at 257.0 nm and 307.0 nm overlap with those
due to CCl. The peaks at 199.1 nm, 297.2 nm
and 312.7 nm are also probably due to reac-
tive, chlorine containing species since
during etching, their intensity is very much
reduced (see Fig. 1 (lower)). The peaks at
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Fig. 1 (upper) Emission spectrum of CClg
plasma and 500 Watts, 7 Pa and 20 scc per
minute flow rate. Scan rate 30 nm per
minute. (Lower) Emission spectrum during
CCl4 plasma etching of aluminium under the
same conditions as (upper). Spectrometer
sensitivity one third of that used in (upper).

282.3 nm and 282.8 nm probably result

from CO and OH; their intensity is unchanged
during etching (Fig. 1 (lower)). The assign-
ment of the peaks at 398.2 nm (possibly C10)
and at 438.7 nm and 452.8 nm (both possibly
C0) is not certain.

Fig. 1 (lower)shows the spectrum ob-
tained during the etching of an aluminium
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plate of the same size as the grounded
electrode. It should be noted that due to the
high intensity of the peak at 261.4 nm, the
sensitivity of the detection system was re-
duced by a factor of three compared to Fig. 1
(upper). The intensity of the CC1 and Clp
lines is drastically reduced together with
those at 199.1 nm, 297.2 nm and 312.7 nm which
indicates that these too are probably due to a
reactive chlorine containing species. A
number of new peaks appear which can be identi-
fied as being due to AI1C1 (261.4 nm) and
atomic A1 (308.2 nm, 309.3 nm, 394.4 nm and
396.2 nm). In the inset, the A1C1 band is
shown at higher resolution.

For end point detection purposes, the
A1C1 band at 261.4 nm is more sensitive than
the atomic Al Tines which are not always de-
tected from a small area substrate. Fig. 2
shows the course of etching a 3x3 cm substrate
consisting of a 1300 nm thick Al layer evapo-
rated onto a glass substrate. A photoresist
grating with lines 200 um wide and a spacing
of 200 um was defined on the Al layer. The
CC14 plasma was ignited (500 Watts, 7 Pa,
flow rate 20 scc per minute) and after an
induction period of several minutes, etching
began as indicated by the rapid build-up of
the intensity of the 261.4 nm band. The decay
of intensity at the end of etching was not so
rapid but could possibly be influenced by geo-
metrical factors. In this instance the etch
rate was 185 nm per minute.

Etching can also be followed by the in-
tensity of the lines resulting from CC1 and/or
Clp. For instance, the intensities of the
peaks at 199.1 nm, 297.2 nm, 305.5 nm and
312.7 nm all decrease when etching begins and
increase again at the end point.

In conclusion it can be said that the
261.4 nm emission band of AIC1 is a sensitive
indicator of aluminium etching in a CCly
plasma and should prove to be useful in further
studies on this system and other halogen con-
taining species. Furthermore, the CC1 and/or
Cl, peaks at 199.1 nm, 297.2 nm, 305.5 nm and
312.7 nm are also very effective end point
indicators and merit further study.
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CulnS. Liquid Junction Solar Cells

M. Robbins, K. J. Bachmann,* V. G. Lambrecht, F. A. Thiel, J. Thomson, Jr.,
R. G. Yadimsky, S. Menezes, A. Heller,* and B. Miller*

Bell Laboratories, Murray Hill, New Jersey 07974

We report that single crystal and
pressure sintered polycrystalline
electrodes of n-CuInSp in the cells
n-CulnSp/1-2 F NasS, 1-3 F S°, 0-2 F
NaOH/C exhibit good quantum efficiency
under short circuit and respectable
voltage at open circuit with irradi-
ation at and above solar intensities.
The output stability of the system at
steady illumination appears particu-
larly promising.

Samples of single crystal CulnSp
were grown by the gradient freeze
technique and were annealed 1n cadmium
vapor at 700°C for 100 hours in sealed,
evacuated silica tubes to convert
the material into n-type of low
resistivity. Polycrystalline CuInSp
was prepared from ultrapure CuO and
In,0 (Alfa Research Chemicals).
Apprgpriate mixtures of the oxides were
heated in flowing HpS at 800°C for
4 hours and cooled. The resulting
CuInSy powder was pressure sintered at
700°C and 10,000 psi for 2 hrs. to
yield pellets with 99.5 to 99.9%
of single crystal density. The pellets
were annealed in Cd vapor as above.

The experimental techniques for
current-voltage curves, photospectra,
and stability measurement have been
earlier described (1,2). Studies of
the temperature dependence of the
current-voltage behavior were made
with a jacketed cell equipped with a
bottom optical flat and a semiconductor
electrcde of an approximately circular
slice, indium back-contacted, and
mounted on a steel shaft in a rotating
disk configuration. A sequence of a
30 sec. immersion in 4:1 HC1-HNO-,

Ho0 rinse, 30 sec 10% KCN immers%on,
and Hp0 rinse was used to etch the
semiconductor surface.

*Electrochemical Society Active Member.
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Current-voltage curves for
n-CulnS, crystal electrodes in the
jacketeé cell exposed to constant
tungsten-halogen illumination as a
function of temperature are shown in
Figure 1. The maximum power output
vs. temperature is presented in the
figure insert. At 60-75 mw/ cm®
insolation levels, cells with
different n-CulnS, specimens
delivered, at ambient temperatures,
maximum power outputs corresponding
to power conversion efficlienciles
of 3.5 - L.3%. The temperature data
at light intensities equivalent to
up to three times AM2 show a 50%
increase from 26 to 70°C. The
corresponding fill factor improves
from 0.23 to 0.31. Fill factors up
to 0.45 have been measured at lower
current density in 2F Na»S - 3F S
solution. The low fill factor
reflects poor behavior at the foot
of the voltammetric curve. Cor-
recting the short circuit current to
AM2 insolation (75 mw/cm?) in the
sunlight experiments, the quantum
efficien%y, calculated using the
21 ma/cm® theoretical value (3) for
a 1.53 e.v. band gap (4), ranges
from 50-60%.

Extended ryns of CuInS, photo-
anodes (to 2 x 10' coul/cm? c%arge
passage) produce no detectable

welght loss or visible alteration

in these cells, i.e. no evidence of
photocorrosion. Additionally, the
current output at short circuilt or
resistive load has been essentially
constant for this same level of

charge passage throughout test periods
approximating 1.5 months of 8 hr./day
sun.
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The n-CuInS, electrode is so
far notable for %ts stability in
operation in its anion-element redox
couple. It resembles, in this
respect, n-CdS which has a 2.4 e.v.
band gap and thus a poorer overlap
with the solar spectrum. Common
anion cells avoid the ion exchange
problem. Even for the weight-stable
photoanode of n-CdSe in sulfide-
polysulfide cells (2) such surface
exchange processes appear implicated
in output stability deterioration (5).

In view of the close to
optimum band gap (6) for solar con-
version of CulnSjy, these photo-
electrochemical cells have con-
siderable possibility for improve-
ment in efficiency. If the fill
factor can be increased to take
advantage of the good limiting open
circuilt and short circuit parameters,
the n-CuInS, based cell may be a
useful entrant in the field of liquid
Jjunction solar cell systems.
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NaOH/C with cons%ant tungsten-halogen
illumination at different cell
temperatures without stirring. The
insert shows the maximum power
plotted vs. temperature.
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Heinz Gerischer—Palladium Medalist

Charles W. Tobias?

The Palladium Medal of the Society, established in
1951, is given for distinguished contributions to the
field of electrochemical science and corrosion. What
this award is designed to recognize was clearly demon-
strated already in 1951 by the selection of Carl Wagner
as the first medalist. The 13th recipient of this award,
Professor Heinz Gerischer, follows a list of eminent
scientists: Wagner, Furman, Evans, Bonhoeffer, Frum-
kin, Uhlig, Hackerman, Delahaye, Hoar, Brewer,
Levich, and Pourbaix. A commendable lack of chau-
vinism has been evident in the selection of the med-
alists: eight of the 13 recipients were foreign nationals.

Heinz Gerischer’s career started out under what one
could call less than auspicious circumstances. A series
of nearly miraculous turn of events are responsible for
his having been admitted at all, in 1938, to any uni-
versity in Germany. No sooner did he complete his
first year as a student in chemistry in Leipzig, then in
1939 he had to join the German army, only to be
ejected as a half-aryan in 1941. Allowed to return to
continue his studies in Leipzig, obviously a serious
mistake on the part of Nazi authorities, he obtained his
chemistry diploma in 1943. Then, with another forced
interruption during war time in ‘“Arbeitsdienst,” he
stayed on as a researcher in Karl-Friedrich Bonhoef-
fer’s laboratory.

In 1946, after obtaining his doctorate, he followed
Bonhoeffer to the University of Berlin. According to
Gerischer, Bonhoeffer, a great scientist and an excep-
tional human being, was perhaps the greatest single
influence in his life. At a time when all intellectual
and human values crumbled Bonhoeffer saved not only
human lives, he was among the few who succeeded in
maintaining a thin thread of continuity in the great
tradition of science in Germany.

In 1949, during the blockade of Berlin, Gerischer
again followed his mentor, this time to Gottingen,
where Bonhoeffer was named the director of the newly
created Max Planck Institute fiir Physikalische
Chemie.

During the five years Gerischer spent in Gottingen
he developed a definite interest in an academic career.
As a consequence of the somewhat rigid structure of
the German academic scene, he had to move on to
work toward his habilitation to achieve the status of a
dozent. In 1954 he joined the Max Planck Institute fiir
Metallforschung in Stuttgart, heading a small depart-
ment of corrosion science. In Stuttgart Gerischer en-
joyed a considerable degree of freedom in the selection
of research topics and in accepting students working
on their doctoral dissertations. In 1955 he became a
dozent at the University of Stuttgart and began to
lecture there, and in 1960 he was advanced to full
membership of the Max Planck Gesellschaft. Soon
thereafter, in 1962, he accepted an invitation to the

1 Introductory remarks by C. W. Tobias, Department of Chemi-
cal Engineering, University of California, Berkeiey, on the occa-
sion of the presentation of the Palladium Medal Award to Heinz

Qe{ischer on October 11, 1977, at the Atlanta Meetiug of the So-
ciety.

Technische Hochschule in Munich as a Professor Ex-
traordinarius.

Seven years later, in 1969, after he had advanced
in academic rank, and following service in various
important academic administrative positions, he ac-
cepted an invitation to become the director of the
Fritz Haber Institute of the Max Planck Gesellschaft
in Berlin. Since 1970 he resides in the director’s villa
on Faradayweg and heads an institution of great re-
nown, one that was directed earlier by Fritz Haber,
under whose guidance Bonhoeffer obtained his doc-
torate. The series of events that led to Gerischer’s di-
rectorship of this famed institution involved many im-
probable turns, many near miracles. It is indeed for-
tunate for Germany and for science that today a man
of Gerischer’s intellectual caliber and integrity oc-
cupies this very influential post.

Gerischer’s early work addressed various problems
in the area of kinetics and mechanisms of electrode
processes. Numerous papers originating from the 1950’s
and early 1960’s concern the elucidation of mechanisms
of anodic and cathodic reactions involving simple and
complex ions, others pertain to corrosion and electro-
catalysis. His papers on electrode reactions of complex
ions and on electrocrystallization processes are ex-
amples of the best work published on these subjects in
the fifties and sixties.

Gerischer made important contributions to the de-
velopment of new experimental techniques for the
investigation of fast electrode reactions. Among these
the potential-step and current-step methods, and the
invention of the double-pulse method deserves par-
ticular mention. He designed and employed a special
flow cell for the study of fast homogeneous reactions
and also developed a temperature step method for
similar purposes.

These earlier investigations were based on classical
concepts, macroscopic treatments of electrode phe-
nomena, in which Gerischer’s contributions were par-
ticularly significant through the introduction of new
experimental techniques, resulting in important im-
provements in the accuracy with which kinetic param-
eters could be obtained.

Already during his student days in Leipzig, Geris-
cher, after reading Gurney’s book, “Ions in Solutions,”
thought of the desirability of employing electronic
energy levels to the description of electrode reactions.
However it was only in the mid-fifties, after he came
across Brattain and Garrett’'s work involving the first
electrochemical experiments with germanium, that he
realized the opportunity offered by semiconductors for
the application of electronic states in the interpreta-
tion of electrode reactions. His first paper on the anodic
dissolution of n- and p-type germanium, coauthored
with his student Fritz Beck, was published in 1957, and
some 70 papers concerning semiconductor electrodes
have followed since. When Gerischer moved to Munich,
his nascent interest in photoelectrochemistry received
a strong boost by the long tradition in spectroscopy
and photochemistry in the institute he joined. Here he
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began to use semiconductor and insulator electrodes to
study the reactions of excited molecules, especially of
dyes. Finally, in Berlin he extended his work to in-
clude photoreactions at metal electrodes, specifically
photoelectron emission into electrolytes and photo-
oxidation of electrolyte components.

Thus, Gerischer is realizing the dream he had as a
student in Leipzig; the analysis of electrode reaction
mechanisms from an atomistic point of view, using
atomic and electronic energy schemes. Many of you
already know that his work established the founda-
tions on which some of the present, very exciting de-
velopments in the area of photogalvanic cells are based.

It is evident that the recipient of the Palladium
Medal of 1977 has covered in his research activities a
large part of electrochemical science, and that he has
made significant contributions to a number of disci-
plines represented in the various Divisions of this So-
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ciety. To the surprise of no one his nomination to the
Palladium award was cosponsored by an unprece-
dented large number of Divisions of the Society.

In concluding my introduction of the Palladium
Medalist I only want to add a brief personal note. I
studied Professor Gerischer’s papers far before I met
him in the early sixties. In subsequent years I have
seen him on many occasions, and had the opportunity
for close interaction with him during his stay as a
visiting scientist in the Lawrence Radiation Labora-
tory in 1967-1968. This personal knowledge of the man
allows me to say that Professor Gerischer’s great
talent and fine contributions to science are matched by
his qualities as a human being.

For this reason it is with the greatest of pleasure
that I present to you Professor Heinz Gerischer, the
Palladium Medalist of 1977.

Electrochemistry of the Excited Electronic State

Heinz Gerischer?

Since the Palladium Medal of The Electrochemical
Society is one of the greatest honors an electrochemist
can be awarded with, I feel very pleased and honored
to be the thirteenth recipient of this medal. I want to
express my sincere thanks to you, Mr. President, as
the representative of the society and particularly to
you, Charles, for your so very kind and friendly in-
troduction. You have mentioned therein how decisive
my personal contact with K. F. Bonhoeffer was for my
life, scientifically and otherwise. It was 20 years ago
that this medal was awarded to him, but he tragically
passed away before he received the message. Now, I
am standing here in his succession being strongly re-
minded of his unforgettable personality. This is a very
personal reason for me to acknowledge this medal
particularly highly and to be so especially touched at
this occasion.

I would not be standing in this place if I should not
have found, over the years, the cooperation of a num-
ber of highly talented co-workers. Most of my con-
tributions to various fields of electrochemistry have
been made possible by their enthusiasm and their de-
votion to research. Without mentioning individual
names, I wish to express my gratitude to all of them
for their personal contributions.

The subject of my lecture has little to do with the
problems which I have studied 10-20 years ago. Al-
though it was apparently my contributions to these
areas—according to the published appreciation—which
should be acknowledged by this award, I have deliber-
ately chosen a different subject for my presentation.
This not only corresponds to my more recent interests,
it also demonstrates that electrochemistry is still
widening its objectives and far from being exhausted
although it has a very long history.

Most of the electrochemistry work is still done in
the dark and the electrochemists hope to enlighten
themselves to understand the complicated systems
with which they have to deal. However, more than a
century ago, Becquerel had already illuminated the
electrodes of Galvanic cells and detected photovoltaic
effects (1). This created great excitement among the
then very small and exclusive scientific community,
but it certainly did not promote the understanding
of electrochemistry. On the contrary, the speculations
about such photoelectrochemical phenomena con-
tributed to the fact that some parts of electrochemistry,

2 Palladium Medal Address delivered October 11, 1977, at the
Atlanta, Georgia, Mecting of The Electrochemical Society. The

medal was struck from palladium supplied by the International
Nickel Company, 67 Wall Street, New York, New York 10005.

especially the nonthermodynamic ones, appeared to the
scientists of neighboring fields for a long period of
time as quite obscure.

This situation has changed since the time when
electrochemists could profit from the development of
solid-state physics and photochemistry and have
learned to combine these experiences with their
classical electrochemical knowledge. This has demon-
strated once more that electrochemistry is an inter-
disciplinary science and that a competent electro-
chemist must be alert to developments in various
fields. We know today that all these photoelectro-
chemical effects are caused by the generation of ex-
cited electronic states, and my intention is to explain
in this lecture the basic phenomena which are due
to the presence of excited electronic states. I am espe-
cially pleased that I can address this lecture to a
society which has combined in its development so
closely the interests of electrochemists and solid-state
physicists. The topic I will discuss today demonstrates
forcibly how necessary it is to connect these two fields.

Reactivity in the Excited State

Electron transfer between a donor and an acceptor
is one of the most common of electrochemical reac-
tions. In Galvanic cells the donor or the acceptor is the
electrode. It is obvious that this type of electrochemi-
cal reaction must be affected by electronic excitation.
Figure 1 shows in a very simple picture how electronic
excitation influences electron transfer processes.

Energy
[
TN

_ electron
excited aceeplar
system reactants

electron
donor

St

Fig. 1. Energy scheme for electron transfer between excited
system and electron donor or acceptor.
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Electron transfer occurs between an occupied and a
vacant electronic quantum state. Light absorption
changes the distribution of electrons over the available
electronic energy levels. As a consequence, electrons
at higher energy levels are created simultaneously
with vacant electronic states at low energies. The
electrons of the high energy levels can be transferred
to electron acceptors in this energy range. The vacant
electronic states at low energy levels can be filled by
electron donors with electronic energies in this region
as is indicated in Fig. 1. We see immediately that, in
electrochemical language, cathodic redox processes
will be accelerated by light absorption and also anodic
redox reactions will be enhanced. If the excitation
energy is large enough, redox processes will become
possible which cannot occur in the dark.

There are other possibilities of generating excited
electronic states, for example, the application of very
high electric fields to solids. We shall, however, limit
our discussion with one exception to the generation of
excited states by light absorption only.

What happens in an electrochemical system after
light absorption depends both on the light absorber,
which can be the electrode or one component of a
redox couple, and on the reaction partner, which can
be a redox couple or an electrode. In Fig. 2 three typi-
cal cases are shown which we shall later discuss in
more detail. The excited molecule corresponds to the
excitation of a redox system, and a possible conse-
quence is, as we see, electron transfer in two opposite
directions in contact with an electrode. In case of an
electronic excitation in the electrode we shall dis-
tinguish between a metal and a semiconductor elec-
trode. At both types of electrodes, cathodic and anodic
electron-transfer processes can be induced by light
absorption as is indicated in this figure. We shall dis-
cuss this in more detail later.

The other type of electrochemical reaction which
occurs at interfaces is ion transfer. How electronic ex-
citation affects an ion transfer process is much less
obvious than for electron transfer. One can, however,
expect that ion-transfer reactions also can be ac-
celerated by electronic excitation. The reasons are
given in Fig. 3. Ion transfer at the interface between
an electroae and electrolyte must involve an energy
barrier. If the initial state of this process is elec-
tronically excited, the energy of this state will be
increased. How much depends on the localization of
the excitation energy. The influence on the transition
state will be much smaller, and there is no influence
on the final state. Figure 3 shows schematically that
the activation energy tor the ion-transter process will
be reduced by electronic excitation, and in some cases,
as we shall later discuss, this etfect even controls the
possibility of ion transfer.

We will make a brief estimation of how large these
effects might be. It must be taken into consideration
that excited electronic states have a limited lifetime.
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Fig. 2. Energy scheme for electron transfer between excited
molecule and metal, excited metal, or excited semiconductor and
redox couples.

PALLADIUM MEDAL ADDRESS

219C

E

excited
‘giate

ground

state

initial transition final
state state state

Fig. 3. Influence of electronic excitation on ion transfer reaction

The efficiency will therefore depend on the relation
between the lifetime of the excited state and the time
needed for completing the electrochemical reaction.
Table I gives some characteristic time constants for
electron transfer, ion transfer, and the lifetimes of
excited states.

1t is obvious that the chance to see the effect of elec-
tronic excitation is much larger for an electron-trans-
fer process than for ion transfer, because electron
transfer is so much faster. On the other hand, the effi-
ciency of electronic excitation in metal electrodes will
be very low because of the extremely short lifetime of
excited states in metals. This is quite different for
semiconductors and insulators where we therefore can
expect to find very pronounced effects. In the follow-
ing we shall discuss a typical case for every kind of
excitation.

Excited Molecules as Redox Reactants

To understand the action of an excited molecule as
an electron donor or electron acceptor we must get
some idea of the redox potential of an excited redox
system (2). This depends clearly on whether the re-
duced or the oxidized component of the redox sys-
tem is excited. For this discussion we shall use the
so-called absolute scale of redox potentials which is
closely related to the electronic energy level system of
solid-state physics (3,4). The relation between the
electrochemical redox scale and this absolute scale is
given in the definitions and the energy scheme shown
in Fig. 4. A comparison of the two scales is shown in
Fig. 53

What happens with the redox potentials of a mole-
cule in the excited state is shown in the follow-
ing two figures. Figure 6 describes this in a very sim-
plified molecular orbital picture. We consider a mole-
cule in its singlet state and assume that the lowest
vacant molecular orbital is the acceptor orbital for the
reduction of this molecule while the highest occupied
orbital is the donor orbital. By electronic excitation
to the lowest excited singlet state an electron will be
promoted from the donor orbital to the acceptor
orbital. We see that the situation is just inverted now.
The previous donor orbital becomes an acceptor orbital
while the previous acceptor orbital has become the
donor orbital. This means that the redox potential

31t should be mentioned that the position of the NHE, located

in this picture at Exue = —4.5 eV, is still open to discussion
(31, 32).

Table I. Comparison between reaction time and lifetime

Electron transfer 10-12-10-4 sec
Ion transfer 10-10-10-12 sec
Excited singlets 10-810-12 sec
Molecules } Excited triplets 10-3-10-1° sec
Metals Excited electrons 10-14-10-%6 sec

Excited electrons

Semiconductors }
or holes

and insulators 10%-10-13 sec



220C

Conventional and Absolute Scale of Redox Potentials

Ox*solv + e~ (NHE) — Red-solv -AGgon = €0€°
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Fig. 4. Conventional and absolute scale of redox potentials de-
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Fig. 5. Comparison of conventional and absolute scale of redox
potentials.
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Fig. 6. Energy position of redox orbitals of a molecule in the
ground state and the excited state according to simplest M O-
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Fig. 7. Shift of redox potentials by electronic excitation of the
reduced or the oxidized species of a redox couple derived from the
free-energy changes.

of an excited molecule is shifted in two directions. Its
reductive power has been increased simultaneously
with its oxidative power. Figure 7 shows this more
concretely in a free energy scale for a redox system
with two components where either the reduced species
is excited or the oxidized species. This picture dem-
onstrates that the shift of the redox potential be-
tween the reaction in the ground state and in the
excited state is just given by the stored excitation en-
ergy in the molecule. If the reduced component is
excited, the free energy for electron abstraction is re-
duced by this amount and the redox potential is
shifted in the negative direction in the conventional
electrochemical scale while excitation of the oxidized
component increases the energy gained by electron
addition, this meaning that the redox potential of
the system is shifted in the positive direction of the
conventional electrochemical scale.

What happens when such an electronic excitation
occurs exactly at the interface between the electrolyte
and an electrode? The various possibilities are shown
in Fig. 8 where metals, semiconductors, or insulators
are assumed as the electrode material (5, 6). The posi-
tions of the electronic energy levels in the excited
molecule are represented again in the simplified molec-
ular orbital picture. The figure shows that in contact
with a metal in a situation where no dark reaction is
possible, electron transfer in both directions will be
opened after excitation of the molecule. This means
that no external current can be observed in such cases
since both processes will compensate each other. This
is a mechanism of energy quenching by mutual elec-
tron exchange. Even if one of these processes should
be faster than the other, the reverse process will
occur in the dark as a consecutive reaction. The chance
that such photocurrents can be found at metal elec-
trodes is, therefore, very dim. Only in cases where a
very fast chemical reaction follows one of the elec-
tron-transfer steps which prevents the reverse process
can photocurrents be observed in such systems. If
photoeffects are found, they are usually caused either
by the existence of nonmetallic surface layers on the
electrode or by photochemical reactions in the elec-
trolyte which generate species with a different redox
potential which can either be oxidized or reduced at
the electrode during their lifetime.

The attractive cases involve contact between an ex-
cited molecule and a semiconductor as shown in (b)
and (c) of Fig. 8. What happens in such a case depends
on the relative position between the energy bands and
the redox orbitals of the excited molecules. In case
(b) electron injection into the conduction band is pos-
sible and can be observed as an anodic photocurrent.
In case (c¢) electron extraction from the valence band
equivalent to hole injection will occur, and a cathodic
photocurrent is found. Case (d) shows a system
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Fig. 8. Typical situations for electron transfer between an
excited molecule and various solids.

where the bandgap is too wide to permit any kind of
electron transfer.

In this picture we have not yet discussed another
possibility of energy quenching which is very efficient
at a contact with metals, that is, energy transfer. This
is found whenever the absorption spectrum of the elec-
trode overlaps the fluorescence spectrum of the ex-
cited molecule (7,8). To avoid this, the bandgap of
the semiconductor must exceed the energy stored in
the molecule after excitation. This is ancther reason
why photocurrents at metal electrodes are usually not
caused by direct electron transfer in the excited
state.

Figures 9 and 10 give examples of cases (b) and (c¢)
of Fig. 8. Figure 9 shows a comparison between the
absorption spectrum of a dye molecule in solution
and the action spectrum of the photocurrents if this
dye is brought into contact with a ZnO electrode
which is suitably polarized to collect all injected charge
carriers (9). This requires an anodic bias in case of
electron injection, as found at the ZnO electrode.
Figure 10 shows hole injection by the same excited
dye molecule at a p-type GaP-electrode (10) where
we have the situation of Fig. 9(c). Since the bandgap
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Fig. 9. Photocurrent spectrum for electron injection from crystal-

violet into a ZnO electrode in comparison with absorption spectrum
of the dye in solution.
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Fig. 10. Photocurrent spectrum for hole injection from crystal-
violet into a GaP electrode in comparison with absorption spectrum
of the dye in solution.

of GaP is not wide enough, only the long range part
of the dye absorption spectrum can be used for this
kind of sensitization.

Such experiments provide sensitive tests of models
for the spectral sensitization of solid materials (11),
which has long found wide technical application in
photography. This demonstrates again the close rela-
tionship of electrochemistry and solid-state physics.

Electronically Excited Metals

Now we consider electronic excitation in metals.
Although we have stated earlier in the paper that we
should not expect large effects due to the short lifetime
of excited states in a metal, we are all aware that
photoemission from metals into vacuum is a process
well known for a long time. The reason that there is
any chance to observe an effect of electronic excita-
tion despite the short lifetime is the fact that elec-
trons have an enormous velocity and therefore a
chance to reach the surface in a very short time after
excitation. Photoemission from a solid into vacuum
is limited by the height of the energy barrier for
leaving the solid material. For a metal in contact with
the electrolyte the situation is not different. Only the
shape of the energy barrier and its height are modified.
In case of an aqueous electrolyte there is some inter-
action between the free electrons and the solvent
which reduces the energy barrier. In addition to this,
the electric potential drop in the electrical double
layer at the interface influences the barrier height
drastically and gives the means to alter it systemati-
cally.
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Photoelectron emission into electrolytes has been
studied in recent years quite intensively by the Russian
School (12, 13), centered in the Institute of the Acad-
emy of Sciences which was headed by the late Pro-
fessor Frumkin, after it had been started by the
pioneering work of Barker (14). Some recent investi-
gations in our institute, mainly done by J. K. Sass,
have demonstrated that this technique is especially
useful for studying the excitation and emission mecha-
nism of electrons from solids in energy ranges which
are not accessible to experiments in vacuo (15, 16).

Figure 11 shows the modification of the threshold for
photoelectron emission by the presence of a condensed
medium like an aqueous solution. The magnitude of
the photocurrent depends on the quantum energy of
the light, on the electrode material, and on the elec-
trode potential. Two typical results are shown in Fig.
12 for a gold electrode. One sees, however, that not
only cathodic photocurrents can be observed but also
anodic ones (17). It can be concluded that the anodic
photocurrents mean the oxidation of water by vacant
electronic states at deep energy levels. These are ex-
cited holes in the metal.

E

0 +vacuum level vacuum

polarisation energy

Ey electrolyte
reorganisation energy
''''''''' \ — ~solvated electron
Er —— scavenger
X
—_
metal electrolyte
Fig. 11. Energy barrier for photoelectron emission from a metal

into an electrolyte in comparison to the barrier against vacuum.
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Fig. 12. Photocurrent-potential curves for a gold electrode in 1M
H2504 for two different light energies.
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Fig. 13. Water oxidation by excited holes at the metal-electrolyte
contact in terms of energy levels.

Figure 13 shows the mechanism of this reaction
which ends in molecular oxygen. The potential de-
pendence of the cathodic and anodic photocurrents
clearly indicates that there is an energy threshold for
both processes, photoelectron emission and water oxi-
dation, which varies with the applied potential. If we
assume that the potential drop between the electrode
and the electrolyte is located exclusively in the Helm-
holtz double layer, a variation of the electrode poten-
tial means that the Fermi level, relative to the energy
levels in solution, is shifted up or down by the ap-
plied voltage, and both thresholds are shifted in
parallel, but in opposite direction. This is shown in
Fig. 14.

Photoelectron emission studies at single crystal faces
demonstrate that the crystal orientation plays an im-
portant role for the quantum yield. One knows from
thermodynamics that the energy threshold between
the bulk of a metal and the electrolyte is the same for
any face at a given electrode potential. Nevertheless,
photoemission quantum yield varies drastically with
orientation as shown in Fig. 15 (18). This effect is
most pronounced if polarized light is used (19). One
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Fig. 14. Variation of the energy thresholds for photoelectron
emission and photohole oxidation by the electrode potential.
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A schematic illustration of the experimental geometry is shown on
the right-hand side of the figure.

sees in Fig. 15 considerable differences in the efficiency
for the two modes of polarization. This can be under-
stood by correlating the different excitation condi-
tions with the band structure of a metal. The momenta
of the excited electrons and the chance to pass the
barrier depend on crystalline direction.

As mentioned at the beginning of the paper, one
should expect also that ion transfer should be ac-
celerated by electronic excitation. There is, however, to
my knowledge only one case where this effect has been
observed at a metal electrode in the absence of a sur-
face coverage with an oxide layer or other surface com-
pound (20). This case is shown in Fig. 16. The gold
electrode tends to dissolve in the presence of halide
ions in a narrow range of electrode potentials just
before an oxide layer is formed on the surface. The
figure shows that in this range the dissolution rate
is somewhat enhanced by illumination. The mechanism
of this phenomenon, however, is still somewhat ob-
scure and needs further studies.

Electronic Excitation in Semiconductors

As we expect from our estimation earlier in the pa-
per, semiconductors show much more pronounced
photoeffects than metals if light is absorbed beneath
the surface. Quantum yields close to 1 can be obtained
if the light is absorbed exclusively in a space-charge
layer underneath the surface where a high enough
electric field provides full separation of the electron
hole pairs generated by light absorption. Such a situ-

o
—
o

Au in
0.1 M HCLO,

+510°M HC Vel

%

without
light

|
e T

(310nm)

dissolution rate [A/sec]

0
1.3 1.4 1.5

electrode potential Uy [VI]

Fig. 16. Influence of illumination on the dissolution rate of gold
in chloride-containing electrolyte.
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Fig. 17. Electron hole pair separation in illuminated depletion
layer of a semiconductor.

ation can be reached at n- or p-type semiconductors
by applying a suitable voltage which creates a de-
pletion layer of large enough depth (21,22), as is
shown in Fig. 17. 1f electron donors or acceptors are
present, the minority carriers reaching the surface
will undergo redox reactions with these components
of a redox couple. This will create a photovoltage of
opposite sign to the initially present voltage across the
space charge layer as is indicated in Fig. 17. Such
photovoitages are the driving force for any kind of
photoelectrolysis as in photoelectrochemical solar cells
based on light absorption in semiconductors.

If no suitable components of a redox couple are
present the minority carriers will accumulate in the
surface and the chance for ion-transfer reactions is
enhanced (23). In most semiconductors the accumu-
lation of holes means the weakening of bonding states
and the preformation of a cationic state in the surface
(24). Such cationic states react easily with nucleo-
rhilic reagents from the electrolyte and form re-
action products which can be soluble in the form of
ions or may be deposited as another compound on the
surface.

The accumulation of electrons in the surface also
usually results in the weakening of the surface bonds
by the occupation of antibonding or nonbonding states.
The consequence is a preformation of an anionic state
in the surrace which easily can react with electro-
philic components of the electrolyte. Decomposition of
the semiconductor is the result., Table II summarizes a
number of such reactions.

The quantum yield of all these photoreactions by
excitation of the semiconductor depends on the pene-
tration depth of the light and the extension of the
space charge layer. The penetration depth of the
light decreases drastically as the photon energy ap-
proaches the bandgap energy. The extension of the
space-charge layer increases with applied voltage.
These two effects are clearly shown in Fig. 18 for
an n-type ZnO-electrode, where the photocurrents are
compared at equal light intensities for different wave
lengths and at different voltages. If one measures the
photocurrent at a given voltage, the action spectrum
of the semiconductor is revealed in the photocurrents.
Some examples are given in Fig. 19 for two n-type and
one p-type material.

These large effects of photoexcitation in semicon-
ductors have in recent years found great interest for
the purpose of solar light to energy conversion (25-
27). In such systems the sensitivity of semiconductors
to decomposition reactions in contact with electro-

Table 11

Anodic oxidation

CdS + 2h+ + aq > Cd?>*-aq + S
ZnO + 2h+ + aq > Zn?+-aq + % O3
GaAs + 6 h* + aq -» Ga% - aq + AsOz--aq + 4H*-aq

Cathodic reduction
CdS + 2e- + aq > Cd + S%--aq

ZnO + 2e- + aq -» Zn + 2 OH--aq
Cuz0 + 2e- + agq > 2Cu + 2 OH--aq
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lytes is the largest obstacle (28) Many research groups
are working hard to overcome these difficulties and to
develop devices by which either hydrogen or electric
power can be generated in a photoelectrochemical cell.
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The common bases of all these devices is the fact that
semiconductor/electrolyte contacts form a Schottky
barrier if the electrolyte contains a suitable redox
system. Illumination of this Schottky barrier gen-
erates a photovoltage which acts as the driving force
for electrolysis. As shown in Fig. 20, the source of
the power and the mechanism of light to electrical
energy conversion is the same as in photovoltaic solid-
state devices. Therefore, semiconductor/electrolyte
systems are subject to the same limitations in energy
conversion efficiency as are the usual solid-state de-
vices. The advantage of the electrochemical systems is
the fact that this type of Schottky barrier can be
formed very easily and without any problems with
regard to the epitaxial conditions to avoid lattice mis-
fit at the contact between two solids. The price one
pays, however, is a susceptibility of the material to
decomposition. The future will show whether tech-
nically reliable and efficient devices can be built on
this principle.

Generation of Excited States by Electrolysis

Finally, we discuss somewhat the inverse of the
processes discussed earlier, i.e., the electrolytic gen-
eration of excited states. I shall not include the gen-
eration of excited states in homogeneous electrolytes
which leads to luminescence and where the reaction
partner can be generated by electrolysis. The discus-
sion shall be restricted to the direct generation of ex-
cited states by electrode reactions.

Again, this can only be observed at semiconductors
since the signal which indicates the generation of an
excited electron state is light emission. How this is
accomplished at the semiconductor electrode is shown
in Fig. 21. If conditions can be found where the redox
system injects minority carriers into the surface, they
will recombine with the majority carriers. This is often
a radiative process. Figure 21 shows this schemati-
cally for electron injection into a p-type semicon-
ductor and hole injection into an n-type. In Fig. 22 are
given the spectra of the emitted light from various
electrodes where the conditions of Fig. 21 were met
(29). These spectra for various n-type semiconductors
show that the emitted light not only stems from band-
to-band recombination, but sometimes contains light
with smaller energy. It can be assumed that this light
comes from recombination via surface states according
to a mechanism which is shown in Fig. 23. Similar re-
sults have been obtained by electron injection into
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p-type GaP (30). Such experiments can be very
uceful for elucidating the mechanism of electrochemi-
cal reactions at semiconductors and also for char-
acterizing the electronic situation at a semiconductor
electrolyte contact.
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Summary

I have treated in my brief review only the simplest
cases. As usual, the problems are in reality much more
complicated and many questions are still open to dis-
cussion. There are many more applications of elec-
tronic excitation as a sensitive tool for studying the
mechanism of electrode reactions or the properties
of surface layers formed in an electrochemical process.
I hope that the few examples given have demonstrated
that the study of excited electronic states in electro-
chemistry is an exciting subject and I am convinced
that many more electrochemists will be fascinated by
this field in years to come. I am sure that this subject
will contribute further to improving the understand-
ing between electrochemists and solid-state physicists.
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CARL WAGNER, 1901-1977

Mankind is blessed, on very rare occasions, with an
individual whose professional talents, achievements, and
personal qualities are so outstanding and unique that
he stands alone. Such a man was Carl Wagner, who died
on 10 December 1977 in Gottingen, Germany, following
several months of illness.

Carl Wagner, known throughout the world as the “father
of solid-state chemistry,” gave to colleagues, to students
and to those that corresponded with him an unparalleled
insight into the analysis and often the solution of problems
which covered a wide range of the sciences. He was
completely unselfish in sharing his ideas and thoughts
with the world's scientific community through his tech-
nical papers, his memos, his letters, and his personal
discussions.

He was born in Leipzig, Germany, on May 25, 1901 and
obtained his doctorate in physical chemistry in 1924 from
the University of Leipzig after attending both the Uni-
versity of Munich and the University of Leipzig. His very
first paper “Die Oberflaichenspannung verdiinnter Elektro-
lytlésungen,” “Physik. Z.,” 25, 474 (1925) was an indica-
tion of the greatness that this man was to attain. The
elegant mathematical relations developed by Wagner to
describe the deficiency of solute and, subsequently, the
surface tension increase of the interfacial region of dilute
electrolytic solutions were later further analyzed and sim-
plified by L. Onsager and N. N, T. Samaras, “J. Chem.
Phys.,” 2, 528 (1934).

Following his doctorate work, Wagner went to the Uni-
versity of Munich (1924-1927) where he served as an
Assistant and obtained his “habilitation”—a German aca-
demic procedure which permits one to teach at the
university level. His acquaintanceship with W. Jost took
him to the Bodenstein Institut at the University of Berlin
(1927-1928) where, at a colloquium, at Dahlem, he first
met W. Schottky who introduced him to the problems of
point defects in solid-state chemistry. Prior to this meet-
ing, Wagner's publications were primarily concerned with
analytical chemistry, photochemistry, and kinetics of re-
actions in electrolytic solutions, but following this meet-
ing his thoughts turned to problems concerned with the
solid state.

After a year at the Bodenstein Institut, Wagner spent
five years (1928-1933) at the University of Jena as a privat-
dozent (=Assistant Professor). A number of classic pub-
lications originated during this period among which were
his papers on irreversible thermodynamics [“Annal. Phys.,”
3, No. 5, 629 (1929); 6, No. 5, 370 (1930)], on the theory
of point defects in solids [(i) “Z. Physik. Chem.,” B11, 163
(1930) with W. Schottky; and (ii) “Z. Physik. Chem.,” Boden-
stein-Festband, 177 (1931)], and on high temperature oxi-
dation processes [(i) “Z. Physik. Chem.,” B21, 25 (1933);
(i) B32, 447 (1936); and (iii) B40, 197 (1938)]. In addition,
at the age of 28, Carl Wagner served, with H. Ulich, as
co-author of the book “Thermodynamik” (Springer-Verlag,
1929) with W. Schottky as the main author.

Dr. Wagner then went to the University of Hamburg
for a year (1933-1934) as a visiting professor after which
he accepted a professorship in physical chemistry at
the Technische Hochschule in Darmstadt. He taught there
for eleven years (1934-1945) including the World War Il
years. Wagner's productivity of outstanding publications
during this period of time continued at an amazing rate.
Among the papers that stand out were those concerned
with the mechanisms of formation of ternary compounds
[“Z. Physik. Chem.,” B34, 309 (1936); B34, 317 (1936) with
E. Koch], a theoretical analysis of the “doping” effect
upon point defect concentrations [“Z. Physik. Chem.,”
B38, 295 (1938) with E. Koch], the classic mixed-potential,
corrosion-related paper with Traud [“Z. Elektrochem.,” 44,
391 (1938)] and his second book contribution which ap-
peared in Vol. 1, part 2 “Handbuch der Metallphysik,”
edited by Masing with Wagner's contributions appearing
on pp. 1-206. This work was later to appear as “Thermo-
dynamics of Alloys,” Addison-Wesley Press, 1952.
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Carl Wagner

Following World War II, Carl Wagner came to the U.S.A.
as one of von Braun's scientific advisors at Fort Bliss,
Texas. He continued to publish during his four-year
stay at Fort Bliss (1945-1949) covering again a rather wide
range of subjects including dopant effects during para-
bolic oxidation processes, [“Acta Chem. Scand.,” 1, 547
(1947) with K. E. Zimens] and dissolution processes con-
trolled by diffusion and natural convection [“J. Phys.
Colloid. Chem.,” 53, 1030 (1949)].

Dr. Wagner, in 1949, joined the Metallurgy Department
at MIT where he remained until 1958. His contributions
were vast—on diffusion [“J. Metals,” 4, 91 (1952)], on
interaction coefficients [“Thermodynamics of Alloys,” Ad-
dison-Wesley Press, 1952], on point defects [This Journal,
99, 346C (1952); “J. Phys. Chem.,” 57, 738 (1953)], on solid
electrolytes [This Journal, 104, 379 (1957) with K. Kiukkola],
on minority electronic point defects [“J. Chem. Phys.,” 26,
1597 (1957) with J. B. Wagner, Jr.], and on high tempera-
ture oxidation processes [in “Atom Movements,” ASM,
153 (1951); This Journal, 99, 369 (1952); “ibid.,” 103, 571
1956); “ibid.,” 103, 627 (1956)].

In 1958, Carl Wagner returned to Germany as Director
of the Max-Planck-Institut fir Phys. Chemie in Gottingen;
and he had a particularly difficult position to fill since
the former director, Karl F. Bonhoeffer, who had died sud-
denly, had been deservedly admired and respected by
his colleagues and students. Nevertheless, Wagner through
his direct, honest, well-organized administration soon
gained the confidence of the Institut's personnel and,
regardless of personality differences within the Institut
they always stood united and proud of their kind “Chief”
and their Institut's scientific endeavors. From 1958 to
1968, at which time Prof. Wagner retired as director of
the Institut, the Institut served as a base for visiting
scientists from many lands. Wagner in his quiet, pleasant
manner instilled and inspired many who worked at his
Institut. He cared for those who were in contact with
him with sincere, honest affection, and although he
always remained adamant about correctness in scientific
works he, somehow, had the great capacity to overlook
any errors in personal endeavors.
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During this period and virtually until the last few
months of his life Wagner continued to publish. Some of
these works were concerned with the theory of Ostwald
ripening [“Z. Elektrochem.,” 65, 581 (1961)], disorder in
ternary ionic crystals [“Z. Physik. Chem. N.F.,” 31, 198
(1962) with H. Schmalzried], the limitations of galvanic
cells because of displacement reactions [This Journal, 110,
326 (1963) with A. Werner], transition between linear
and parabolic oxidation kinetics [“Ber. Bunsenges. Physik.
Chem.,” 70, 775 (1966)], catalytic processes [“Advances
in Catalysis,” 21, 323 (1970)], surface chemistry [“Nach-
richt. Akad. Wissenschaften Gottingen,” 37-63 (1973)];
and his third book “Methods of Natural Sciences and
Technical Research” (Bibliographisches Institut AG, Zu-
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dium Metal of The Electrochemical Society and also re-
ceived, in 1973, the Gold Medal of the American Society
for Metals. Other awards are unknown to the author
at this time.

He did not marry nor did he have any close relatives
at the time of his death.

Although this memorial to Carl Wagner has aimed
primarily at outlining his professional positions and
publications, | would be totally remiss in this work if
| failed to mention the great respect, admiration, and
trust that Wagner engendered in his associates. He was
a kind and considerate gentleman who gave unselfishly
to all. We shall miss him in our personal lives and in
the sciences; however, we shall always remember him
in accord with Schiller . . . Wer den Besten seiner Zeit
genug getan, der hat gelebt fiir alle Zeiten.”

rich, 1974).

Carl Wagner was the first recipient (1951) of the Palla-

George Simkovich
The Pennsylvania State University

DIVISION NEWS

Dielectrics and Insulation Division

Report of the Nominating Committee

The Nominating Committee is pleased
to report the following slate of candi-
dates for divisional officers to be elected
at the annual business meeting of the
Dielectrics and Insulation Division at
the Society Meeting in Seattle, Wash-
ington, May 21-26, 1978:

Chairman—R. G. Frieser

Vice-Chairman—R. N. Tauber

Secretary—A. Bell

Treasurer—J. A. Amick

Laurence D. Locker
Chairman

SECTION NEWS

Chicago

The Chicago Local Section held its
fifth meeting of the program year on
February 9, 1978. The speaker was
Dr. T. Janson of Argonne National
Laboratory who presented a review on
a biomimetic approach to solar energy
conversion. Dr. Janson briefly discussed
the various types of chlorophylls and
their role in photosynthesis. Chloro-
phyll “a” which contains a magnesium
atom in the center of the porphyrin-
type structure and three carbonyl
groups, is involved in the collection
and conversion of solar energy in
plants. The structure and composition
of chlorophyll “a” was investigated by
visible, infrared, and NMR spectros-
copy. These results led to an inter-
pretation for the photoactive behavior
of chlorophyll “a” in the “synthetic
leaf” experiment. The chlorophyll “a”
was deposited on various metal sup-
ports (Ag, Pt, An) and the emf gen-
erated by exposure to light was mon-
itored between two Pt electrodes. Typ-
ically, currents of 1 xA and emf's of
10-180 mV were generated in the syn-
thetic leaf experiment. Dr. Janson
pointed out that this experimental ar-
rangement is not practical for solar

energy conversion; however, the infor-
mation obtained by these studies could
lead to the understanding necessary
for the design of solar energy devices.

K. Kinoshita
Secretary

Cleveland

On February 20, 1978, the Cleveland
Local Section held an afternoon sem-
inar and laboratory open house and
an evening general meeting at Case
Laboratories for Electrochemical
Studies. Both the afternoon and even-
ing sessions were covered by Professor
Uziel Landau, Chemical Engineering
Department, Case Western Reserve Uni-
versity. The “Electrochemical Aspects
of High Speed Electrodeposition” was
the subject discussed in both sessions,
A more basic approach was given in
the afternoon session, in which the
various factors affecting the current
distribution were crit.cally analyzed.
Professor Landau's talk in the even-
ing session was centered more on the
practical aspects of high speed elec-
troplating, in which a practical method
of achieving selective metal deposition
by controlled current distribution was

given in detail.
Chin-Ho Lee
Secretary

Metropolitan New York

On March 1, 1978, fifty members
and guests of the Metropolitan New
York Local Section heard a talk by
David Linden, recently retired Chief
of Power Sources Technical Area, U.S.
Army Electronics Command, entitled
“New Lithium Primary Batteries.” Dr.
Linden outlined some of the advan-
tages and disadvantages of lithium
batteries, in which interest started in
the early 1960’s. Lithium offers a higher
voltage than other batteries such as
zinc or magnesium, and it is light
weight, gives a high energy density,
and can be stored for long periods. He
pointed out, however, that it requires
a nonaqueous electrolyte and that some
of the lithium batteries can pose safety
hazards. He gave performance charac-
teristics of some types of lithium bat-
teries and compared these to other
types of batteries. He mentioned in

particular the lithium/sulfur dioxide
and lithium/thionyl chloride systems.
Dr. Linden outlined various solutions
to the safety hazards and touched
briefly on solid-conducting electrolyte
systems, such as lithium/iodide, and
solid-cathode systems, such as lithium/
vanadium, pentoxide/manganese diox-
ide, pentoxide/carbon fluoride, and
pentoxide/copper sulfide. He concluded
his talk with a listing of some of the
lithium primary battery manufacturers
and the types of lithium batteries they
produce.
Shelie M. Granstaff, Jr.
Executive Committee Member

OBITUARY

Donald Wood, Founder of the Hill
Cross Company, Incorporated, West New
York, New Jersey, died on February
5, 1978.

Dr. Wood had been active in the
plating industry since the 1920’s. In
1942 he coauthored a chapter on “Silver
Plating” in the first printing of “Mod-
ern Electroplating.” He published. a
well-known paper in 1938 (“Metal Ind.,”
36, 330) describing an activation proc-
ess for stainless steel, which is known
throughout the industry as “Woods
Nickel Strike.” He worked on the Man-
hattan (“A Bomb") project during World
War Il, after which he founded Hill
Cross Company in 1945,

Dr. Wood was an Active Member of
The Electrochemical Society. He regu-
larly participated in the Metropolitan
New York Local Section activities. He
served on the Host Committee for the
135th meeting held in New York in
May 1969. Dr. Wood was an Active Mem-
ber of the American Chemical So-
ciety and a Life Member of the Amer-
ican Society for Metals. He was also
an Active Member of several section
branches of the American Electroplat-
er's Society, serving in the capacities
of President and Secretary. In 1969,
Dr. Wood served on the AES Research
Board and received the Frank Lane
Award.
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NEWS ITEMS

1978 International Symposium on
Gallium Arsenide and Related
Compounds

The next conference of the biennial
International Symposium on Gallium
Arsenide and Related Compounds will
be held September 24-27, 1978, at the
Colony Hotel, St. Louis, Missouri. Auth-
ors are invited to submit abstracts
in the areas of materials preparation,
materials characterization, opto-elec-
tronics, microwave devices, solar cells,
and other device technology, by June
1, 1978. For additional information,
please contact: D. W. Shaw, Secretary,
1978 International GaAs Symposium,
Mail Station 118, Texas Instruments
Inc., P.O. Box 5936, Dallas, Texas 75222.

Read Conference on
Electrodeposition

On August 7-11, 1978, the Read Con-
ference on Electrodeposition (formerly
Penn State Conference on Electrodepo-
sition) wiil be held at The Pennsylvania
State University. The conference is be-
ing organized with the intent of exam-
ining in detail certain topic areas of
current interest in electroplating. This
will be an off-the-record, informal meet-
ing, which will be open to all partici-
pants for the expression of their views.
For further information, please contact:
Dr. H. W. Pickering, Chairman, Read
Conference in Electrodeposition, 209
Mineral Industries Bldg., The Pennsyl-
vania State University, University Park,
Pa. 16802,

American Vacuum Society
Symposium

The greater New York chapter of
the American Vacuum Society is plan-
ning a one-day symposium on June 14,
1978, entitled “lon Implantation—New
Prospects for Material Modifications.”
The Symposium will be held at the
IBM Thomas J. Watson Research Center
in Yorktown Heights, New York, and
will consist of two sessions on (i) new
materials, and (ii) altered material prop-
erties. For further information, please
contact: Walter Brown, Chairman, Bell
Laboratories, Murray Hill, N.J. 07974,

Gordon Research Conferences

The Gordon Research Conferences for
the summer of 1978 are to be held
at various locations in New Hampshire
and California from June 12 to August
25, 1978. Applications for each confer-
ence must be made on the standard
application form. These and complete
program details may be obtained by
writing to the office of the Director:
Dr. Alexander M. Cruickshank, Direc-
tor, Gordon Research Conferences, Pas-
tore Chemical Laboratory, University
of Rhode Island, Kingston, Rhode Is-
land 02881.
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Discussion on Corrosion Control
by Coatings

A discussion entitled “Corrosion Con-
trol by Coatings” will be held on No-
vember 3-15, 1978, at Lehigh University
under the sponsorship of the Office
of Naval Research. Further information
may be obtained from Prof. Henry
Leidheiser, Jr., Sinclair Laboratory #7,
Lehigh University. Bethlehem, Pa.
18015.

Conference on Special Melting
and Metallurgical Coatings

The American Vacuum Society is
sponsoring an International Vacuum
Metallurgy Conference on Special Melt-
ing and Metallurgical Coatings to be
held April 2-6, 1979 in San Diego, Cali-
fornia. The conference was established
for the dissem:nation of information of
films and coatings in all aspects of
materials tachnology.

Technical papers are requested re-
porting significant advances in the
theoretical, practical, industrial appli-
cation, novel, and academic aspzacts of
special melting and metallurgical coat-
ings. For further information, please
contact: Dr, G. K. Bhat, Carnegie-Mellon
Institute of Research, 4400 Fifth Ave.,
Pittsburgh, Pa. 15213; telephone 412-
578-2000 for special melting; or Dr.
R. F. Bunshah, 6532 Boelter Hall, Uni-
versity of California, Los Angeles, Calif.
90024; telephone 213-825-2210 for metal-
lurgical coatings.
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Book Reviewers Needed

The Electrochemical Society
needs competent individuals to
review books for the Journal.

Any Society member who
wishes to volunteer his services
should send his name, address,
and field of competence to the
attention of the Book Review
Editor, Dr. Julius Klerer, c/o The
Electrochemical Society, P.O.
Box 2071, Princeton, N.J. 08540

dollars.

Previous medalists have been:

Carl Wagner—1951
Nathaniel H. Furman—1953
Ulick R. Evans—1955

Karl F. Bonhoeffer—1957
Aleksandr N. Frumkin—1959
Herbert H. Uhlig—1961

nectady, New York 12301.

Nominations Solicited for the 1979
Olin Palladium Medal Award

Nominations are solicited by the Honors and Awards Committee for the
1979 Olin Palladium Medal Award. The next award will be presented at the
Fall 1979 Meeting of the Society in Los Angeles, California.

The recipient shall be distinguished for contributions to the field of
electrochemical science and corrosion. The recipient need not be a mem-
ber of the Society, nor shall there be any restrictions or reservations re-
garding age, sex, race, citizenship, or place of origin or residence.

The award consists of a palladium medal and a nickel replica, both
bearing the recipient’s name, and the sum of one thousand five hundred

The recipient will deliver a general address to the Society on a subject
related to the contributions for which the award is being presented.

Documents supporting the ncminations need not be lengthy. They typi-
cally are made up of a description of the contributions made, a biography,
and a list of publications. The publication list should include the paper
titles, and it is heipful if the most significant publications are identified.

Nominations will close at the opening of the Fall 1978 Meeting. In order
to facilitate distribution of the documents to Selection Committee mem-
bers, please submit the nominations not later than September 15, 1978,
to the Chairman of the Selection Committee, Dr. Fritz G. Will, General
Electric Company, Research and Development Center, P.O. Box 8, Sche-

Norman Hackerman—1965
Paul Delahay—1967
Thomas P. Hoar—1969
Leo Brewer—1971

V. G. Levich—1973

M. J. N. Pourbaix—1975
H. Gerischer—1977
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NEW MEMBERS

It is a pleasure to announce the fol-
lowing new members of The Electro-
chemical Society as recommended by
the Admissions Committee and ap-
proved by the Board of Directors in
March 1978.

Life Member
Moore, T. A., Corpus Christi, Tx.

Active Members

Bernard, C., St. Martin d'Heres, France
English, A T., Summit, N.J
Frankel, I., Sprmgﬂe d, Va.
Grabner, E. W., Frankfurt, Germany
Hale, J. M., Geneva, Switzerland
Jacob, K. T., Toronto, Ont., Canada
Lindsey, P. C., Jr., Richmond, Ca
Mar, H. Y. B., Minneapolis, Mn.
Metzgar, T. D., Dallas, Tx.

Misra, S. S., Hoffman Estates, II.
Packwood, D. L., Palo Alto, Ca.
Pavlov, D., Sofia, Bulgaria

Polcari, M. R West Hurley, N.Y.
Preusch, C. D., Pittsburgh, Pa.
Redzinski, G E., Cassopolis, Mi.
Sorenson, D. D., Bloomington, Mn
Spangenberg, S. F., Midlan

Staley, R. H., Cambndge. Ma
Valdyanathan, K. V., Urbana, II.
Wang, J. T., Sunnyvale, Ca.

Student Members

Davis, D. G., Berkeley, Ca.
Johnson, W. B., Philadelphia, Pa.
Kapusta, S., Houston, Tx.
Mlynko, W. E., Berkeley, Ca.

Ng, H. K., London, England
Ponce, F. A., Stanford, Ca.
Wilson, D. F., Storrs, Ct.

Reinstatement
Haas, R. M., Detroit, Mi.

BOOK REVIEW

“Annual Review of Materials Science,”
edited by R. A. Huggins, R. H. Bube,
and R. W. Roberts, Published by
Annual Reviews Co., Inc., Palo Alto,
California (1977). 537 pages; $17.00.

In this, its 7th volume, the Materials
Science review series seems to have
reached full maturity. With three ar-
ticles on structure, three on processing
and related subjects, seven on prop-
erties and phenomena, and two on
special materials, a very good balance
has been achieved in this volume
while serving the editors’ main objec-
tive of providing useful reviews of
recent progress and trends in materials
science emphasizing the fundamentally
similar phenomena, structural aspects,
and tools and techniques applicable
to a wide variety of materials. Among
the materials discussed are alkali and
alkaline earth halides, semiconductors,
ceramics, steels, dental amalgam, high
temperature alloys, and films and coat-
ings of various types. More than a
third of the articles were prepared by
foreign authors.

The following articles, comprising
about half the volume, are thought to
be of particular interest to readers of
This Journal: Kroger on defect chem-
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istry in crystalline solids, Grimmeiss on
deep level impurities in semiconduc-
tors, Bendow on fundamental optical
phenomena in infrared window mate-
rials, Haacke on transparent conduct-
ing coatings, Thornton on high rate
thick film growth, Grabke and Horz on
kinetics and mechanisms of gas metal
interactions, and Stringer on hot cor-
rosion of high temperature alloys. It is
especially appropriate that the cus-
tomary prefatory chapter chosen for
this volume, “Point Defects and Their
Interaction” was written by Carl Wag-
ner, a veritable giant in the field, who
passed from our midst just two months
ago. It is likely his final publication.

The articles average about 30 pages
and more than 100 references each.
They are, without exception, compstent-
ly written, and provide a current view
of their subjects and lead-in to the
pertinent literature. Many reveal new
insights into the subject field and sug-
gest new lines of research or develop-
ment. The editors' decision to include
chapters on topics which have recently
been the subject of entire monographs
may well be questioned, however. If
this action was thought necessary for
the sake of completeness, then it would
seem that the readers’ interests would
have been better served by restricting
the scope of such articles in some
fashion rather than to expect the au-
thors to accomplish in 30 pages what
they themselves or their colleagues
have elsewhere found necessary to ex-
pound in several hundred pages or
more.

Full author and subject indexes are
provided to the present volume as well
as cumulative indexes to the authors
and chapter titles of articles appearing
in the prior volumes 3-7 of “Annual
Review of Materials Science.” A flyleaf
lists selected titles of materials related
chapters from other current members
of the “Annual Reviews” family. Ex-
amples of possible interest to ECS
members include “Waste Materials”
and “Energy Storage” from “Annual
Review of Energy” (1976) and “Pico-
Second Spectroscopy” and ‘“Laser In-
duced Fluorescence” from “Annual Re-
view of Physical Chemistry” (1977).

J. H. Westbrook
General Electric Company
Schenectady, New York
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NEW BOOKS

Progress in Solid State Chemistry, Vol.
10, edited by J. O. McCaldin and G.
Somorijai.

1976, Pergamon Press, Inc., Maxwell House,
Fairview Park, Eimsford, NY 10523. 284 pages,
bound. $37.50.

The present volume includes two papers on
oxides and sulfides of transition metals, one
of which continues from previous volumes
the exposition of ideas by one of the pioneers
of solid-state chemistry. Subjects being re-
viewed a second time, but by a different au-
thor with a different viewpoint, are catalysis,
phase diagrams, liquid crystals, and silver
halides. Epitaxial growth processes used in
semiconductor fabrication are again treated
in the very timely article on molecular
beam epitaxy. Of further interest to the semi-
conductor field is the article on photovoltaic
cells used in the conversion of solar energy.

Electrodeposition of Chromium from
Chromic Acid Solutions, by G. Dubper-
nell.

1977, Pergamon Press, Inc., Maxwell House,
Fairview Park, Elmsford, NY 10523. 95 pages,
bound. $12.50.

The book contains introductory chapters
on the history, economic importance, and the
two common forms of deposited chromium.
The catalyst balance or its ratio to chromic
acid concentration is discussed to show the
importance of this controlling factor. The re-
view of empirical tests for catalyst concen-
tration and bath balance serves to empha-
size the control exerted by the catalyst con-
centration. The final chapter discusses the
complex subject of fluoride catalysts.

Aluminium Electrolysis: The Chemistry
of the Hall-Heroult Process, by K. Grjo-
theim et al.

1977 Aluminium-Verlag GmbH, P.0O. Box 1207,
4000, Dusseldorf, Germany. 350 pages,
bound.
This text presents a comprehensive treatise
on the theory of aluminum electrolysis pre-
pared by a team of eminent researchers in
the field. In the volume, emphasis has been
piaced on the presentation of not only ex-
perimental data obtained but also the theo-
retical and experimental difficulties and un-
certainties that still exist. The book deals
with phase equilibria, thermodynamic data,
structural species of cryolite-alumina melits,
physicochemical properties, electrochemical
properties, the electrode processes, interac-
tion between aluminum and the electrolyte,
currtent efticiency, and some technological as-
pects.

Metallic Coatings for Corrosion Control,
by V. E. Carter.

1977, Butterworths, 19 Cummings Park, Wo-
burn. MA 01801. 183 pages, bound

This monograph outlines the chemlcal proc-
esses by which metaliic coatings can con-
trol corrosion, and describes the various
methods of applying coatings_and testing
their quality and performance. The book will
help designers, engineers, and architects to
seiect fiom tne wide range of coatings the
one best suited to a corrusion prublem. With-
out involving the reader too deeply in the
techniques of the coating processes, it will
enable him/her to understand the prepara-
tion and application of coatings and how the
limitations of individual seps of a process
catr) ]affect the performance of the finished
article.

International Congress on Marine Cor-
rosion and Fouling; 4th: Proceedings.

1977, Centre de Recherches d’Etudes,
Oceanographiques 73, rue de S res, 92100
Boulogne, France. 543 pages, bound.

This proceedings contains about 70 papers
and discussions. Among the subjects covered
are: Effect ot rosin on hign toxin antlfou.mg
paints; performance of platinum anodes in
impressed current cathodic protection; ob-
servations of secondary attachment mecha-
nisms in marine fouling algae; economical
high performance zinc coating for marine
use; fatigue of nowched 1018 steel in sea
water; studies on the reaction mechanism
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of the adhesive of barnacles; cathodic protec-
tion of pipeline intervals; an apparatus for
the study of marine corrosion of metals in
the presence and absence of macrofouling;
replaceable deep groundbed evaluation; and
stress corrosion crack growth in aluminium
alloys.

Electrochemical Reactor Design, by D.
Pickett.

1977, Elsevier, P.O. Box 211, Amsterdam, The
Netherlands; and 52 Vanderbilt Ave., New
York, NY 10017. 434 pages, bound. $50.75.

This book has been written predominantly to
show chemical engineers that the design of
electrochemical systems is an area entirely
within their scope, and for electrochemlsts
who are interested in finding out how their
data can be used to design processes. The
first four chapters contain basic material.
Chapters 5 and 6 present the design methods
and these are primarily based on the classi-
fication of electrochemical reactors accord-
ing to their operational mode. This classifica-
tion is analogous to that used for conven-
tional chemical reactors and permits com-
parison to be made with the design of non-
electrochemical processes. Chapter 7 dis-
cusses miscellaneous design factors includ-
ing methods of electrical connection and op-
timization.

Traité D'électricité, edited by G. Gou-
det.

1975, Masson & Cie Paris. Available in the
U.S. from Scientific & Medical Publications
of France, Corp., 14 E. 60th St., New York, NY
10022. 3 vol., bound. Vol. 1, $17.68; Vol. 2,
$19.24; Vol. 3, $19.

The three volumes are “Non-Time Dependent
Electric and_Magnetic Phenomena,” “Time-
Dependent Electric and Magnetic Phenom-
ena,” and “Electricity and Matter.” Areas
covered are: preliminary mathematics; elec-
trostatics; direct current; magnetostatics;
approximation of quasistationary states; elec-
trical measurement; alternating currents in
the approximation of quasistationary states;
general laws of electromagnetism; conver-
sion of electrical energy; electrochemical
phenomena; gas and plasmas; electric and
magnetic properties of solids; and quantum
mechanics.

Biological and Artificial Membranes and
Desalination of Water, edited by R.
Passino.

1976, Elsevier, P.O. Box 211, Amsterdam, The
Netherlands; and 52 Vanderbllt Ave., New
York, NY 10017. 901 pages, bound. $99.75.

The thirty papers are grouped under the fol-
lowing headings: Water needs and the im-
portance of desalination; structure of biologi-
cal membranes and methods of study; ionic
permeability and transport in biological and
artificial membranes; artificial membranes-
thermodynamics and transport; and general
aspects of membranes phenomena. Some
specific topics discussed: nuclear energy and
water desalination; electrical methods in the
study of biological membranes; electrical be-
havior of ‘*‘excitable” artificial membranes;
morgannc ion exchange membranes; chemical
engineering problems regarding reverse os-
mosis process operation; and function and
structure of membranes.

The Structure of Non-Crystalline Mate-
rials, edited by P. H. Gaskell.

1977, Taylor & Francis Ltd., 10-14 Macklin
St., London WC2b 5NF, England 262 pages,
bound.

This volume provides a description of the
present state of understanding of amorphous
solids, covering silicate and chalcogenide
glasses, semiconductors, polymers, and the
recently discovered metal glasses. It provides
a panorama of glass-structure determination
and describes almost every method available.

The Rotating Disc Electrode, by Yu.
Pleskov and V. Yu. Filinovskii.

1976, Plenum Publishing Corp., 227 W. 17th
g:'z' 0New York, NY 10011. 402 pages bound.

This volume offers a complete survey of the
many applications of the rotating-disk elec-
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trode, one of the principal techniques used
in contemporary experimental electrochem-
istry. The authors review the properties of
this unique method, notably its high ac-
curacy in the measurement of diffusional
fluxes and its uniform accessibility to sur-
face and stationary conditions, providing the
first full, systematic presentation of the
theory and methodology of the rotating-disk
electrode as well as the most important ex-
perimental results obtained through its use.
The book reviews the experimental studnes
carried out with the help of this device, in-
volving: the mechanism and kinetics of
electrochemical reactions; the measurement
of kinetic and catalytic currents; determina-
tion of the corrosion rates of metals; mass
transfer; and analytical applications of the
electrode.

Imaging Systems, by K. I
and R. E. Jacobson.

Jacobson

1976, Halsted Press, 605 Third Ave., New
York, NY 10016. 319 pages, bound. $27.50.

With the subtitle ‘“Mechanisms and Applica-
tions of Established and New Photosensitive
Processes," this book brings to the scientist
and technologlst information about the
imaging systems with which they are be-
coming increasingly more involved. The
early sections cover the normal color and
monochrome silver halide systems including
the preparation and constituents of the
emulsion, the mechanism and chemistry of
development, nonconventional methods such
as solarization, Herschel effect, thermo-
stabilization, and printing out papers, as
well as the color negative, positive and re-
versal systems, dye destruction, |mb|b|t|on,
dye-gelatin transfer, and so on. There is a
separate section on unconventional proc-

essing, and alternative systems are dis-
cussed.

Industrial Crystallization, edited by
J. W. Mullin,

1976, Plenum Press, 227 W. 17th St., New
York, NY 10011. 473 pages, bound. $45.00.

This volume presents fundamental and ap-
plied research on the use of crystallization
in industry. The work reported covers a
broad, multidisciplinary spectrum, ranging
from solid-state physics to phase equilibria,
from diffusional mass transfer to fluid me-
chanics, and from strength of materials to
solution structure. Among the important
topics discussed are: secondary nucleation;
crystal growth kinetics; crystal habit modi-
fication; crystallizer design; industrial crys-
tallizer operation; and case studies.

Electronic Processes in Unipolar Solid-
State Devices, by D. Dascalu.

1977, Abacus Press, England. Distributed in

the U.S. by International Scholarly Book
Services, Inc., P.O. Box 555, Forest Grove,
OR 97116.
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London International Conference on
Carbon and Graphite; 4th.

1976, Society of Chemical Industry, 14 Bel-
grave Sq., London, S.W.1, England. 808 pages,
bound.

Oxides and Oxide Films, Vol.
by A. K. Vijh.

1977, Marcel Dekker Inc., 270 Madison Ave.,
New York, NY 10016. 184 pages, bound.

5, edited

Union Internationale d’Electrothermie;
8th Congress.

Comite Organisateur: CBEE, Galerie Raven-
stein 4/8, 1000 Brussels, Belgium. 143
pages, paper.

Energy Futures: Industry and the New
Technologies, by S. W. Herman et al.

1977, Inform, Inc. Available from Ballinger
Publishing Co., 17 Dunster St.,, Cambridge,
MA 02138. 661 pages, bound.

Symposium Commemorating 50 Years
of Electron Diffraction, Proceedings,
edited by L. 0. Boackway.

1977, Polycrystal Book Service, P.0. Box
11567, Pittsburgh, PA 15238, 126 pages, paper.
$7.50.

Extractive Metallurgy of Copper, by
A.'K. Biswas and W. G. Davenport.

1976, Pergamon Press, Inc., Maxwell House,
Falrvuew Park, EImsford, NY 10523. 438 pages,
bound. $15.00.

Stabilization of Photographic Silver
Halide Emulsions, by E. J. Birr.
1974, Focal Press London & Hastings House,

Publishers, 10 E. 40th St, New York, NY
10016. 275 pages, bound. $49.00.

Except where noted, these books
have been prepared by the staff of
The Engineering Societies Library, and
were selected for inclusion in the
Journal by Dr. Daniel Cubicciotti of
Stanford Research Institute. The Elec-
trochemical Society does not have
copies available for sale or loan. Or-
ders for the books should be for-
warded directly to the publishers.

ATTENTION, MEMBERS
AND SUBSCRIBERS

e |
I
|

ATTACH
Whenever you write to
The Electrochemical Soci- LABEL
ety about your membership
or subscription, please in- H ERE

clude your Magazine ad-
dress label to ensure
prompt service.

Change of Address

To change your address, place magazine
address label here. Print your NEW address
below. If you have any question about your
subscription or membership, place your
magazine label here and clip this form to
your letter.

Mail to the_Circulation

name
Department, The Electro-
chemu:aal Snzc|1ely,P Inc.,
. Box 2071, Prince-
ton, N.J. 08540, ~ address
city
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POSITIONS AVAILABLE

POSITIONS WANTED

Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., P. 0. Box 2071, Prince-
ton, N. J. 08540.

Solid-State Electrochemist — research asso-
ciate position. Work on fast ionic conductors,
alkali metal solid electrolytes, mixed ionic-
electronic conductors, and related materials
for battery systems. Do experimental and the-
oretical research on transport properties of
solids, involving use of controlled-atmosphere
glove boxes, alkali metals at high temper-
atures, instrumentation, use of on-line com-
puter control, and analysis of experiments.
Must also be able to supervise graduate stu-
dents, technicians, equipment design, and
minicomputer programming. Technical back-
ground in materials science, physics, or
chemistry and at least two years of postdoc-
toral experience required. Salary is $19,C00-
$21,0C0, depending upon qualifications. Send
resume and copies of publications to Mary C.
Clark, Bechtel International Center, P.O. Box
5816, Stanford, Calif. 94305.

Electrochemical Engineering—Postdoctoral
research associate. Position available imme-
diately in the engineering aspects of a large
fuel cell program for energy storage applica-
tions. Chemistry and chemical engineering
Ph.D.’s with experience in computer program-
ming and applied mathematics are invited to
apply. Enjoy the small town atmosphere in
rural upstate New York between the beautiful
St. Lawrence Seaway and the maiestic Adi-
rondack Mountains. For application, send
resume and two letters of recommendation
to: Dr. D-T. Chin, Department of Chemical
Engineering, Clarkson College of Technology,
Potsdam, New York 13676. Clarkson is an
equal employment/affirmative action em-
ployer.

Electrochemist — for lithium battery re-
search. World’s largest manufacturer of bat-
teries for the cardiac pacemaker industry
seeks a researcher (M.S. or Ph.D.) to investi-
gate new battery systems and to characterize
and improve existing systems. A go.d theo-
retical background and several years experi-
ence in_nonaqueous electrochemistry is re-
quired. Send resume and salary requirements
to: Alan A. Schneider, Ph.D., Director of Re-
search, Catalyst Research Corp., 1421 Clark-
view Rd., Baitimore, Md. 21209;" 301-296-7000.

ELECTROACHEMISTRY

ND
HIGH TEMPERATURE
CORROSION

Project leader needed for our
Metallurgical Engineering Depart-
ment in Corning, New York to
develop and conduct applied re-
search and manufacturing cost
reduction programs on the use of
electrode materials in glass melt-
ing applications; work with plant/
staff personnel; must have a
strong technical background in
electrochemistry and high tem-
perature corrosion; 0-3 years ex-
perience desired.

Ph.D. or M.S. in Materials Sci-
ence or Chemical Engineering re-
quired.

Send complete resume to:

Ms. Donna A. Brown
Manufacturing and
Engineering Division
Corning Glass Works HP C-1
Corning, New York 14830

CORNING

CORNING GLASS WORKS
An Equal Opportunity
Employer

Metallurgical/Corrosion Engineer—Ph.D. ex-
pected in June 1978. Thesis on high tempera-
ture electrochemical study of aqueous cor-
rosion in Fe-Ni-Cr alloy systems. Strong back-
ground in electrochemistry, physical metal-
lurgy, thermodynamics, and fracture mechan-
ics. Seeking position in R&D or consulting.
Location and salary open. Reply Box C-207.

Engineer/Materials  Scientist—Ph.D.  Six
years experience in research and develop-
ment in metal oxides and thin film technol-
ogy. Works involve preparation by RF sput-
tering, characterization and fabrication of
vanadium oxide and thin film thermistor de-
vices, Studies include electrical properties,
metallization, and passivation techniques.
Strong background in electron optics and
x-ray diffraction. Publications and patent.
Reply Box C-208.

Physical Metallurgist/Materials Scientist—
Ph.D., May 1978. Desires challenging R&D or
product development position. Strong back-
ground and summer training in: silicon-inte-
grated circuit processing; physics of solid-
state devices; structure-property correlations
with TEM, SEM, and x-ray diffraction; crystal
imperfections; mechanical testing; nonde-
structive testing; fracture mechanics; coat-
ings and composites. Please contact: K. S.
Rao, 1609 East 7th St., Tucson, Ariz. 85719;
telephone 602-884-1361.

Chemist, Metallurmst—Heavy experience in
staff engineering, lab work, R&D, production/
management, skills in nrnnted and integrated
circuitry plating, electroforming, job shop
management, and all aspects of plating and
finishing. Desires challenging position, solid
five-figure salary. Prefer Florida or West/
Southwest, but no restrictions. A real pro
who can deliver and troubleshoot (advanced
technology) in either a large or small busi-
ness. Reply Box C-209.

Positions Wanted

Society members of any class may, at
no cost and for the purposes of pro-
fessional employment, place not more
than three identical insertions per
calendar year, not to exceed 8 lines
each., Count 43 characters per line,
including box number, which the So-
ciety will assign.

May 1978
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An absorbing account of the evo I“
lunon of electric battery technology,

from 1ts unlikely beginnings n the
17th and 18th centurnies 1o 1ts pos res onse
sible use i the automotve ndustry.

For both the specialist and the gen '0
eral reader

Or. Ruben 15 a natonally known N
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trolytic condenser and the sealed
alkaline cell

by Samuel Ruben
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DORRANCE & COMPANY, Publishers
35 Cricket Tr., Ardmore, PA 19003

Please send me copies of The Evolution of Electric
Batteries in Response to Industrial Needs by Dr. Samuel

Ruben. | am enclosing $7.95 per copy ordered.
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FUEL CELL RESEARCH

Due to expansion in fuel cell research, IGT, a leader in energy development, requires a variety of
scientific and engineering expertises.

Chemical Engineer (MS/PhD)

to supervise R&D programs in fuel cell development, engineering, and fuel processing system

evaluation. Responsibilities include supervision, organization, and evaluation of work performed by a

group of engineers and technicians. Experience in at least one of the followmg Electrochemical
systems, thermodynamics, heat and mass transfer, fuel processing.

Senior Engineers

for systems evaluation. Responsibilities include evaluation of integrated fuel cell/fuel processing
power plants. Experience in systems analysis required.

Electrochemists

Ph.D.'s (new graduate to experienced). Responsibilities include electrochemical energy research
including high temperature tuel cells and water electrolysis.

Ceramic Engineer/Ceramist

Background in crystal ch y, phase

x-ray diffraction analysis, ceramic fabrication

processes, materials iestmg, or ceramic forming preferred.
We offer attractive starting salaries commensurate with experience, excellent benefits, and an
outstanding opportunity for advancement. Interview and relocation expenses paid for candidates
outside of the Chicago area. Please indicate your preference of positions and send resume with salary

T

EDUCATION RESEARCH

requirements to:

Ms. A. Pruss

Institute of Gas Technology

IIT Center
3424 S. State Street
Chicago, IL 60616

An Equal Opportunity Employer M/F
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VITREOUS CARBON

Revo/ut/onaryH ligh Performance Material !

Combine such unique properties as high
temperature use - to 3000° C; ultra-high purity, total
inertness, and extremely low porosity and you'll have
Vitrecarb.

Vitrecarb, or vitreous carbon as it has been called,
combines all of the above properties, plus more to
provide a material which is truly high performance in
nature. Additionally it offers such high production
cost saving fabrication techniques as injection,
transfer or compression molding. And it can be
machined, too.

Vitrecarb has been used in such diverse applications
as crucibles, beakers and tubes in the laboratory, a
packing material for reaction columns, hearth liners
and resistance heating elements in vacuum
evaporation equipment. Additionally, it has been
used as a dental implant and for heart valves in the
bio-medical field.

10n looking to solve your problem.

FRE Write or call for a brochure detailing \ = FLUOROCARBON
our complete capabilities. ™ Process Systems Division, P.O. Box 3640
1432 S. Allec St., Anaheim, California 92803
(714) 956-7330

Inco Limited, Inco United States, Inc. and ESB Incorporated will grant or cause to be granted to any per-
son making written application therefor licenses of certain patents, patent applications and know-how re-
lated to the controlled microgeometry (“CMG”) process of forming, perforating, and activating metallic foil and
constructing battery electrodes therefrom. Licensees will also be granted certain immunities from suit with re-
spect to other patents. CMG know-how will be furnished to know-how licensees in a written manual available

at a cost of $1,000.

Such patent and know-how licenses, immunities and manual are available on the terms set forth in para-

graphs IV(A) and (B) of the final judgment entered on January 30, 1978, in Civil Action No. 76-152 by the United

States District Court for the Eastern District of Pennsylvania. Requests for the foregoing licenses, immunities

or written manual should be addressed in writing to one of the following:

Ewan C. MacQueen, Esq. Ewan C. MacQueen, Esq. A. J. Rossi, Esq.

Inco Limited Inco United States, Inc. ESB Incorporated

One New York Plaza One New York Plaza 5 Penn Center Plaza
New York, N.Y. 10004 New York, N.Y. 10004 Philadelphia, Pa. 19103
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THE ELECTROCHEMICAL SOCIETY
BOOKS IN PRINT

Monograph Series

The following hardbound volumes are

sponsored by The Electrochemical

Society, Inc. and published

by John Wiley & Sons, Inc., 605 Third Avenue, New York, N.Y. 10016. Members of the Society can receive a 33% discount
by ordering from Society Headquarters. Books and invoice are mailed by publisher. Nonmembers (including subscribers)
must order direct from the publisher. All prices subject to change without notice.

Corrosion Handbook, edited by Herbert H. Uhlig (1948).
1188 pages, $37.25.

Arcs in Inert Atmospheres and Vacuum, edited by W. E.
Kuhn. A 1956 Spring Symposium (1956). 188 pages,
$13.00.

The Stress Corrosion of Metals, by Hugh I. Logan (1966).
306 pages, $25.75.

The Corrosion of Light Metals, by H. P. Godard, W. B. Jep-
son, M. R. Bothwell, and R. L. Kane (1967). 360 pages,
$23.25.

High-Temperature Materials and Technology, edited by |. E.
Campbell and E. M. Sherwood (1967). 1022 pages, $45.50.

Alkaline Storage Batteries, by S. Uno Falk and Alvin J.
Salkind (1969). 656 pages, $48.00.

The Primary Battery, Volume |, edited by George W. Heise
and N. Corey Cahoon (1971). 500 pages, $37.25.

Zinc-Silver Oxide Batteries, edited by Arthur Fleischer and
John J. Lander (1971). 544 pages, $41.00.

The Corrosion of Copper, Tin, and Their Alloys, by Henry
Leidheiser, Jr. (1971). 411 pages, $47.50.

Corrosion in Nuclear Applications, by W. E. Berry (1971).
572 pages, $36.25.

Handbook on Corrosion Testing and Evaluation, edited by
W. H. Ailor (1971). 873 pages, $54.50.

Modern Electroplating, edited by Frederick A. Lowenheim.
Third Edition (1974). 801 pages, $35.50.

Marine Corrosion, by Francis L. LaQue (1975). 332 pages,
$25.25.

The Primary Battery, Volume Il. edited by George W. Heise
and N. Corey Cahoon (1975). 528 pages, $42.25.

Lead-Acid Batteries, by Hans Bode (1977). 387 pages, $29.00.

Society Symposium Series
The following softbound symposium volumes are sponsored and published by The Electrochemical Society, Inc., P.O.
Box 2071, Princeton, N.J. 08540. Orders filled at the list price given, subject to availability. Enclose payment with order.

High-Temperature Metallic Corrosion of Sulfur and Its Com-
pounds. Z. A. Foroulis, Editor. A 1969 symposium. 276
pages, $4.50.

Electron and lon Beam Science and Technology, Fourth In-
ternational Conference. R. Bakish, Editor. A 1970 sym-
posium. 680 pages, $7.50.

Fundamentals of Electrochemical Machining. C. L. Faust,
Editor. A 1970 symposium. 365 pages, $4.50.

Electron and lon Beam Science and Technology, Fifth In-
ternational Conference. R. Bakish, Editor. A 1972 sym-
posium. 420 pages, $5.50.

Electrochemical Contributions to Environmental Protection.
T. R. Beck, O. B. Cecil, C. G. Enke, J. McCallum, and
S. T. Wlodek, Editors. A 1972 symposium. 173 pages, $4.00.

Oxide-Electrolyte Interfaces. R. S. Alwitt, Editor. A 1972 sym-
posium. 312 pages, $9.00.

Marine Electrochemistry. J. B. Berkowitz, M. Banus, M. J.
Pryor, R. Horne, P. L. Howard, G. C. Whitnack, and H. V.
Weiss, Editors. A 1972 symposium. 416 pages, $15.00.

Semiconductor Silicon 1973. H. R. Huff and R. R. Burgess,
Editors. A 1973 symposium. 936 pages, $15.00.

Electrochemical Bioscience and Bioengineering. H. T. Silver-
man, I. F. Miller, and A. J. Salkind, Editors. A 1973 sym-
posium. 268 pages, $8.00.

Chlorine Bicentennial Symposium. T. C. Jeffery, P. A. Danna,
and H. S. Holden, Editors. A 1974 symposium. 404 pages,
$11.00.

Electrocatalysis. M. W. Breiter, Editor. A 1974 symposium.
378 pages, $12.00.

Electron and lon Beam Science and Technology, Sixth In-
ternational Conference. R. Bakish, Editor. A 1974 sym-
posium. 594 pages, $16.00.

Properties of Electrodeposits—Their Measurement and Sig-
nificance. R. Sard, H. Leidheiser, Jr.,, and F. Ogburn,
Editors. A 1974 symposium. 430 pages, $13.00.

Metal-Slag-Gas Reactions and Processes. Z. A. Foroulis
and W. W. Smeltzer, Editors. A 1975 symposium. 1032
pages, $20.00.

5/78

Chemistry and Physics of Aq Gas Soluti W. A
Adams, G. Greer, J. E. Desnoyers, G. Atkinson, G. S. Kell,
K. B. Oldham, and J. Walkley, Editors. A 1975 symposium.
522 pages, $11.00.

Chemical Vapor Deposiiion, Fifth International Conference.
J. M. Blocher, Jr., H. E. Hintermann, and L. H. Hall,
Editors. A 1975 symposium. 848 pages, $18.00.

Thermal and Photostimulated Currents in Insulators. D. M.
Smyth, Editor. A 1975 symposium. 215 pages, $7.00.

Energy Storage. H. P. Silverman and J. B. Berkowitz, Ed-
itors. A 1975 symposium. 258 pages, $8.00.

Eiching. H. G. Hughes and M. J. Rand, Editors. A 1976
symposium. 203 pages, $7.00.

Electron and lon Beam Science and Technology, Seventh
International Conference. R. Bakish, Editor. A 1976 sym-
posium. 632 pages, $18.00.

International Symposium on Solar Energy. J. B. Berkowitz
and I. A. Lesk, Editors. A 1976 symposium. 372 pages,
$10.00.

Internaticnal Symposium on Molien Salts. J. P. Pemsler.
J. Braunstein, K. Nobe, D. R. Morris, and N. E. Richards,
Editors. A 1976 symposium. 632 pages, $16.00.

Properties of High Temperature Alloys. Z. A. Foroulis and
F. S. Pettit, Editors. 851 pages, $12.C0.

Semiconductor Silicon 1977. H. R. Huff and E. Sirtl, Editors.
A 1977 symposium. 1100 pages, $15.00.

A History of The Electrochemical Society. R. M. Burns with
E. G. Enck. 160 pages, $5.00.

Semiconductor-Liquid Junction Solar Cells. A. Heller, Editor.
A 1977 symposium. 340 pages, $7.00.

Load-Leveling. N. P. Yao and J. R. Selman, Editors. A 1977
symposium. 412 pages, $13.00.

Chemical Vapor Deposition, Sixth International Conference.
L. F. Donaghey, P. Rai-Choudhury, and R. N. Tauber,
Editors. A 1977 symposium. 596 pages, $14.00.

Electrode Materials and Processes for Energy Conversion
and Storage. J. D. E. Mclintyre, S. Srinivasan, and F. G.
Will, Editors. A 1977 symposium. 1048 pages, $20.00.

High Temperature Metal Halide Chemistry. D. L. Hilden-
brand and D. D. Cubicciotti, Editors. A 1977 symposium.
678 pages, $17.00.
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APPLICATION FOR ADMISSION

o Info. Req. Rec'd Ch
lrd Iy - - :
Che Tlectrochemical Boriety, Ine. | voteof wokn — Acoep. .| Approved:
Return completed application to: .. — L
recap
Secretary
The Electrochemical Society, Inc.
Post Office Box 2071, Princeton, New Jersey 08540
To the Board of Directors of The Electrochemical Society, Inc:
Name
(please print)
hereby makes application for admission to The Electrochemical Society, Inc., as a member,
and encloses the amount of $§ _ covering the first year's dues. (Please see reverse side for proper class of membership and

dues applying thereto, noting the options with regard to the date of election and active life membership and the credit available for
nonmember meeting registration.)

1. Date of Birth: _ I

2. Education:
o Institution - Dates Attended Major Subject Degree Earned
3. Work Experience:

Name of Employer (current, followed by previous) ) Dates Position

4, Please indicate your DiVISIONAL and GROUP interests in numerical order, starting with the number 1 for your primary interest(s).

—— Battery — Electronics—check interest(s) Energy Technology Group

Corrosion below Industrial Electrolytic
— Dielectrics and Insulation O General Materials and Processes Organic and Biological
—— Electrodeposition O Luminescence Electrochemistry

[J Semiconductors —— Physical Electrochemistry

Electrothermics and Metallurgy

5. Please check LOCAL SECTION with which you wish to affiliate:
San Francisco

Pacific Northwest

Boston Detroit Natl. Capital Area

— Chicago ——— Indianapolis ——— Niagara Falls —— Philadelphia — So. Calif.-Nevada
Cleveland ——— Metropolitan N.Y. ——— North Texas ——— Pittsburgh None

——— Columbus — Midland (Mich.) ——— Ontario-Quebec -—— Rocky Mountain

6. Our Constitution provides that two Active Members of the Society (who can substantiate the above record) must recommend you
for admission to membership. It will facilitate the handling of your application if you are able to have your references sign this ap-
plication form; if this is not convenient, please list their names and addresses. On a student application, only a single faculty mem-
ber recommendation with signature (including title and institution) is required.

Name (please print) Signature Address

Name (please print) T Signature Address

The undersigned certifies that the above statements are correct and agrees, if elected to the Society, to be governed by its Con-
stitution and Bylaws and to promote the objects of the Society as stated in its Constitution.

(Signature)

Please print complete
address as it should
appear on mailings.

Date 19




Date of
Election

Active Life

Nonmember Meeting
Registration Credit

Active Member

Student Member

Dues

Membership

EXTRACTS FROM THE CONSTITUTION AND BYLAWS

CONSTITUTION—Article Il
Membership

Section 1. The individual membership shall consist
of Active, Honorary and Emeritus Members. The Board
of Directors may from time to time authorize other
classifications of membership as defined in the Bylaws
of the Society.

(Active Member—Annual Dues $30.00)

Section 2. An Active Member shall be interested in
electrochemistry or allied subjects and possess a Bach-
elor’s degree, or its equivalent, in engineering or nat-
ural science. In lieu of a Bachelor’s degree, or its equiv-
alent, any combination of years of undergraduate
study and years of relevant work experience in elec-
trochemistry or allied subjects adding to at least seven
years shall be required. Election to Active Membership
shall require the recommendation of two Active Mem-
bers in good standing,

BYLAWS—Article Il

Non-Voting Membership
(Student Member—Annual Dues $3.00)

Section 1. Student Member. A Student Member shall
be a full-time undergraduate or graduate student reg-
istered for a degree in natural science or engineering.
The applicant for Student Membership shall be recom-
mended by a member of the faculty of the school.
Upon graduation with a Bachelor’s degree or equiva-
lent in natural science or engineering, the Student
Member may apply for Active Membership. The ap-
plication shall be approved by two Active Members of
the Society in good standing. If the Student Member
enters graduate school as a full-time student, the per-
son may choose to apply for Active Membership or
remain a Student Member.

BYLAWS—Article XXI
Dues and Fees

Section 1. The annual dues for Active Members shall
be thirty dollars. The annual dues for Student Mem-
bers shall be three dollars. Each member shall receive
the JOURNAL OF THE ELECTROCHEMICAL SO-
CIETY.

Section 2. When individuals are elected to member-
ship, they must elect to initiate their membership as of
January 1 or July 1 of the year of election; or, if elec-
ted during the last quarter, January 1 of the year
following election. In the case of a July 1 election for
starting membership, dues will be prorated.

Section 3. Any Active Member who shall pay in one
lump sum the amount equivalent to two-thirds of
the remaining dues to age sixty-five at the time of
payment, but not less than an amount of 5 years of
full dues, shall be exempt from payment of any fur-
ther dues and shall be considered an Active Member
during the remainder of his or her life.

BOARD OF DIRECTORS ACTION
OF OCTOBER 9, 1960

If application for new membership is received within
four months of the payment of nonmember registration
at a Society Meeting by the applicant, the difference
between the nonmember and member registration fees
shall be credited toward the first year’s dues.

CONSTITUTION—Article 111
Admission and Dismissal of Members

Section 1. Application for individual membership
shall be in writing on a form adopted by the Board of
Directors.

Section 2. The Admissions Committee shall be a ro-
tating committee consisting of three members. One
member shall be appointed each year by the President
with the approval of the Board of Directors for a term
of three years to replace the outgoing member. This
Committee shall receive from the Secretary all prop-
erly executed and properly recommended applications
for admission which he has received from persons de-
sirous of becoming members of the Society. It shall be
the duty of this Committee, after examining the cre-
dentials of applicants, to make appropriate recom-
mendation to the Board as to approval or rejection of
the applications. Unanimous approval of an applicant
by this Committee shall be required before the candi-
date’s name may be submitted to the Board of Direc-
tors for election. The election to membership shall be
by a mail vote of the Board of Directors. The candidate
shall be considered elected two weeks after the date
the proposed membership list is mailed to the Board if
no negative votes have been received by the Secretary,
If a candidate receives one negative vote, his applica-
tion shall then be considered and voted upon at the
next meeting of the Board of Directors. Two negative
votes cast at this meeting shall exclude a candidate.
The Board of Directors may refuse to elect a candidate
who, in its opinion, is not qualified for membership. The
names of those elected shall be announced to the So-
ciety. Duly elected candidates shall have all the rights
and privileges of membership as soon as their entrance
fee, if any, and dues for the current year have been
paid.

Section 3. A member desiring to resign shall send a
written resignation to the Office of the Society.

Section 4. Upon the written request of ten or more
Active Members that, for cause stated therein, a mem-
ber be dismissed, the Board of Directors shall consider
the matter and, if there appears to be sufficient reason,
shall advise the accused of the charges against him. He
shall then have the right to present a written defense,
and to appear in person before a meeting of the Board
of Directors, of which meeting he shall receive notice
at least twenty days in advance. Not less than two
months after such meeting the Board of Directors
shall finally consider the case and, if in the opinion of
the majority of the Board of Directors a satisfactory
defense has not been made and the accused member
has not in the meantime tendered his resignation he
shall be dismissed from the Society.

Section 7. The entrance fee, if any, annual dues and
any other payments to be made by the members of the
Society shall be paid in accordance with regulations
set forth in the Bylaws.

Section 8. Any member delinquent in dues after
April 1 shall not receive the Society’s publications and
will not be allowed to vote in any Society election
until such dues are paid. All members in arrears for
one year after April 1 shall lose their membership sta-
tus and can be reinstated only by action of the Board
of Directors.

All members receive a subscription to the Journal of The Electrochemical Society.



THE ELECTROCHEMICAL SOCIETY PATRON MEMBERS

Bell Telephone Laboratories, Inc.
Murray Hill, N.J.

Dow Chemical Co.

Inorganic Chemicals Dept., Midland, Mich.

E. I. du Pont de Nemours and Co.

Plastic Preducts and Resins Department

Wilmington, Del.

General Electric Co.

Battery Business Department, Gainesville, Fla.
Chemical Laboratory, Knolls Atomic Power Laboratory,

Schenectady, N.Y.

Electronic Capacitor Products Section, Irmo, S.C.

Lamp Div., Cleveland, Ohio

] Maehi

Corp.

New York, N.Y.
The International Nickel Co., Inc.

New York, N.Y,

Olin Corporation

Chemicals Div., Research Dept., New Haven, Conn.

Philips Research Laboratories

Eindhoven, Holland

Union Carbide Corp.
Battery Products Div., Corporate Research Dept.,

New York, N.Y.

Materials & Process Laboratory, Large Steam

Turbine-Generator Dept., Schenectady, N.Y.

Research and Development Center,
Physical Chemistry Laboratory & Power Systems Laboratory,
Signal Processing & Communication Laboratory,

Schenectady, N.Y.
Semiconductor Products Dept.,
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