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FUTURE MEETINGS

MONTREAL, CANADA—MAY 9-14, 1982—HEADQUARTERS AT THE QUEEN ELIZABETH

The detailed Call for Papers published in the July-November 1981 issues of This Journal. Final program published in
the March 1982 issue of This Journal.

Planned symposia for the Montreal Meeting will include the following Divisions, Groups, Subcommittee, and sub-
jects:
Corrosion—General Session; Corrosion/Energy Technology/Dielectrics and Insulation/Electrothermics and Metallurgy
—Corrosion Problems in Nuclear and Fusion Technologies; Dielectrics and Insulation/Corrosion/Electrenics/Electro-
thermics and Metallurgy/Energy Technology—Materials and New Processing Technologies for Photovoltaics; Dielec-
trics and Insulation/Electronics/American Ceramics Society—Applications of Glasses and Ceramics in Device Tech-
nology; Dielectrics and Insulation/Electronics/New Technology Subcommittee—Inorganic Resist Systems; Electron-
ics—Micromachining and Micromechanics, Molecular Beam Epitaxy, Luminescence in Amorphous Materials, Phos-
phor Depreciation, Phosphor Screening, Luminescence General Session; Electronics/Dielectrics and Insulation—
Growth of Single Crystals on Amorphous Substrates, Tutorial on Semiconductor Technology, Joint General Session,
Joint Recent News Papers Session; Electrothermics and Metallurgy—Electrochemistry of Pyrometallurgical Processes,
Transport Phenomena in Metals; Electrothermics and Metallurgy/Corrosion—Electrochemical Techniques for High
Temperature Corrosion Studies; Electrothermics and Metallurgy/Dielectrics and Insulation/Electronics—Tenth Inter-
national Conference on Electron and lon Beam Science and Technology; Energy Technology—lon Insertion Phenom-
ena, Photobiological Energy Conversion and Storage Processes, General Session; Energy Technology/Battery—En-
ergy Systems for Developing Countries; Energy Technology/Battery/Physical Electrochemistry—Platinum Electrocata-
lysts: Efficient Utilization and Alternatives, Molten Carbonate Fuel Cell Technology; Industrial Electrolytic—Electro-
chemical Process and Plant Design; Industrial Electrolytic/Battery/Energy Technology—Transport Processes in Elec-
trochemical Systems; Industrial Electrolytic/Energy Technology—Hydrogen Production and Storage; Organic and Bio-
logical Electrochemistry—Electrochemistry for the Study and Control of Cell and Tissue Growth and Repair, Redox
Mechanisms and Interfacial Properties of Molecules of Biological Importance, General Session; Organic and Biolog-
ical Electrochemistry/Industrial Electrolytic—Industrial Electro-Organic Chemistry; Organic and Biological Electro-
chemistry/Physical Electrochemistry/Dielectrics and Insulation—Polymer Film Electrodes; Physical Electrochemistry—
Double Layer Phenomena, General Session; and Physical Electrochemistry/Battery/Energy Technology—Solid Electro-
lytes.

DETROIT, MICHIGAN—OCTOBER 17-22, 1982—HEADQUARTERS AT THE DETROIT PLAZA

The detailed Call for Papers published in the December 1981-May 1982 issues of This Journal. Final program pub-
lished in the August 1982 issue of This Journal.

Planned symposia for the Detroit Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery—Economic Trade Off Consideration on Batteries for Electric Vehicles, Long Term Batteries, Near Term Bat-
teries, Thin Film Batteries, General Session; Battery/Energy Technology/New Technology Subcommittee—Reliability
and Failure Analysis of Battery Arrays; Corrosion—Automotive Corrosion, General Session; Corrosion/Electrodeposition
—New Materials for Electrical Contacts; Corrosion/Energy Technology—Corrosion in Fossil Fuel Systems; Dielectrics
and Insulation/Electronics—Automotive Reliability of Solid-State Devices; Electrodeposition—Electrodeposition in
Automotive Applications, General Session; Electronics/Dielectrics and Insulation—VLS| Technology, Joint General
Session, Joint Recent News Papers Session; Electrothermics and Metallurgy—Emission Control—Catalysts, The Metal-
lurgy and Chemistry of Silica Reduction, Thermal Management of Batteries; Electrothermics and Metallurgy/Corrosion
—Materials Aspects of Turbine Technologies; Energy Technology—Extraction of Minerals from the Ocean, Novel
Experimental Techniques in Electrochemical Energy Technologies, Surface Charge Measurement, Control and Modifi-
cation for Industrial Processes, General Session; Energy Technology/Battery—Porous Electrodes; Energy Technology/
Battery/Corrosion/Physical Electrochemistry—Advanced Electrolytes for Energy Systems; Energy Technology/Battery/
Physical Electrochemistry—Intercalation Electrodes; Industrial Electrolytic—Optimization of Industrial Electrochemi-
cal Processes, General Session; Physical Electrochemistry—General Session; Physical Electrochemistry/Battery—
"l;hermal Batteries; and Physical Electrochemistry/Battery/Corrosion—Reactions in High Temperature Batteries and

uel Cells.

SAN FRANCISCO, CALIFORNIA—MAY 8-13, 1983 —HEADQUARTERS AT THE ST. FRANCIS HOTEL

The detailed Call for Papers published in the July-November 1982 issues of This Journal. Final program published
in the March 1983 issue of This Journal.

Planned symposia for the San Francisco Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery—Cell Design and Optimization, Cell Testing and Reliability, Nonaqueous Systems for Energy Conversion, Pri-
mary Cells, Reactive Metal/Air Batteries, Secondary Cells, General Session; Corrosion—General Session; Dielectrics
and Insulation/Electronics—Dielectric Isolation, Packaging of Electronic Devices, Plasma Etching and Deposition; Di-
electrics and Insulation/Electrothermics and Metallurgy—High Temperature Adhesives; Electronics/Dielectrics and In-
sulation—Joint General Session, Joint Recent News Papers Session; Electrothermins and Metallurgy—Materials Pro-
cessing in Space, The Science and Technology of Nucleation and Growth of. Pasticles from the Gas Phase; Electro-
thermics and Metallurgy/Corrosion/Dielectrics and Insulaticn--Frotective Coatings; Electrothermics and Metallurgy/
Physical Electrochemistry/Battery/Energy Technology—New Sofid Electrolytes for Energy Conversion; Energy Technol-
ogy—Electrochemical Methods for Treating Nurclear Waste, Novel Photoelectrochentical Synthetic Routes, Oxygen
Cathodes in Aqueous Systems, General Session; Energy Yechnolcgy/RBattery--Coidicting Urganic Polymers in Energy
Conversion; Industrial Electrolytic—Anode and Cathcde Materials, Science aria €rgineeriiig of Membranes and Sepa-
ration; Physical Electrochemistry—Electrode Processes, Fousth Irternatioral Symiptsium on Molten Salts, General Ses-
sion; Physical Electrochemistry/Corrosion—In Situ Nonelectrochemical Techniques for the Study of Electrode Reac-
tions; and New Technology Subcommittee/Electronics—Computer Controlled Manufacturing/Industrial Robotics.
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Evaluation of Organic Acids as Fuel Cell Electrolytes

J. Ahmad,* T. H. Nguyen,* and R. T. Foley*
Department of Chemistry, The American University, Washington, D.C. 20016

ABSTRACT

The electrochemical behavior of methanesulfonic acid, ethanesulfonic acid,
and sulfoacetic acid as fuel cell electrolytes was studied in a half-cell at vari~
ous temperatures. The rate of the electro-oxidation of hydrogen at 115°C was
very high in methanesulfonic acid. The rate of the electro-oxidation of pro-
pane in all three acids was low even at 135°C. Further, there is evidence for
adsorption of these acids on the platinum electrode. It was concluded that an-
hydrous sulfonic acids are not good electrolytes; water solutions are required.
Sulfonic acids containing unprotected carbon-hydrogen bonds are adsorbed
on platinum and probably decompose during electrolysis. A completely substi-
tuted (fluorinated) sulfonic acid would be the preferred electrolyte.

This research was directed toward the investigation
of improved fuel cell electrolytes suitable for the low
temperature (under 200°C) fuel cell. A comprehensive
review of the fuel cell electrolyte problem has been
made (1). All of the inorganic acids, phosphoric, sul-
furic, hydrochloric, perchloric, and hydrofluoric, as
well as the “super acids,” are deficient in one or more
physical, chemical, or electrochemical property when
evaluated in terms of the established characteristics of
the “ideal” electrolyte (2). The desired properties of a
fuel cell electrolyte are: (i) good ionic conduction;
(ii) proper vapor pressure and viscosity characteristics;
(iii) a good medium for the oxidation of the fuel; (iv)
a good solvent for the active materials and for material
transport; (v) chemically and electrochemically stable
over the operating temperature range; (vi) noncorro-
sive to fuel cell container materials; (vii) proper sur-
face tension characteristics (should not wet Teflon
bonded electrodes or foam excessively when bubbled
with gases).

The shortcomings of inorganic systems have sug-
gested organic acids as alternatives, mainly because it
was felt that the ability to alter the structure of an
organic molecule allowed for a flexibility not available
with inorganic systems. One important property, lack-
ing, for example, in phosphoric acid, was the ability to
support the electro-oxidation of propane. For future
advancement in the fuel cell field, the development of
a direct hydrocarbon-air fuel cell has a high priority.

The first organic acid studied in any depth and also
giving promising results was trifluoromethanesulfonic
acid used as its monohydrate (3-6). The important
finding in this work was to demonstrate convincingly
that the development of new improved electrolytes was
a route, alternative to electrocatalysis, which could
lead to improved fuel cell performance.

A review of the literature and an examination of
the physical and chemical properties of certain organic
sulfonic acids, namely, methanesulfonic, ethanesulfonic,
and sulfoacetic, indicated that these acids warranted
further investigation. The specific objective of the pres-

* Electrochemical Society Active Member.
Key words: fuel cells, electrolytes, electro-oxidation.

ent research was to evaluate these acids electrochemi-
cally, particularly their ability as electrolytes to support
the electro-oxidation of hydrogen and propane.

Experimental

Preparation, purification, and analysis of electrolytes.
—Methanesulfonic acid, ethanesulfonic acid, and sulfo-
acetic acid, were evaluated as fuel cell electrolytes, and
sulfuric acid and trifluoromethanesulfonic acid mono-
hydrate were used as ‘“reference” electrolytes. Some
physical properties of the three acids compared to those
of phosphoric acid, sulfuric acid, and trifluoromethane-
sulfonic acid monohydrate are given in Table I.

The methanesulfonic acid was Eastman 95% practical
grade distilled twice under vacuum. The double-dis-
tilled acid was further cleaned by maintaining a fuel
cell electrode at 0.5V for about 15 hr in the three-com=-
partment cell in which the experiment was to be per-
formed. The methanesulfonic acid was analyzed at
three stages to follow the possible oxidation or reduc-
tion of the compound: (i) the as-supplied, 95% prac-
tical grade; (ii) the double-distilled material; and (iii)
the 80% (water) solution of the double-distilled acid
which was electrolyzed at 0.9V and 100°C for 20 hr.
The analyses were conducted by obtaining nuclear
magnetic resonance spectra and gas chromatograms.
Analysis by infrared absorption was found to lack suf-
ficient sensitivity. A Varian Associates A60 analytical
NMR spectrometer was used for the proton analysis
and a Bruker WP-80, 13C NMR spectrometer, for the
carbon analysis. Deuterium oxide (D20) was used as
a solvent and tetramethylsilane as an external stan-
dard, The tetramethylsilane peak was set at 0.00 ppm
after properly phasing and maximizing the resolution
and the spectra were run over a 1000 Hz range using a
250 sec sweep time, The gas chromatograms were ob-
tained with a Hewlett-Packard 5830A Gas Chromato-
graph with a 18850A recorder. A 1% solution of the
acid in ether was injected into the column (a 3% OV-
225 column). A flame ionization detector was used to
obtain a chromatogram of the acid. The experiment
was programmed from 50° to 150°C with a 10% per min
heating rate.
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Table I. Physical properties of fuel cell electrolytes
Melt- Specific conduct-
ing Boiling Solubility ance at 40°C Contact angle on
Compound point point in water (91 em-1) Teflon (degrees)
Methanesulfonic acid, 19-20 167/10 mm Miscible in all 0.019 (98 w/0) 93.59 (100%)
CHsSO:H proportions
Ethanesulfonic acid, —-17 123/1 mm Very soluble 0.009 at
CHs-CH2-SO:H 25°C (98 w/o0)
Sulfoacetic acid, 84-86 245d Very soluble 0.464 (58% H20 90.15° (58% H:0 solu-
HO:S-CH:-COOH solution) tion)
Phosphoric acid, H:PO« 4235 % H:0, 213 Very soluble 0.1381 (85{%t 1Hec)0 >90 (58% H:0 solution)
solution
Sulfuric acid, H2804 10.36 338 (98.3%) Miscible in all 0.790 (50% H20 >90 (50% H:0 solution)
proportions solution)
Trifluoromethanesul- 338 217-219 Miscible in all 0.01122 (100% 72.83 (100%)
fonic acid, monohy- proportions 0.5750 (40% H:0
drate CFaSO3H - H:0 solution)

The ethanesulfonic acid was supplied by Aldrich and
Company, vacuum distilled to remove impurities, and
further cleaned in the cell by electrolyzing at 0.5V with
a cleaning electrode for about 15 hr.

The sulfoacetic acid was supplied by Eastman as
black crystals in semi-solid form and 98% purity. The
acid could be further purified by forming the Pb salt
with PbCO;3 and freeing the acid by precipitating PbS.
However, the traces of sulfide that remained in solution
poisoned the Pt electrode during the electrochemical
experiments. The sulfoacetic acid of 98% purity was
used in the electrochemical experiments described
below.

Electrochemical techniques.—Two types of experi-
ments were performed: (i) polarization studies with
argon, hydrogen, and propane in the three electrolytes.
The electrical apparatus, the three-compartment cell,
the reference system, and the method of pretreatment
of the gases have been described in previous publica-
tions (2). All potentials reported are vs. the dynamic
hydrogen electrode (7); (ii) cyclic voltammetry ex-
periments with apparatus and techniques previously
described (6).

Results and Discussion

Methanesulfonic acid.—In preliminary experiments
the systems were calibrated with polarization curves
obtained by the electro-oxidation of Hp in trifluoro-
methanesulfonic acid monohydrate over the tempera-
ture range of 80°-135°C and cyclic voltammetric scans
in 4N sulfuric acid and in trifluoromethanesulfonic acid
monohydrate. The results obtained from experiments
with the monohydrate were similar to those previously
reported in this laboratory (3) and the voltammetric
sweeps in sulfuric acid were identical to those reported
in the literature (8).

The polarization curves for argon, propane, and hy-
drogen in an 80% CH3;SO3H solution at 115° and 135°C
are given in Fig. 1. For hydrogen oxidation clear-cut
limiting currents were observed, 78.8 and 108 A/cm?2
at 115° and 135°C, respectively. There was no definite
Tafel region in the hydrogen polarization curve. The
oxidation currents for argon and propane increased
with overvoltage. At an overvoltage of 0.3V the cur-
rents for Ar were 0.64 and 1.6 xA cm~—2 at 115° and
135°C, respectively, while for propane values of 5.5
and 7.5 yA cm~2 were obtained. Above 0.65V the cur-
rent density for Ar and propane increased rapidly and
reached peak currents. or limiting currents at about
0.90V vs. DHE. At 135°C the peak currents were almost
the same for both Ar and propane, suggesting that the
oxidation current of the electrolyte, per se, exceeded
that due to the electro-oxidation of propane.

The inspection of the cyclic voltammograms of the
acid taken over a range of temperatures revealed some
significant characteristics. At room temperature and
up to 80°C, the hydrogen, double layer, and oxygen film

regions were well defined and separated in the positive
going part of the curve. At 90°C a strong oxidizing
peak at 1200 mV and a shoulder-like peak at 760 mV
started to appear; at higher temperature (115° and
135°C) those peaks increased and the hydrogen struc-
ture began to lose its fine structure. But the most
dramatic change was that, in the cathodic scan, the
current crossed into the anodic current domain directly
following the reduction of the Pt oxide. This must be
characteristic of the presence of an electroactive spe-
cies. Cyclic voltammograms at 26° and 115°C in Fig. 2
illustrate this behavior. To further study this phenom-
ena, a background voltammogram with 4N HoSO was
run and then a few drops of methanesulfonic acid was
added to the cell. A typical cyclic voltammogram for
4N H,SO was obtained at 80°C (Fig. 3). After addi-
tion of a few drops of methanesulfonic acid it was
observed that there was no change in the background
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Fig. 1. Polarization curves for argon, propane, and hydrogen in
an 80% CH3SOsH solution at 115° and 135°C.
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Fig. 2. Cyclic voltammograms in 80% solution of methanesul-
fonic acid ot 26° and 115°C.
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Fig. 3. Cyclic voltammogram in 4N H2SO4 to which was added o
few drops of CH3SO3H.

curve, However, when the solution was heated up to
110°C, the effect of methanesulfonic acid became ap-
parent. A strong oxidizing peak at 1.02V was then ob-
served and in the reverse scan to the cathodic side, the
current crossed over to the anodic area after the re-
duction of the platinum oxide.

From these observations, it is then concluded that
methanesulfonic acid is dissociatively adsorbed

R—H - R(ads.) 4 H(ads.)

At sufficiently large potential, the radical is desorbed
and contributes to the high oxidation current. Then, in
the reverse scan, after the reduction of the oxide layer
on Pt, a product of the higher potential electrolysis re-
action is oxidized on the oxide-free platinum surface.

To explain some of these electrochemical results, the
methanesulfonic acid was analyzed using 1H NMR, 13C
NMR, and gas chromatography techniques, the last
being most informative.

The 'H NMR spectra were recorded employing as-
supplied, double-distilled, and electrolyzed samples. In
these spectra two peaks were obtained: peak I, at-
tributed to the —CHj; group and peak II, attributed to
the combined effect of the sulfonic group and solvent.
The position of peak II changes from sample to sample
and the shift is tabulated in Table II. The presence of
H;0 in the sample tends to shift the spectrum to a
lower ppm value so the shift of peak II to 5.2 ppm is
interpreted as the presence of a new structure.

The 13C NMR spectra were not particularly informa-
tive but seemed to indicate an impurity in all three
samples.

These NMR spectra were run at 60°C (proton) and
at room temperature (carbon). The gas chromatog-
raphy analyzed the acid samples at elevated tempera-
ture (up to 150°C). The chromatograms obtained from
the double-distilled sample of methanesulfonic acid and
the acid that had been electrolyzed at 0.9V and 100°C
for 20 hr are displayed in Fig. 4 and 5, respectively. It
is apparent that the electrolysis at 100°C was effective
in producing several fragments or new compounds.
These analyses suggest that methanesulfonic acid is
unstable at 100°C and 0.9V.

Table I1. The positions of the absorption peaks in the 1H NMR
spectra of meth Ifonic acid pl

“Position of *Position of

peak I peak II

Spectrum (ppm) (ppm)
As-supplied sample 15 438
Double-distilled sample 15 4.55
Electrolyzed sample 1.5 5.2

* These positions are over a 1000 Hz range using a 250 sec
sweep time.
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START 036
0.51

Fig. 4. Chromatogram obtained with a double-distilled sample of
methanesulfonic acid.

035
053

STOP

Fig. 5. Chromatograms obtained with a sample of methanesul-
fonic acid that had been electrolyzed at 0.9V for 20 hr at 100°C.

Ethanesulfonic acid.—Polarization curves were ob-
tained with Ar, propane, and H; in a 50% acid-H,O
solution of ethanesulfonic acid. At 115°C, the limiting-
current for hydrogen was 27.6 wA/cm2, about half of
the current obtained with methanesulfonic acid. Also,
the polarization curve did not show a distinct Tafel
region (Fig. 6). For propane and Ar, there were no
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Fig. 6. Polarization curves for argon, propane, and Hz in 50%
solution of ethanesulfonic acid at 115°C.

clear-cut limiting currents but the current density for
propane was slightly higher than for Ar. At an over-
voltage of 0.3V the current density for propane was
1.2 uA-cm—2 compared to 0.65 pA cm~2 for Ar.

The cyclic voltammogram of the 50% acid solution
at different temperature is shown in Fig. 7. It is in-
teresting to note that at room temperature, ethanesul-
fonic acid exhibited electrochemical behavior similar
to that of methanesulfonic acid at higher temperatures.
This suggests that ethanesulfonic acid is strongly ad-
sorbed on the platinum electrode surface. As we in-
creased the temperature, it is observed that: (i) the
oxidation peak-current increases; (ii) the Pt-oxide
reduction current slightly decreases; (iii) the electro-
oxidation current of the electroactive species increased;
and (iv) the definition of the hydrogen peaks decreases
and almost completely disappears above 85°C. From
those observations, it is concluded that ethanesulfonic
acid is strongly adsorbed on the Pt surface and at
sufficiently high temperature, inhibits the hydrogen
and oxidation reactions. This behavior appears to be
characteristic of a platinum electrode in strong con-
centrated acidic electrolytes.

Sulfoacetic acid.—The polarization curves for argon,
propane, and hydrogen in a 50% acid solution are
shown in Fig. 8. The current density for hydrogen oxi-
dation at an overvoltage of 0.3V was 38 uA/cm? at
115°C. The polarization curves for argon and propane
did not exhibit a limiting current density but it can
be remarked that the current obtained with propane
was almost the same as with argon. The voltammogram
for the acid shown in Fig. 9 did not show any special
behavior. It did not appear that sulfoacetic acid is
adsorbed on the Pt electrode from the study of the

Ethane Sulforc Acid 50% » Y T pre
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Fig. 7. Cyclic voltammogram in 50% solution of ethanesulfonic
acid at 27°, 75°, and 115°C.
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Fig. 8. Polarization curves for argon, propane, and Ho in 50%
sulfoacetic acid solution at 115°C.
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Fig. 9. Cyclic voltammogram in 50% solution of sulfoacetic acid
at 77°C.

cyclic voltammogram at different temperature. How-
ever, it must be remarked that the commercially
available sulfoacetic acid appears to be of uncertain
quality to use as an electrolyte and no suitable method
of purification has been worked out despite consider-
able effect to recrystallize the compound using conven-
tional organic chemistry methods.

Conclusions

The three electrolytes are compared by tabulating
the current densities achieved with hydrogen, argon,
and propane in Table III.

Certain conclusions may be drawn with regard to
the three sulfonic acids. The polarization studies in-
dicate that an electrolytic solution, 80% in methane-
sulfonic acid and 20% in H,O supports high current
densities with H,, but shows little promise with pro-
pane, The results obtained with Hy agree with results
obtained by Rebert et al. (9) in a study with platin-

Table l1l. Summary of current density values obtained in
different electrolytes

Current densities (¢A/cm?) at 0.3V
over potential

Hydrogen Propane Argon
Electrolyte 115°C 135°C 115°C 135°C 115°C 135°C
Methanpsronle 788 108 55 75 064 16
Ethanesulfonic
acid, C:HsSOsH 218 12 0.65

Sulfoacetic ac(l)d, 38 33 6.4

3 &
Trifluoromethanesulfonic
acid, monohydrate 122 296
CF3SOsH - H20
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ized-platinum rotating disk electrodes. They found that
at the same potential and comparable rotation speeds,
methanesulfonic acid supports currents that are more
than an order of magnitude higher than those obtain-
able in phosphoric acid. They did not study propane.
The practical grade (95%) methanesulfonic acid
darkens during electrolysis probably due to further de-
composition. The cyclic voltammetry studies indicate
that methanesulfonic acid is decomposed at elevated
temperatures and high potentials. Analysis of this
acid by NMR and gas chromatography also indicates
that this acid decomposes into different fragments or
forms new compounds during electrolysis, particularly
at temperatures 100°C or above.

The polarization studies with ethanesulfonic acid in-
dicate that this acid as an electrolyte does not support
high current densities either with Hy or propane.
Ethanesulfonic acid is also completely adsorbed on the
Pt electrode. For these reasons this compound does
not appear to be a promising fuel cell electrolyte.

From these results it is concluded that sulfonic
acids, such as CH3SO3;H or CH;—CH,—SO3H, contain-
ing terminal methyl groups unprotected by fluorina-
tion, are strongly adsorbed on the platinum surface
and decompose relatively easily during electrolysis.
It now appears necessary that the sulfonic acid electro-
lytes to be evaluated in future studies should be
properly substituted to protect the molecule against
electrolytic oxidation or reduction.

During the course of the investigation it became
apparent that it would be necessary to work with aque-
ous solutions rather than the anhydrous acids. The
anhydrous acids are poor ionic conductors—the con-
duction process is achieved with hydrated protons.
Further, there is evidence that many of these com-
pounds are thermally unstable at temperatures over
100°C.

FUEL CELL ELECTROLYTES
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The commercially available sulfoacetic acid appears
to be of uncertain quality to use as an electrolyte and
no suitable method of purification has been worked
out. Furthermore, the acid is chemically unstable in
the 80°-115°C range.

Acknowledgment

The support of the U.S. Army Mobility Equipment
Research and Development Command, Fort Belvoir,
Virginia under Contract DAAK?70-77-C-0080 is grate-
fully acknowledged.

Manuscript received June 8, 1981,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

REFERENCES
1. R. T. Foley, “On the Properties of a Fuel Cell Elec-
trolyte,” Final Technical Report, July 10, 1978-
gflslélsl.lary 15, 1979, Contract No. DAAKT70-78-C-

2. A. A. Adams and R. T. Foley, “Research on Electro-
chemical Energy Conversion Systems,” Report No.
7, Final Technical Report on Contract No.
DAAKO02-72-C-0084, December 1975.

. A, (.?9 ﬁ()iams and H. J. Barger, This Journal, 121, 987

. A. A. Adams, R. T. Foley, and H. J. Barger, ibid., 124,
1228 (1977).

. A. A. Adams and R. T. Foley, ibid., 126, 775 (1979).

. T. Sarada, R. D. Granata, and R. T. Foley, ibid., 125,
1899 (1978).

. J. Giner, ibid., 111, 376 (1964).

. W. Bold and M. Breiter, Electrochim. Acta, 5, 1223
(1964).

. N. Rebert, B. G. Ateya, T. Poweigha, and L. G.
Austin, This Journal, 127, 2641 (1980).

oUW

© ©0o=3



Electrochemical Reactivity of Strong Sulfuric Acid:

Some Unusual Behavior at Pt Electrodes

B. E. Conway* and D. M. Novak*
Chemistry Department, University of Ottawa, Ottawa, Ontario, Canada KIN 6N5

ABSTRACT

In very strong, 98%, sulfuric acid cyclic-voltammetry experiments at Pt
reveal unusual reduction and oxidation processes as distinct from those as-
sociated with electrodeposition and ionization of atomic H, and surface oxide
formation and reduction, which are familiar in dilute aqueous solutions of
HySO4 at Pt. No reduction processes are observed on a less electrocatalytic
metal, Au, under the same conditions. Holding the potential of a Pt elec-
trode near the H+/H; potential (Ey) in 98% HSO, gives rise to reduction of
the acid, producing a species that is immediately chemisorbed and becomes
oxidized in the adsorbed state in a following anodic potential sweep over the
“surface oxide formation” potential region. In the succeeding cathodic sweep,
a large cathodic current peak follows surface oxide reduction. By means of
chemical simulation experiments, it is shown that the reduction behavior is
accounted for first by formation of SO or HSOs~ at potentials near Ey, fol-
lowed by oxidation to a species, possibly adsorbed dithionate (S30e2~), or
some other chemisorbed sulfur-oxygen species, in a following anodic sweep.
This oxidation process cannot be from SOz or HSO3~ back to H2SO4 or HSO4~
since, in the next cathodic sweep, a re-reduction occurs in a well-defined peak,
a little positive to Ey. Experiments at a rotated Pt disk electrode enable dis-
tinctions to be made between processes associated with strongly bound chemi-
sorbed species and other species that can be spun off into_ solution, giving
diminished currents in successive cyclic voltammograms. Additions of small
quantities of water diminish the reduction reaction observed in 98% HSO4.

In the course of experiments (1) on the surface oxi-
dation of Pt in nonaqueous media containing traces
of water, we investigated the behavior of Pt electrodes
in very strong 98% sulfuric acid. Some unusual and
interesting bulk and surface electrochemical processes
are found which are not observed in ordinary aqueous
solutions of HySO4 At the 98% level of concentration
of HySO4, the medium is essentially a nonaqueous so-
lution with H3O+ and HSO4~ ions as the electrolyte
at about 1.1M concentration. Some higher, condensed
sulfuric acid species, e.g., HoS209, are also present in
traces (2).

Studies in very strong acid media are of interest in
fuel-cell technology where acids such as H3PO4 and
CF3SOsH are used at ca. 85% concentrations, often at
elevated temperatures.

As far as we are aware, no previous studies of the
electrochemical surface reactivity of pure HySO4 to
give chemisorbed decomposition products at electrode
interfaces have been reported except in the work of
Arvia et al. (3) who investigated electrochemical sur-
face processes at Ir in 96% HySO4. In this work, how-
ever, only the usual surface reactions of Ir are re-
vealed with H adsorption and surface oxide formation
regions being observed in the normal way, but with
displacement of these two processes to more negative
and more positive potentials, respectively, due to
HSO,~ ion adsorption, as is known in more dilute so-
lutions at Pt with SO42— (4) and HSO4~ ion (5), de-
pending on concentration and pH.

An interesting study was also made by Arvia et al.
(6) on the electrochemistry of fuming sulfuric acid
containing various concentrations of SOz and small
quantities of SO,, and comparatively on 97.4% H>SO4
in the same paper. Most of this work was concerned
with the steady-state current-potential behavior aris-
ing from reduction of SO; at stationary and rotated
Pt electrodes, which gives rise to SO; and some S.

* Electrochemical Society Active Member.
1 Present address: Research Laboratories, Eldorado Nuclear Lim-
ited, Tunney’s Pasture, Ottawa, Canada.

Also, the cathodic evolution of Hy and the anodic de-
composition to O and persulfuric acid was investi-
gated. The question of adsorbed species that might be
involved in the reactions was not treated in this work.
In work by Lal et al. (7-10) and by Loudka (11-13),
however, adsorbed species from SO, solutions and S
layers formed from H,S and SO; were recognized and
investigated. As we discuss later, some of these results
are relevant to the interpretation of the experiments
in the present work.

Arvia et al., in a series of papers (14), have also
reported underpotential deposition of H and surface
oxidation of Pt and Ir in KHSO4 and NaHSO4+/KHSO4
melts.

In the present paper, we report some unusual re-
duction and oxidation processes at Pt in 98% HSO4
at ordinary temperatures, studied by means of the
linear potentiodynamic sweep method and related pro-
cedures. Attempts to identify the principal intermedi-
ates involved were made by means of chemical simu-
lation experiments using likely species such as SO,
dithionite, and dithionate.

Experimental

Method.—A conventional system for applying single
and repetitive linear potential sweeps to an electrode
was used, employing the equipment and procedure
referred to in previous publications (5, 15, 16). In
the cyclic-voltammetry mode, the system enables a
series of sweeps in an anodic or cathodic direction to
be made to successively more positive or more nega-
tive potentials, respectively, using the triggering ca-
pability for sweep reversal at a constant sweep rate
which is provided by a Servomex LF 141 function
generator operating on a Wenking potentiostat. This
system also allows the potential to be held conveni-
ently at a controlled fixed value (potential “holding”
experiment) for recorded times before a following
anodic or cathodic sweep is initiated. This type of ap-
paratus enabled current-density (i) vs. potential (V)
profiles to be recorded, as described previously by us
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(1, 5, 16) and by other authors, e.g., Ref. (15). Most
experiments were conducted at 298 K at a Pt disk
electrode (Pine Instrument Company) that could be
rotated when desired. Some comparative experiments
were made at a high purity grade Au wire.

H3SO4 electrolyte—B.D.H. Aristar pure (98%)
H,SO4 was used as the electrolyte, initially without
dilution. This is the acid which gives, at ordinary con-
centrations (0.5 ~ 1M), the best clean aqueous solu-
tion of HySO4 for cyclic-voltammetry experiments at
Pt, as we have described in earlier papers (5, 16). In
some experiments, where controlled small additions of
water are made, pyrodistilled water (16) was used.

Cell.—A small 3-compartment cell capable of being
fitted to a rotating disk electrode system was used, as
described previously (1). It was provided with a com-
partment in which either a reversible Hy/H* electrode
or an (a 4 B)PdH electrode was situated.

Reference electrodes.—A platinized-Pt hydrogen
electrode was employed as the reference electrode di-
rectly in the strong HpySO4 In the 98% HySO4, the
potentials are not true reversible potentials but rather
steady mixed potentials due to the slow electrocata-
lytic reduction reaction involving HySO4 which is the
subject of this paper. Very satisfactorily steady poten-
tials (+ < 1 mV) could, however, be maintained
over an hour or so. In some experiments the (o« +
B)PdH reference electrode was used. Potentials on
all graphs to be shown below are on the scale of the
Hy/H+ electrode in the same solution as that in which
the working Pt or Au (see below) electrodes were
z‘tudied. This scale is designated for convenience by

H.

Potential programs.—The potential-time programs
shown in Fig. 1 were applied to the working Pt elec-
trode in 98% H2SO, in order to investigate the nature
of the observed electrochemical reactivity of HySO4
and to distinguish the currents from those arising in
the normal way [cf. (5, 15, 16)] from underpotential
deposition of H, or OH and O species; the potentials
employed were adjusted on the function generator
and the potentiostat and read with an accuracy of
1 mV on a high impedance digital millivoltmeter. At
all times, the latter instrument was used to monitor
numerically the various potentials involved at sweep

+1.22 V
v ‘\‘ Program (i)
\
\
\ =023V
Various limits
of v
1 \
/ \
Vv Program (ii)
Vﬂrio?s limits
of Vv
(a) (b)
hy
—2LT 4133V -1.33 v
Program (iii)
\Y
-0.22v F-—-7-0.22V
(a) he ()
t t

Fig. 1. Potential programs
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reversal and in constant potential holding experiments
(see below).

(i) Cyclic-voltammetry at 70 mV sec—1.—Cyclic-
voltammetry experiments were first made by means of
a repetitive symmetrical triangular sweep, referred to
as program (i) (Fig. 1). Several potential limits to
the cathodic and anodic sweeps were employed and
are defined on the experimental i vs. V profiles shown
in Fig. 2a and b and Fig. 3a and b. Experiments in this
mode established the normal i vs. V profiles for the
surface processes at Pt in 98% HySOj, as shown in Fig.
2 and 3.

(ii) Cyclic-voltammetry experiments over progres-
sively decreasing ranges of potential.—These were
made by reversing the sweep at successively increas-

Fig. 2. (a) Cyclic-voltammetry i vs. V profiles for Pt in 98%
H2504 at 70 mV sec—! at 298 K, [program (i)]. Designations of
principal anodic and cathodic processes are shown. (b) As in Fig. 2
(a) but with holding the potential constant at the positive end of
the anodic sweep giving rise to growth of the surface oxide at Pt
(70 mV sec—1, 298 K). Curves 1 to 9 for th,a = 0, 5, 10, 15, 20,
60, 120, 240, and 360 sec.

Fig. 3. (a) Cyclic-voltammetry i vs. V profiles for Pt in 98%
H2S04 at 70 mV sec—! at 298 K showing the effects of reversing
the direction of potential sweep at successively more positive
potentials in the anodic sweep direction [program (iib)]. (b) As in
Fig. 3 (a), but showing the effects of reversing the direction of
potential sweep at successively less positive potentials in the
cathodic sweep direction [program (iia)].



2264

ing potentials in the anodic or successively decreasing
potentials in the cathodic sweep directions. These pro-
cedures are illustrated in Fig. 1 and are referred to as
programs (iib) and (iia), respectively. These pro-
cedures give information on what processes observed
in, e.g., a cathodic sweep (where a current peak arises)
are conjugate to processes in the prior anodic sweep,
or vice-versa, as shown in Fig. 3a and b. The changing
potential limits in the programs (iia) and (iib) are
evident from the potentials of reversal of the series
of curves shown in Fig. 3a, b.

(iii) Potential holding experiments.—Holding the po-
tential at either the end of an anodic sweep for a time
Th,a [Program (iiia)] or at the end of a cathodic sweep
for a time, . [program (iiib)] followed by initiation
of a further cathodic or anodic sweep, respectively,
enabled the formation and reactivity of products of
slow processes to be followed. It was in these experi-
ments, with cathodic holding of the potential near
(—0.2V Ey) the steady-state hydrogen electrode po-
tential (see above), that the unusual reactivity of
H,S0, was observed. The potentials at which cathodic
or anodic holding for times 1, was maintained are
shown later in the respective figures.

After each change of conditions, e.g., potential hold-
ing, the electrode was allowed to return to the repro-
ducible state generated initially as in section (i)
above by repetitive anodic/cathodic cycling [program
(i)] until the initial i vs. V curve, corresponding to
the cyclic-voltammetry profile shown in Fig. 2, was
recovered. This i vs. V profile, under continuous cy-
cling, was exactly reproducible from one experiment to
another and between different Pt electrodes with nor-
malization to the same real area. It was also virtually
identical with the initial anodic and cathodic i vs. V
profile observed when an electrode, precycled in 1M
aq HoSOq4, was transferred to the 98% H,SO4.

Real electrode area.—The real area of the disk Pt
electrode used in most of the experiments was deter-
mined, in the usual way, from the charge for desorp-
tion of the underpotential deposited H layer measured
separately in 0.05m aq H3SO4, using the figure 2.10 C
m~2 for the H monolayer at Pt [cf. (17)]. After sev-
eral days’ experiments in the 98% HySOy, the real area
of the electrode determined by the H accommodation
remained unchanged within 0.5%.

Experiments at Au—In order to establish how spe-
cific the observed HySO4 reduction was to Pt, compara-
tive experiments were carried out on a noble metal
less electrocatalytic than Pt, viz., Au.

Reflectance experiments.—In order to see if chemi-
sorbed intermediate species which arise, as shown later,
in the reduction of HySO4 can be distinguished from
other, e.g.,, surface oxide, species on the electrode,

relative reflectivities (AR/R) I were measured in the
cyclic-voltammetry experiments using the apparatus

and procedures previously described (18).

Results and Discussion

Phenomenology of the effects.—Cyclic-voltammetry
and potential-holding experiments: programs (i) and
(ii1) —The unusual electrochemical reactivity of HoSO4
at Pt arises in the cathodic holding experiments, (iiib).
However, it is first necessary to show the normal be-
havior of a Pt electrode in 98% H>SO4 under condi-
tions where the unusual reactions either do not take
place significantly in the time scale of an anodic/cath-
odic sweep at 25 mV sec—! or at all, if the potential
range in the sweep is adjusted appropriately.

Figure 2a shows the i vs. V profiles for a Pt elec-
trode in 98% H,SO, over the potential range —0.244 to
+ 1210V Ey and with cycling over successively di=-
minished ranges of potential in the anodic (Fig. 3a)
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or cathodic (Fig. 3b) sweeps., These figures define
the general behavior of Pt in the 98% H;SO, without
any further added water. Characteristic regions of
the i vs. V profile are designated by Ia, Ila, Ic, Ilc, etc.,
where “a” and “c” denote anodic and cathodic pro-
cesses, respectively.

Under the above conditions, the observed currents
are predominantly for surface processes since the re-
duced current densities, i/s, ( viz., the apparent pseudo-
capacitance per unit area) are almost constant with
changing sweep rate, s, after a given holding period,
Th,c.

The i vs. V profiles for Pt in 98% HySO4 under the
conditions of Fig. 2 and 3 differ substantially from
those well known (5, 15, 16) for Pt in dilute (~0.05M)
aqueous H2SO4. Principally, no region of underpoten-
tial deposition of H is seen, i.e., before H; is evolved at
the most negative end of a cathodic potential sweep.
This is presumably due to strong adsorption of HySO4
molecules and HSO4~ ions and to the changed nature
of the solvent. The regions Ia, Ila (Fig. 2a) of the
anodic sweep, which are presumably attributable in
the usual way to surface oxidation (since, e.g., the
charge in the reduction peak increases logarithmi-
cally with time of holding at the positive end of the
anodic sweep and the hysteresis between formation
and reduction regions increases with time of anodic
holding), are broad and almost structureless, showing
less well-resolved states than are observed in a dilute
aqueous solution (15, 16) of HaSO4.

An oxide reduction region, which appears to be con-
jugate with the broad surface oxidation region, Ia, IIa,
shows a peak (IIc) and a shoulder (Ic). A similar be-
havior is only resolved in more dilute H,SO, solutions
under special low temperature conditions (19) or with
weakly adsorbed anions, e.g., C10,~. That the currents
in the region Ia,c and IIa,c correspond to surface pro-
cesses is indicated by approximate constancy (to 5%)
of the charges under the curves in experiments con-
ducted at various sweep rates.

Application of the potential holding program (iiia)
at the positive end of an anodic sweep gives the results
shown in Fig. 2b. Only growth of the surface oxide oc-
curs, as indicated by the increasing reduction charges
with time, th,, in the cathodic sweep which increase
logarithmically in th,. This is the normal kind of be-
havior, e.g., as observed (20,21) in dilute solutions at
Pt.

It is under the cathodic holding program (iiib) that
the unusual behavior of H>SO, is observed. When the
potential is held at the negative end of a cathodic
sweep at —0.244V, Ey for various times, the an in-
creasing anodic current appears initially over the sur-
face oxide region in a following anodic sweep (Fig. 4).
With increasing tn., the currents in following anodic
sweeps after the holding period: (a) initially increase
but eventually reach a saturation limit; (b) are in-
dependent of solution mass-transfer rate at a rotated
electrode [see the following section]; also, (¢) a com-
ponent of anodic current in these anodic sweeps ap-
pears at a lower than usual (Fig. 2) anodic potential,
giving a shoulder. IlTa, (Fig. 4), on the anodic i vs. V
profiles after holding for more than 20 sec.

As this shoulder current appears and increases with
increasing tn,, the oxide reduction current profile (Ic,
IIc) diminishes and a new cathodic current peak (IIlc)
appears and progressively increases with increasing
The, €ventually reaching saturation. This behavior is
illustrated in the succession of i vs. V profiles shown
in Fig. 4 for various times of holding.

The dependence of the extra anodic currents which
appear over the oxide formation region and of the new
cathodic currents which appear in the cathodic sweep,
and also of the oxide reduction charges, on time of
cathodic holding, tn,, is shown as integrated charges in
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Fig. 5. There appears to be some induction period in
the formation of whatever species (see later) that gives
rise to the extra cathodic peak in the cathodic sweep
which follows the first anodic sweep after holding.
All the charges derived from integration of the cur-
rents over various regions of the i vs. V profiles cor-
respond, in order of magnitude (see Fig. 5), to values
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oxide reduction region Ic, llc.
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for monolayer processes, suggesting the role of chemi-
sorption in the reactions involved.

If, after the experiment at a series of successively
increasing cathodic holding times, the electrode is
allowed to be freely cycled [cyclic-voltammetry mode
(i) ], the new cathodic peak IIlc gradually diminishes,
the currents over the surface oxidation region diminish,
and the surface oxide reduction region eventually re-
covers to its initial charge and peak currents. As this
recovery takes place (slowly, as shown in Fig. 6), an
isopotential point (22) is observed between the series of
decreasing current peaks at 0.05V for process Illc and
the series of increasing surface oxide reduction cur-
rents Ic and Ilc. This suggests that there is a coupling
between the processes, Ic, IIc, and the reduction pro-
cess, IIlc, probably through adsorption and occupancy
of surface sites on the Pt electrode by two species.

Behavior at the rotated Pt electrode.—If the experi-
ments corresponding to the results shown in Fig. 4
and 6 are performed at a rotating Pt disk electrode
(1000 ~ 3000 rpm), the initial (tp = 0) i vs. V pro-
file shown in Fig. 2a remains unchanged. If, however,
the cathodic holding experiment is carried out under
rotation conditions, the development of the enhanced
anodic and new cathodic currents in following sweeps
(as shown in Fig. 4) is retarded, but eventually, as
e > 90 sec (Fig. 7) the same (saturation) anodic
current profiles are attained as in the static solution
with T, ~ 45 sec (curve for ITa 4 IIla in Fig. 5).
This result suggests that (a) the immediate product of
reduction becomes spun-off into solution, but (see
below) may become re-adsorbed after its formation;
and (b) the primary reduction process involves HoSO4
rather than another species such as H2S:07 (2) at
low concentration, since electrode rotation retards
rather than enhances the reduction process; thus, if the
reduction effects observed in 98% H,SOs were, in
fact, due to a small concentration of electroactive
H»S207, rotation would tend to enhance rather than
diminish the observed reduction effects, due to the
expected facilitation of mass transfer of HyS,07 mo=
lecular to the electrode surface under rotation condi-
tions.

An experiment in which the cathodic holding is
conducted at a stationary Pt disk electrode, but the

"Potential {

Fig. 6. “Recovery” of initial cyclic-voltammetry i vs. V profile
[Fig. 3(a)] after a series of 25 repetitive potential sweeps at 70
mV sec—1, following a period th, of holding the potential at
—0.244V Ey. Time scale of the succession of the 25 curves is de-
termined by the sweep rate of 70 mV sec—! and the potential
range of 1.54V.
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Fig. 7. Cyclic-voltammetry i vs. V profiles for a Pt disk electrode
in 98% H2504 at 70 mV sec—! after 0 and 90 sec cathodic hold-
ing, with (“rot”) and without (“stat”) electrode rotation at 3000
rpm. Current-density profiles in regions llla, lla are independent
of electrode rotation.

following anodic sweep is taken with or without ro-
tation at 3000 rpm, shows (Fig. 7) that the profiles
of the extra anodic currents that pass at the rotated
electrode on the anodic sweep immediately following
the reduction during the time tn., are identical with
those observed at the stationary electrode under other-
wise the same conditions. This suggests that, although
the immediate product (say “X”) of reduction in the
cathodic holding experiment may be a species weakly
adsorbed and hence able to be spun away into solu-
tion (as indicated by the result referred to in the
previous paragraph), eventually a strongly bound
species (say “Y”) becomes, and remains, chemisorbed
up to a saturation limit (Fig. 4 and 5) at the Pt elec-
trode during the subsequent anodic sweep.

If, however, after cathodic holding for 80 sec with-
out rotation, free potential cycling is allowed to occur
as in Fig. 6, but now with electrode rotation, the
cathodic peak currents marked IIIc and the extra
anodic currents (marked IIla and ITa) which overlap
with the original surface oxide formation region
Ia 4 IIa, rapidly decay (as shown in Fig. 7) almost
to the level of currents in the initial i vs. V profile (cf.
Fig. 1a) without holding. This shows that while the
species (Y, say) which originates from the species X
produced in the cathodic holding treatment is a chemi-
sorbed species, it can, however, following oxidation
on the surface in processes Ia 4 Ila 4 IIla (Fig. 4),
be spun away into the bulk solution after reduction
and slow desorption in the next cathodic sweep, so
that currents in subsequent cathodic and anodic sweeps
progressively diminish; Y itself and its products of
oxidation in IITa and Ila are bound species unaffected
by mass-transfer conditions (Fig. 7).

The reduction process in IIlc appears to be associ-
ated with a species that arises from IIc and is loosely
bound on the surface since electrode rotation elimi-
nates most of the reduction current in this region al-
most from its commencement in the IIlc region (Fig.
7), yet the remainder of the anodic and cathodic
i vs. V profile is independent of rotation, e.g., after
the = 90 sec. However, under successive cycling con-
ditions (Fig. 6) after ty,. = 90 sec with no rotation, it
then takes ca. 20 cycles (ca. 400 sec) for the peak
current at IIlc to decay to the level in Fig. 7 after 1
cycle with rotation, so that the species being reduced
at the surface in IIIc remains in some loose attachment
to the Pt sufficient for reoxidation immediately in the
following anodic sweep with little loss of the level
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of currents over the regions Illa, and Ia (Fig. 4).
(Possibly a polymeric form of S or a polysulfide is
involved.) The latter result indicates clearly that
the species generated at the end of the cathodic sweep
through the Illc region (e.g., the top curve, Fig. 6) is
the same as that formed in the initial holding period
for w,c sec.

Possible mechanism of the effects: elucidation by
chemical simulation experiments.—The results of Fig.
4, 5, and 6 suggest that a product, X, derived from
the sulfuric acid is first formed by reduction near the
Hy/H+ steady potential. Some of X, probably in a
further reduced chemisorbed state Y (see below),
then becomes oxidized to a species Y, in the following
anodic sweep. The reduction of HaSO4 to form detect-
able X and Y, as indicated by its subsequent oxidation
to Y, and the following reduction of Y, in the next
cathodic sweep, is quite slow, requiring ca. 20 sec for
formation of a detectable adsorbed intermediate at
298 K.

In the next cathodic sweep, following formation of
Y, by oxidation of Y derived from X, Y, is reduced to
a species “Z”, giving (Fig. 4) the substantial peak
IIlc on the cathodic i vs. V profile near the Hy/H+
potential. The reduction current giving Z depends on
how much X, and hence Y (and thus Y, from Y), were
produced in the cathodic holding.

The observation of the reduction peak IIlc pro-
ducing Z, after oxidation of X and Y to Y, species in
the previous anodic sweep, means that the process of
oxidation of X or Y is not re-formation of HsSO4 or
H,SO4— ion (i.e., Y, is not one of these species) since
H>S04 (or HSO4™) itself is not rapidly reduced in a
single cathodic sweep, as follows from the behavior
in Fig. 2, and from the fact that the primary reduc-
tion process which takes place during cathodic hold-
ing is quite slow.

Consideration of the chemistry of 98% H.SO, sug-
gests that the first reduction product X is likely to
be SO; or HSOs~ produced either from H;SO4 mole-
cules or any dissolved SO; present [cf. Ref. (6)].
However, the latter possibility is quite unlikely since
the concentration of SOg in 98% H2SO4; (ca. 1M in
H;0) is known to be vanishingly small (2). The effects
are unlikely to be due to other adventitious impurities
since we have found previously (16) with this B.D.H.
acid, and in the present work, that its solutions in
pyrodistilled water give excellent cyclic voltammo-
grams for Pt without any impurity problems. This is
also indicated by the behavior of Au (see later) in
this acid.

Since only monolayer magnitudes of intermediates
in the HySO4 reduction are produced in the experi-
ments (e.g., see Fig. 5), direct chemical analyses and
characterizations were not feasible, especially in ex-
cess of 98% H,SO;. However, chemical simulations of
the behavior of several likely intermediates, by addi-
tion of known sulfur compounds in trace amounts,
were found to be profitable for the purpose of indicat-
ing some of the initial processes that take place.

First. in order to test the possibility that X is SO,
(or HSO;—), a small amount of SO, was added (as
SO;32~ in a crystal of NasSO;) to the 98% HySO4 in
which the potential of the Pt electrode was being
cycled as in Fig. 2a (full potential range). Immedi-
ately the characteristics of Fig. 4 were developed. in-
cluding quantitatively the finer details. Therefore,
the initial reduction of HySO4 is evidently to SO2 or
HSO3~. However, it is known [e.g., Ref. (7)1 that
SO, itself can be reduced at Pt to sulfur species in
lower oxidation states, e.g., HoS or S. This could ex-
plain the initial effects of electrode rotation in the
cathodic holding experiment; thus, SO; (X) is first
produced and some can be spun away, but some more
strongly bound reduced species Y, such as one-site
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and two-site chemisorbed S and corresponding SO
species (7, 8) are eventually built up on the surface
from the SO; and give rise the anodic saturation

HzSO4 or SO:;P
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(23): 2S032= - S3062— + 2e. This suggests an alter-
native pathway for the reduction and reoxidation
processes observed in 98% HzSO4 at Pt, as follows:

Anodic sweep (not the principal anodic reoxidation process
since no peak can be given on a following cathodic sweep for
such a process)

Anodic sweep (currents independent of rotation)

>S,062~ Y,

Cathodic sweep (peak IIIc)

Cathodic (slow)
holding \
(‘?h,c) :'I

X SO; or HSO3~
Rotation

currents for partial reoxidation of these species in
regions Ila + IIla (Fig. 4, 5, and 7) when 1y, is suf-
ficiently long (90 sec). The subsequent oxidation of
these strongly bound species, or of the SO; initially
produced, in the anodic sweep following the time tn,
cannot be back to HoSO4 or SOs, otherwise no further
facile reduction of Y, to Z in the next cathodic sweep
would be observed, as we mentioned earlier.

There is some induction time in the development of
the species (Y) that is oxidized in the anodic sweeps
after cathodic holding and after this induction time
an extra anodic current shoulder (IIla) appears on
the anodic sweep. It is when this shoulder is developed
that the re-reduction peak, IIlc, on the subsequent
cathodic sweep is developed (Fig. 4). The efficiency
of the production of Y and Y, from X depends on the
mass-transport conditions and these determine the
induction time.

The chemistry of the oxy- and thio-oxy-acids of sul-
fur is very complex (23) and a number of possibilities
exists for the identity of the species Y and Y, Gen-
erally speaking, there are two types of species that
may be involved: (a) thio-oxy-acid or anion species
that may be produced in an adsorbed state on the
electrode, but correspond stoichiometrically to known
molecules or ions; or (b) chemisorbed species, not
necessarily known molecules, derived from reduction
of SO; (produced initially from the HySO4) and from
the reoxidation of these species on the electrode sur=-
face, e.g., Ref. (7, 8). First, we shall deal with possi-
bilities of type (a).

The experiment with added SO; as SOs2— gives the
unambiguous conclusion that the initial product (X)
of electrochemical reduction of HoSO4 at Pt is SOz or
HSO;3;~. Products of further reduction could be di-
thionite (X’, see below), and of subsequent reoxida-
tion in the following anodic sweep, they could be SOs
(or HSO3~) or dithionate (S3042~), or the corre-
sponding acids or acid anions. Sulfoxylate or sulfoxylic
acid, S(OH)3», is unlikely to be the species Y, as the
S in this compound is in a lower valence state than
that of S in SO, or HSO3~ and is very unstable (23).

A first possibility for consideration is that, initially,
after short periods of cathodic holding, SO can, in
fact, be to some extent reoxidized back to H2SO4 (or
SO3) in an anodic sweep, but, during longer times of
reduction, tn,, SOz can be reduced further to dithio-
nite ion, S;042—. This could be then reoxidized on the
following anodic sweep to the species Y, that can be
re-reduced in the cathodic peak IIIc. Thus Y, would
be SOz and Z S;042~ again.

A chemical simulation experiment with addition of
dithionite (as NaySp04) was unproductive as the
S2042~, or the corresponding acid, is immediately
decomposed by 98% H2SO4 to SOg, and some H,S and
colloidal S. Only the characteristics of added SO; are
observed. S;042~ appears therefore to be too unstable
to be a likely intermediate giving rise to Y as SO,.

The electrolytic oxidation of SOz or SO32— to di-
thionate, however, is reported in the early literature

_________________ > Some spin off into bulk solution on repetitive recycling

Here it is supposed that the species Y, (which can-
not be HySO4 or SO3) is S2062—, formed in the anodic
sweep over regions Ia and IIa from X (SO; or HSO3~),
and that S;062~ can be reduced with facility back to
SO, or HSO3~ in the cathodic sweep (peak IIlc), fol-
lowing its formation from SO; or HSO3™.

A further simulation experiment was performed in
which S;062— (as the Na* salt) was added at the be-
ginning of the surface oxidation region (Ia) in an
anodic sweep. No enhancement of anodic currents is
observed under these conditions, but on the following
cathodic sweep, the cathodic current peak IIlc near
the H, reference potential is observed, as in the ex-
periments with slow reduction of the HoSO4 (Fig. 4)
in the absence of an added compound. A subsequent
anodic/cathodic cycle gave a substantial increase in
this cathodic peak; the behavior of added S;0¢2- is
illustrated in Fig. 8.

These observations are consistent with Y, being an
adsorbed form of Sp0¢2— (or HS30s~ or dithionic
acid) since if Y, is S2062~ and it is added at the be-
ginning of the surface oxidation region, no extra
anodic currents should be observed; this is as found.
Moreover, if Y, is S20¢2— formed from the SOz or
HSO3;~ produced in the reduction experiments in
H,S0y4, then it could be reduced back to SO; or HSO3—
(or some other species such as HpS) in the cathodic
peak sweep (peak IIlc); this is observed in the simu-
lation experiment (Fig. 8).

Fig. 8. Cyclic-voltammograms at 70 mV sec—! for Pt in 98%
H2S04 with dithionate added on the anodic sweep at 0.48V Ey-
Curve 1, initial anodic sweep i vs. V profilz without holding and
without addition of S30g2—. Curve 2 (beyond 0.48V), after addi-
tion of 10~ mol S2052— (no change). Curves 3, 4, 5 i vs. V pro-
files for successive potential sweeps after completion of 1, 2 follow-
ing addition of the dithionate.
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It should be noted that most of the thio-oxy-acids
of S, and their anions, are unstable in acid medium but
S2062~ is known to be the least unstable (23). It does,
however, decompose in HpSO; with evolution of SOs,
as was observed in the present experiments. Since this
SO; could form Y, on the anodic sweep, whatever Y,
is, another simulation experiment was carried out
by cycling the electrode only over the potential range
up to the onset of surface oxidation (0.48V) (Fig. 8),
i.e., over the range where Y, could be reduced on a fol-
lowing cathodic sweep, but where no oxidation peaks
for any species such as SOz formed from some decom-
position of added S;0¢2~ would be observed. S;0g2~
was added and again gave, under these conditions, a
reduction peak on the cathodic cycle, similar to that
observed in the experiments on reduction of HySO4 or
with added SOz or HSO3~.

These results suggest that the intermediate Y, could
be S:0¢2~ (or HS;0¢~ or dithionic acid) or, more
likely, S2062~ in an adsorbed state. We next consider
(b), chemisorbed species.

Possible chemisorbed species.—Not all the features
of the reduction behavior of HoSO4 can be accounted
for simply in terms of plausible, “stable” chemical
intermediates such as dithionite or dithionate species,
even if they are chemisorbed. It has already been
mentioned that the lack of an effect of electrode ro-
tation rate on the anodic i vs. V profile observed after
reduction of the HySO4 to SO, for times tn, indicates
that a species in a chemisorbed state is derived from
SO:; (X) and saturation coverage can be attained as
measured by the subsequent oxidation current profile
(Illa + IIa). This opens up a number of possibilities
for the identity of species Y, or Z, other than in
terms of known chemical intermediates of the kind
considered above.

Some insight into the nature of the chemisorbed
species that evidently might be involved in the re-
duction of H»SO4 can be gg/ined from the work of
Lal et al. (7-10) and of Loucka (11-13) who studied
chemisorbed S-containing species at Pt, derived from
HpS and SO; in aqueous medium. Both Loucka (11,
13) and Lal et al. (7, 8) concluded that an oxygenated
S species arose in chemisorption from either SO; or
HS solutions (9) at Pt when the Pt surface was sub-
jected to an anodic sweep. Bridged and linear “Pt-S-0”
species (valencies and bonding not defined) were pro-
posed, based on cyclic-voltammetry experiments on
0.5M aq HySO4 solutions containing SO, and H,S.
Doubly and singly bound S and S species produced
in successive reduction stages from SO, were also
postulated. Species such as “Pt-S-O” would be quali-
tatively consistent with the observation that the re-
duction peaks in the “surface oxide” region, observed
in the present work, are related in some coupled way
to the reduction process Illc nearer the H region, as
indicated by the isopotential point (Fig. 6). When
the species X and some derived oxidized form Y, is
produced on the electrode, the bound surface oxide
reduction charge on the following cathodic sweep is
diminished, but the charge associated with the “re-
reduction” process at IIlc is increased. The process
IIIc can evidently produce a product which is desorbed
as indicated by the experiments at a rotated electrode
(Fig. 7). This product is unlikely to be regenerated
SO; since the results show that at potentials near the
cathodic side of the peak IIlc, SO is strongly adsorbed.
Possibly the step IIlc involves reduction of the previ-
ously adsorbed species to HS. At the moment the
nature of the various chemisorbed species remains
speculative.

An attempt was made by means of relative reflec-
tivity measurements to distinguish qualitatively be-
tween the surface oxide species generated in the re-
gions Ia, Ila, and the species associated with the extra
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currents observed in this region and IIla (Fig. 4) after
cathodic holding. Thus the surface oxide monolayer
formed at Pt normally gives an increasingly negative
(AR/R) I signal with increasing positive potential,
Figure 9 shows how (AR/R)
anodic and cathodic sweeps following cathodic holding.
The potential range is the same as that in Fig. 4, so
that both the regions where extra anodic currents
pass in IIla, 4+ Ia + Ila, and the region where the
cathodic peak IIlc arises are covered in this diagram.

Figure 9 shows that the general shape of the

(AR/R) i vs. V relations remains the same while the
chemisorbed reactive species produced on cathodic

holding is removed by successive anodic/cathodic
cycling, but the intensity of the (AR/R)  signal falls

as less of the species remains on the electrode. In the
anodic direction, the reflectivity features of surface
oxidation are not lost despite the development of extra
oxidation charge (~ 4.20 C m~2, Fig. §) over the
surface oxide formation region. This suggests [cf. Ref.
(7, 8, 11, 13)] that the adsorbed species generated by
cathodic holding and oxidized in the following sweep,
is in a state intimately connected with the develop-
ment of the surface oxide film as we have implied
earlier in discussing the cyclic voltammograms and
the isopotential point observed therein.

Relation to surface oxide formation and reduction.—
The diminution of the surface oxide reduction peak
as larger extents of reduction of HsSO4 are allowed
to take place (Fig. 4) during cathodic holding, prob-
ably arises because the surface oxide participates,
during the anodic sweep after holding, in the oxidation
of SO, or of a reduced and/or chemisorbed (7-13, 24)
form, to S»062~ or to other adsorbed species such as
-S-0 (9), so that less oxide is formed during the
time of that anodic sweep. The experiment where
cathodic holding was carried out at the stationary and

varies with potential in

I NOISE LEVEL

—— 4-( -
ANODIC SWEEP | CATHODIC SWEEP

o
=]
% | 1 L | 1 L s L
- 0.02 0.42 0.82 1.22 0.82 042 0.02
e POTENTIAL(Y, E)
o
S -
-~ I NOISE LEVEL (20 SWEEPS)
o
H REGION
-1.66+ D-L REGION
-3.32
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OXIDE I
REQUCTION
L 1 | | " 1 L 1
0.02 042 0.82 122 082 042 0.02
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Fig. 9. Relative reflectivity (AR/R)  profiles for Pt in 98%

H2SO4 as a function of potential (sweep rate 70 mV sec—1, 298 K)
at Pt in the presence of the adsorbed species generated by cathodic
holding for 60 sec and in its absence during a repetitive sweep or
during its decline after holding. Designations as in Fig. 2(a). Curve
1, behavior on repetitive cycling, as in Fig. 2(a); curve 2, after 60
szc holding at cathodic end of sweep, one cycle; curve 3, third cy-
cle after the 60 sec cathodic holding; lower curve for 0.1M aq
H»S04 for comparison.
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rotated electrode, showing that rotation had no effect
on anodic currents observed on the subsequent anodic
sweep, implies that S;0¢2~ or S-O-species are being
formed in an adsorbed state, thus competing with
formation of some of the surface oxide that would
otherwise have been produced on the anodic sweep
as in Fig. 2 without any reduction of HpSO4. The com-
plete absence of an observable upd region for H at
Pt (Fig. 2a) indicates that strong adsorption of H2SO4
molecules and/or HSO4~ ions is occurring as well.

The conclusions concerning S;0¢2~ or S-O-adsorp-
tion are supported by the behavior observed when the
potential is held constant for some time at the end of
the anodic sweep, following slow reduction of HoSO4
during cathodic holding: then a normal quantity (cf.
Fig. 2) of surface oxide becomes again observable, It
was also concluded by Geronov et al. (25), that re-
duction of SO, at Pt, in this case in CH;CN, leads to
formation of an adsorbed species that rapidly trans-
forms into a passivating film of dithionate (sic; prob-
ably dithionite in their case).

Role of water.—Following the work described above
in “98%” H2SO4, some experiments were performed
with controlled additions of water to give concentra-
tions of 0.275, 0.55, and 1.10M of added HyO in the
98% H2SO4. As shown in the series of i vs. V profiles
in Fig. 10, addition of water allows some upd of H
to arise before significant H; evolution currents ap-
pear. Also, in the presence of added water, cathodic
holding, followed by an anodic cathodic sweep, pro-
duces less of the reduced and reoxidizable species as
the water content is increased. Eventually normal be-
havior of an aqueous H»SO, solution is recognized
where reduction effects are insignificant.

Since, with relatively small additions of water, the
reduction reaction is considerably diminished, yet the
concentration of HoSOy is still ca. 17M, this behavior
suggests that the reduction to SO, and another inter-
mediate does not take place from molecular HySO4 but
possibly from the small concentration? of HyS»,07 that
is present at equilibrium with H>SO4 molecules (2).
The added water of course, even at the highest con-
centration of 1.1IM could only produce 1.IM of extra
H;0+ and HSO,~ ions, i.e., ca. 58 mol percent, so
that most of the H,SO4 remains as un-ionized mole-
cules,

Behavior at Au.—In order to examine if the reduc-
tion of HeSO4, or HeS»0; contained in it, is a simple
electron-transfer process or one requiring chemisorp-
tion and electrocatalysis, the behavior of a gold elec-
trode in 98% H»SO; was examined comparatively.
An excellent cyclic-voltammetry profile is obtained
at Au, with no evidence of impurity effects [cf. Ref.
(5, 16)], confirming the high degree of purity of
B.D.H. Aristar HySO;. The general features of this
curve for Au are similar to those for Au in aqueous
H»S0,. Cathodic holding for up to 2 min at the same
potential as at Pt revealed absolutely no indication of
any reduction of the H»SO4. The subsequent anodic
and cathodic sweeps were identical with those under
repetitive cycling conditions. Under the same condi-
tions as at Pt, addition of SO, (as SO32~) also gave no
reaction currents, either in anodic or cathodic sweeps.
This is contrary to what has been found in aqueous
solutions (24) and the absence of such an effect here
must be attributed presumably to the strong adsorp-
tion of HoSO4 [cf. Ref. (5)]1 at Au and the different
effective cathodic range of potentials therefore in-
volved. Adsorption and reactivity of S (as S2~) at Au
are also known (26).

It is therefore to be concluded that the reaction of
H,SO; reduction observed at Pt is associated with the

2However, the rotation experiments mentioned on p. 2265 on
behavior at the rotated Pt electrode would not support this con-

clusion unless the rotation effect is more conneced with spin-off
of SO:, restricting further reduction and/or chemisorption to Y.

H,SO; REACTIVITY 2269
ok
; (a)
20 18.7 M HpS04 (conc.)
17.5M HyS0,
1o © 16.85M HyS04
2
Potential (V,Ey)

ix10% (A em?)

Fig. 10. Cyclic-voltammetry i vs. V profiles for Pt in 98% H2S04
with small additions of extra water. Sweep rate 58 mV sec—1;
298 K. (a) Anodic/cathodic cyclic-voltammograms without cathodic
holding. (b) Behavior after cathodic holding for 20 sec or, sepa-
rately, anodic holding for 20 sec. Concentrations of H2SO4, after
additions of water, as indicated.

catalytic and adsorptive properties of this metal and
that HoSO4, or H»S:07 is not easily reduced in an
electron-transfer process not involving chemisorption
and electrocatalysis.

Conclusions

98% H,SO; can be reduced at Pt electrodes near
the steady potential of a hydrogen electrode in the
same solution. Chemical simulation experiments dem-
onstrate that the identity of the initial product of the
observed slow reduction of HaSO4 is SOz or HSO3~. A
chemisorbed species derived from SO; is oxidized in a
following anodic sweep not back to HaSO4 or SO; but
to an adsorbed intermediate Y, that is reduced back to
a species that is relatively easily desorbed into solution
at the end of a subsequent sweep near the Hp/H*
steady potential. Simulation experiments show that it is
possible that the species (Y,) derived from SO; is di-
thionate or dithionic acid, probably stabilized in some
state by adsorption at the Pt electrode. It is most likely
that chemisorbed intermediates, derived from SOz, or
from the added S;0¢2~, which are not normal stable
compounds, are involved.

No reduction of 98% H.SO4 or electroactivity of
SO, (or HSO3~) is observed at Au under the same
conditions as at Pt. By comparison, therefore, the
observation of reactions which take place at Pt indi-
cate that an electrode surface, where electrosorption
and electrocatalysis can occur, is required for the ini-
tial stage of reduction of H2SO4 to SOs.
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Reactions of Scratched Copper Electrodes in
Aqueous Solutions

G. T. Burstein* and R. C. Newman!
Department of Metallurgy and Materials Science, University of Cambridge, Cambridge CB2 3QZ, England

ABSTRACT

The behavior of copper electrodes scratched under potential control in
aqueous electrolytes is presented. In alkaline solution the metal surface shows
the presence of two distinct types of oxidized monolayer, ascribed to CuOH
and CusO, each formed over a unique potential range well below the revers-
ible potential for bulk CuyO formation. The CusO monolayer is a necessary
precursor to passivation of the metal, and in sulfuric acid solution only the
CuOH monolayer is observed. This monolayer acts as an intermediate laver in
both the dissolution and passivation processes and probably also exists during
steady-state hydrogen evolution. Addition of ammonia to alkaline electrolytes
modifies the CuOH monolayer, probably by incorporation of NHs, rendering

formation of Cuz0O more difficult.

Determination of the kinetics of reaction between
scratched metal electrodes and aqueous electrolytes
gives quantitative information on fast electron transfer
steps (1-6). The scratched iron electrode (1) reacts
very rapidly to form an Fe(I) species adsorbed to com-
plete coverage to the metal surface. Given the nominal
composition of FeOH, this monolayer is affected by
some anions in the electrolyte such as C1— and HsPO4~
(2). Silver has been shown to react anodically with
the formation of single adsorbed monolayers of AgOH
and Agy0 (3, 4). These monolayers are formed at po-
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1 Present address: Brookhaven National Laboratory, Upton, New
York 11973.

Key words: covper anode, copper polarization, scraped copper,
underpotential monolayers.

tentials well below the reversible potential for bulk
Ag,0 formation and the behavior is in complete accord
with results obtained from fast potential sweeping and
potential pulsing experiments on polished silver sur-
faces (3). Thus, at least in the case of silver, these
underpotential reactions are not uniquely a property
of the heavily cold-worked scratch surface. Further,
at pH 14, scratched silver shows a small potential
range in which no oxidation reaction occurs: Under
these conditions it is possible to determine the zero
charge potential of the unreacted metal surface (3,7).

The fast electron transfer reactions that occur from
scratched surfaces have been used to interpret the
rate of stress-corrosion cracking in some systems (5,
6, 8). The relevance of bare surface reaction kinetics
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to mechanically assisted corrosion processes such as
stress-corrosion cracking and corrosion fatigue has
prompted investigation of dissolution and passivation
processes on dynamically strained wire electrodes (9);
however, the ill-defined rate of bare surface genera-
tion in this type of experiment renders difficult the
quantification of this type of result.

The ohmic potential drop to potentiostatically con-
trolled scratched electrodes in relatively resistive solu-
tions has been calculated (10): This type of calcula-
tion is necessary because of the very large current den-
sities that flow from the freshly generated metal sur-
face. It is worthy of note that when pure copper is
scratched in solutions containing NOz~ in open circuit,
reduction of the anion to NH; occurs (11, 12).

In the present paper we examine the behavior of
potentiostatically controlled scratched copper elec-
trodes and describe the effects of ammonia on the re-
actions that occur.

Experimental

Rotating disk electrodes (8 mm diam) were pre-
pared from pure Cu (Johnson-Matthey, 99.998%) by
mounting into Perspex and sealing with Araldite, The
technique used to scratch potentiostatically controlled
rotating disk electrode was described previously (1-6).
The diamond stylus tracked with a weight of ~2g,
creating a shallow scratch ~3 um deep and 40 xm wide
at a rotation rate of 100 Hz and a linear scratching
velocity of ~2 msec—1. The contact times of the stylus
varied from 0.2 to ~1 msec. By using the slope of the
rising current transient during the actual scratching
process to calculate the bare surface current density is
the resulting value is independent of the contact time
of the stylus and also independent of any small ir-
regularities occurring in the scratch width. Thus

- 1 dI
iy = _—
2nrey dt

where dI is the change in current on the electrode in
time dt due to scratching, r is the distance of the
scratch from the center of rotation, « is the rotation
rate of the disk, and y the scratch width. The maxi-
mum scratch depth is small compared with its width
and is thus ignored. The total charge density qq re-
quired to bring the scratch back to a steady state was
also measured; this was calculated from the total area
under the current transient, and is given by

1 J‘-
=——1 1Idt
e 2nreyte Yo

where t. is the contact time of the stylus. The quantity
2nrwyte. is the area of the scratch surface, Where re-
equilibration of the scratch surface took longer than
5 msec, the g5 values quoted are for 5 msec after initial
contact of the stylus.

The potential of the working electrode was measured
relative to a saturated calomel electrode via a Luggin
capillary probe positioned ~40 mm below the working
electrode. All potentials are presented relative to the
normal hydrogen electrode and have been corrected
for the liquid junction potential between the working
and reference electrolytes, Corrections have also been
made for the chmic potential drop in the electrolyte
due to the current from the scratch using calculations
and measurements of the resistance to flow of current
to narrow strip electrodes (10).

The counterelectrode was a circular platinum foil,
30 mm diam, containing a small concentric hole through
which the Luggin capillary probe emerged. Electro-
lytes were prepared from analytical grade reagents
and doubly distilled water and were purged with de-
oxygenated nitrogen before and during experiments.
Ammoniacal electrolytes were made up to a constant
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concentration of (NH; + NHi*) at 1.0M, the latter
being added as (NHj)2 SO4s Where necessary NasSOy
was added as supporting electrolyte to give approxi-
mately constant ionic strength. Measurements were
made at a temperature of 293 = 2 K. Potentials were
controlled with a Wenking potentiostat (Type OPA
69). Current transients were recorded in a transient
recorder (Datalab Type DL 905) and displayed on an
oscilloscope or chart recorder.

Results

Bare surface polarization curves and charge density
curves for copper in 1.0M KOH are shown in Fig. 1.
The anodic reaction is accelerated by orders of mag-
nitude at all potentials above —900 mV (NHE) when
compared with the steady-state current densities ip
(also shown in Fig. 1). At potentials more negative
than —900 mV (NHE) the cathodic reaction, repre-
senting the evolution of hydrogen, is also greatly ac-
celerated. Both anodic and cathodic branches of the
bare surface polarization curves do indeed represent
electron transfer reactions and are not accounted for
by non-faradaic double layer charging processes, since
the bare surface charge densities, qs, are too large at
all potentials to represent the latter process. Only in
the region of the bare surface mixed potential Ens, at
Ens = 25 mV, does gs fall below 100 xC cm~2, ac=
counted for quite clearly by the fact that the anodic
and cathodic reactions occur at comparable rates over
this small range.

Anodic current density plateaus occur between —800
and —550 mV (NHE) and between —500 and —350
mV (NHE). These correspond to plateaus in charge
density qs, at 145 = 26 and 378 =+ 58 xC cm™—2, respec-
tively; although the latter is rather poorly defined it
is in quantitative agreement with that found for the
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Fig. 1. Bare surface electrochemistry of copper in 1.0M KOH.
(a) is. (b) qs after complete re-equilibration (@), or 5 msec after
first stylus contact (M). (c) iy obtained from potential sweeping at
10 mV sec—1. Broken line denotes is corrected for ohmic drop (10).
Black points anodic; white points cathodic. @ = 100 Hz.
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silver electrode in the same electrolyte (3) (see be-
low). Between —120 and +80 mV (NHE) is decreases
with increase in E. This potential range corresponds
to a rise in the steady-state current density i,, where
copper dissolves anodically to give CuO;2~ in solution
prior to passivation of the metal by CuO. It should be
noted that during this process gs increases continu-
ously. The maximum anodic current density observed
on the scratch surface is 8 A cm~2 Typical current
transients obtained at different potentials in 1.0M KOH
are shown in Fig, 2.

Further bare surface polarization curves measured
in nonammoniacal electrolytes are shown in Fig. 3-5.
In 1.0M HySO4 the maximum anodic current density, is,
is 1 A em~2, and ¢qs shows a maximum at 208 * 58
#C cm~2 covering the long potential range —250 to
+250 mV (NHE). The second plateau in is; and qs does
not occur in this electrolyte. Figures 4 and 5 also show
plateau anodic charge densities in borate solutions.

Results obtained for ammoniacal electrolytes at
three pH values are shown in Fig. 6-8. The diagrams
show regions in which both is and g are independent
of E. Regions of potential are also shown where is de-
creases with increase in E, although there is no parallel
decrease in qs. The potential range over which the
latter effect occurs commences with the onset of
anodic activity of the electrode as a whole, as can be
seen by inspecting the appropriate values of i, in Fig.
6-8. These features of the bare surface polarization
curves are discussed below.

The bare surface mixed potentials Ens are plotted
in Fig. 9 as a function of pH, together with the re-
versible potentials for stable equilibrium reactions
given by Pourbaix (13) for copper in noncomplexing
solutions. Solution species are plotted at a concentra-
tion of 10—6M. The values of Ens, which represent po-
tentials at which the rates of oxidation of copper and
reduction of hydrogen on the scratch are equal, all
lie well below the thermodynamic equilibrium po-
tentials. The anodic reactions on the scratch are thus

- a
-50
+50
b
200
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=
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3
r 500
_/\ ] d
2000
1000
e
! . . . .

1 2 3 4 5
t.ms (TIME FROM FIRST DIAMOND CONTACT)

Fig. 2. Current transients obtained from scratching copper in
1.0M KOH at the following potentials in mV (NHE): (a) —1060,
(b) —760, (c) —385, (d) +65, (e) +540.
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Fig. 3. Bare surface electrochemistry of copper in 1.0M H2SO..
(a) is. (b) gs. (c) ib. Broken line denotes is corrected for ohmic
drop (10). Black points anodic; white points cathodic. w = 100 Hz.

occurring at an underpotential compared with the
equilibrium potentials for bulk reactions. In the non-
ammoniacal electrolytes two regions of pH dependence
occur: For pH < 8, dEns/0pH = —57 mV, while for
PH > 11 the bare surface mixed potential is indepen-
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-800 -400 0 400
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Fig. 4. Bare surface electrochemistry of copper in 0.5M Na»SO4
+ 0.05M (H3BO3 + NazB4O7), pH = 7.3. (a) is .(b) gs after
complete re-equilibration (@), or 5 msec after first stylus contact
(m). (c) ip. Broken line denotes is corrected for ohmic drop (10).
Black points anodic; white points cathodic. w = 100 Hz.
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Fig. 5. Bare surface electrochemistry of copper in 0.5M K2B407,
pH = 9.8. (a) is. (b) gs after complete re-equilibration (@) or 5
msec after first stylus contact (M). (c) in. Broken line denotes is
corrected for ohmic drop (10). Black points anodic; white points
cathodic. w = 100 Hz.
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Fig. 6. Bare surface electrochemistry of copper in 1.0M (NH; +
NH4*), pH = 7.25. (a) is. (b) gs after complete re-equilibration
(@) or 5 msec after first stylus contact (M). (c) ip. Broken line
denotes is corrected for ohmic drop (10). Black points anodic; white
points cathodic. w = 100 Hz.
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Fig. 7. Bare surface electrochemistry of copper in 1.0M (NH3 +
NH4t), pH = 9.5. (a) is. (b) gs after complete re-equilibration
(@) or 5 msec after first stylus contact (M). (c) in. Broken line
denotes is corrected for ohmic drop (10). Black points anodic; white
points cathodic. @ = 100 Hz.
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Fig. 8. Bare surface electrochemistry of copper in 1.0M NH3 4-
0.5M Na2804, pH = 11.6 (a) is. (b) gs after complete re-equilibra-
tion (@) or 5 msec after first stylus contact (M). (c) ib. Broken
line denotes is corrected for ohmic drop (10). Black points anodic;
white points cathodic. w = 100 Hz.

dent of pH. In ammoniacal electrolytes the values of
Ens are more positive and give for pH < 10. §Ens/dpH
= 137 mV, but this also tends toward pH independence
at high pH.
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Fig. 9. Bare surface mixed potential Exs of copper as a function
of pH. Black points from nonammoniacal electrolytes; white points
from ammoniacal electrolytes containing 1.0M (NHz; 4 NHyt).
(M) from an acetate buffer solution containing 0.5M HOAc -
0.5M NaOAc. Also shown are the following equilibrium lines from
Pourbaix (13): (a) Cu = Cu2* 4 2e— with (Cu2t) = 10~6M,
(b) 2Cu + H20 = Cu0 + 2H+ + 2e~.

Discussion

Nonammoniacal electrolytes—In a previous paper
we showed that the current and charge densities passed
on scratched silver surfaces in 1.0M KOH were not
significantly different from those obtained by po-
tential pulsing or rapid potential sweeping experi-
ments on unscratched silver surfaces. Two different
adsorbed oxidized monolayers, designated AgOH and
Ag,0, were proposed to account for anodic charge den-
sities of ~150 and ~300 uC cm~2, respectively, ob-
tained by all three techniques; these monolayers were
shown to exist over two consecutive potential ranges,
both well below the potentials at which anodic activity
of the metal is expected (13). The fact that all three
techniques showed similar behavior indicates that
these observations are not influenced significantly by
the highly defective nature of the surface produced by
scratching. Figure 1 shows that copper behaves in a
very similar way when scratched in 1.0M KOH, with
two distinguishable plateaus in the anodic qs vs. E
curve (145 and 378 wC cm~—2, respectively) at low po-
tentials. It is not possible to compare these results ob-
tained on scratched copper directly with those obtained
from rapid potential sweeping or potential puls-
ing experiments owing to interference from the hydro-
gen electrode reaction. Thus no zero charge poten-
tial is observed for scratched copper [as was obtained
for silver (3)] owing either to formation of adsorbed
hydrogen or oxidation of Cu, or both, at all potentials
around the bare surface mixed potential, The two pla-
teau charge densities in the anodic region are ascribed
to formation of single adsorbed monolayers of CuOH
and Cu»O, respectively. One would expect a monolayer
of CusO to contain approximately twice as many Cut
ions per unit area as CuOH, in line with comparisons of
other oxide-hydroxide molar density ratios. Both of
these monolayers occur at potentials well below the
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equilibrium potentials required for multilayer oxide
formation (13).

The full sequence of reactions exhibited by the
scratched Cu electrode in 1.0M KOH is given in Table
I. At —350 mV (NHE) gs rises above 378 uC cm~2,
representing growth of a multilayer film of Cuz0, in
full agreement with the value of E, = —356 mV
(NHE) (13). Dissolution as CuO2— also occurs and
this contributes to the rise in i,. Formation of Cu,O
and CuO on the bare surface in Table I is described
in terms of the net reactions, and the mechanisms
are unknown. Thus for example the underpotential
monolayer of Cu0 may occur in one step

2Cu + OH~ = Cuz0,45 + H* + 2¢~

or may form from the previously formed CuOH mono-
layer
Cu + CuOHags = CugOags + HY 4 e~

The effects of scratching on the oxygen evolution
reaction (E, = 4400 mV (NHE)] are also unknown
because of interference from the copper oxidation re-
actions.

The results obtained in 1.0M HySO; (Fig. 3) differ
from those shown in Fig. 2 in that qs is almost constant
at 208 uC cm~2 over a large potential range. This
charge density is consistent with, although slightly
greater than that assigned to formation of a mono-
layer of CuOH in the alkaline solution, and the mono-
layer of CuzO is not formed. In the borate electrolytes
(Fig. 4 and 5) the higher charge density plateau, at
300 to 400 »C cm—2, is observed although plateaus at
around 150 »C ecm~2 are obscure. The full analyses of
these charges are given in Table II, together with
those obtained from the ammoniacal electrolytes.

It is important to realize that in 1.0M HSO4 only
the CuOH monolayer is formed. The monolayer of
adsorbed Cu20, which is apparent at potentials below
the Cu/bulk CuyO reversible potential in neutral and
alkaline solutions, was not found in acid solution. In-
spection of the i, vs. E curve for the acid electrolyte
(Fig. 3) shows that there is no tendency for the metal
to passivate. Clearly, the first monolayer of CuO is
a necessary precursor for passivation, whereas the
adsorbed CuOH monolayer acts as an intermediate
layer in both the dissolution and passivation processes.
Indeed, the CuOH layer probably participates in the
hydrogen evolution reaction as well, since Fig. 1-5 in-
dicate that the layer is present at potentials where
hydrogen evolution occurs in the steady state. It is
for this reason, of course, that the hydrogen evolution
reaction is accelerated on scratching. In the regions
where i is cathodic in Fig. 1-5 values of g5 show that
more than a monolayer of hydrogen is reduced on
the scratch surface before a steady state is reestab-
lished.

Ammoniacal electrolytes.—The introduction of 1.0M
(NH; + NH;*) into neutral electrolytes (Fig. 6) pro-
foundly affects the behavior of the scratched copper
electrode. Values of gs in the potential range —150 to
+50 mV (NHE) were 62 uC cm~2, compared with 388
uC em~2 in the absence of ammonia (see Table II).
The CusO monolayer is thus not formed in the am-
moniacal solution. Indeed, the values of qs are even
smaller than that expected for a monolayer of CuOH,
and it is clear that NH3 must be incorporated into the
monolayer lattice, so that the number of copper atoms
required to form the oxidized monolayer is decreased.
The proposed monolayer for ammoniacal electrolytes
is Cu(NH3)OH, in which the cation is now Cu(NHj3) +,
occupying a greater surface area per cation than Cu+
for nonammoniacal electrolytes. The formation of the
ammonia-containing monolayer might be expected to
hinder further reaction to produce the CuyO monolayer
and thus impede passivation of the metal at higher po-
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Table I. Reactions of scratched copper in 1.0M KOH and steady-state surface composition as a function of E

Steady-state surface

E, mV (NHE) Bare surface reactions composition
< —900 H:0 + e- - Haas + OH- fr << 1
fouonr
—900 to —550 Cu + OH- » CuOHaas + e- fcuor =1
—550 to —500 Cu + OH- - CuOHaas + e- fcuor + fouo0 = 1
2Cu + OH- - Cu20aas + H* + 2e-

—500 to —350 2Cu + OH- - Cuz0aas + H* + 2e- . fouo =1

—350 to —150 2Cu + OH- -» Cu:0s + H¥ + 2e- Cu:0 (multilayer)
> -150 Cu + OH- - CuOs + H+ + 2e- CuO (multilayer)

Table Il. Analysis of plateau charge densities passed on a bare copper surface in several electrolytes. Error limits are standard deviations

over the number of points given. The adsorbed surface layers give the proposed stoichi ries, each at complete monolayer coverage.
Adsorbed
Number of surface
Electrolyte pH E, mV (NHE) qs (uC cm-2?) points monolayer
1.0M KOH 14 —800 to —600 145 = 26 9 CuOH
1.0M KOH 14 —500 to —400 378 + 58 4 Cuz0
0.5M K:BiO7 9.8 —250 to —200 352 %= 25 2 Cu:0
0.5M Na:SO: + 0.05M 73 —450 to —50 388 = 55 5 Cu:0
(HsBO3 + Na:B«O1)
1.0M H2SO0« —0.16 —250 to +275 208 = 58 26 CuOH
1.0M I;g; + 0.5M 11.6 —490 to —350 233 £33 6 CuOH
22504
1.0M (NHs + NH4*) 9.5 —390 to —170 133 =32 10 CuOH +
+ S04 Cu (NHs) OH
1.0M (NHs + NHst) 7.25 —150 to +50 62 =15 12 Cu(NHs)OH
+ SO~

tentials, since the process
Cu + Cu(NH3) OHags = CuzOaas + NHet + e~

requires removal of NHs* rather than H¥, as in the
reaction

Cu 4 CuOHags—> CugOags + HY 4 e~

This is reflected in the far higher steady-state dissolu-
tion current densities i, shown for ammoniacal elec-
trolytes (compare Fig. 6-8 with Fig. 1, 4, and 5). In
this respect it is noteworthy that the main product of
steady-state anodic dissolution of Cu in these am-
moniacal electrolytes is Cu(NHj;)2*, which is soluble
to the extent of 0.05M in equilibrium with CusO (14).

For higher pH, on the other hand, the values of gs
shown in Table II for ammoniacal electrolytes are
higher; this is probably due to reversion of the mono-
layer to CuOH with increase in hydroxide concentra-
tion. This is also reflected in the Ens vs. pH curve
(Fig. 9): at high pH Epns approaches the same con-
stant value for both types of electrolytes. Values of
the dissolution current density ip, however, are not a
direct consequence of whether the initial monolayer is
CuOH or Cu(NH;3)OH, since formation of the mono-
layer is not the rate-determining step in the total dis-
solution process. Subsequent steps also clearly involve
complexing ligands. This has already been described
for the scratched iron electrode in chloride and bi-
carbonate electrolytes (2). Both C1— and HCO;~ cause
pitting of iron, but only Cl— enters the formation of
the initial monolayer.

Effects of electrolyte resistance.—Many of the bare
surface polarization curves shown in Fig, 1 and 3-8
exhibit regions in which is decreases as E becomes
more positive. The feature is shown most dramatically
in Fig. 1 and 6-8 and is invariably associated with a
rise in i, representing an increasing rate of anodic
dissolution of Cu from the unscratched surface. It is
not seen in electrolytes in which Cu is passive (Fig. 4
and 5); nor is it seen in the sulfuric acid system. The
effect is associated invariably with ohmic potential
drops (10) which occur on and near the scratched sur-
faces owing to a combination of high electrolyte re-
sistance and high anodic scratch current densities. The
consequence of this is to superimpose on the anodic

current transient emanating from the scratch, a cath-
odic current transient resulting from a lowering of
the electrode potential on an area surrounding the
scratch when the electrode as a whole is dissolving or
carries a readily reducible film. The effect may include
two components: a decrease in the rate of steady-state
anodic dissolution of the area surrounding the scratch,
or electrochemical reduction of surface oxidized spe-
cies. Thus for example, in Fig. 1 in the potential region
in which steady-state dissolution as Cu(II) (in the
form of CuOy2~) occurs from the electrode as a whole,
scratching the electrode causes a transient reduction in
the rate of steady-state dissolution on an area sur-
rounding the scratch, giving an apparent lowering of
the value of is with increasing E. The further possible
effect of the ohmic potential drop is to reduce oxidized
ions on the surface, for example by the following re-
actions:

on the scratch

Cu + H20 » CuOHags + H* + e~
on the surrounding surface

2Cu0 + H* 4 2e~ -» Cus0 4+ OH~

Either or both mechanisms may explain the effect as
it is observed in 1.0M KOH (Fig. 1) since it occurs in
a potential region [commencing at —150 mV (NHE)]
where both CuO22— and CuO can form (13). The ef-
fect has also been observed for the scratched silver
electrode (3) at potentials where AgO is reduced
transiently to AgyO on the area surrounding the
scratch,

In 1.0M H,SO; (Fig. 3) the ohmic potential drop
effect is not observed, despite overall dissolution of
the electrode, since the ohmic resistance of the elec-
trolyte is small, and the values of is are themselves
lower. In the ammoniacal environments, however,
where the electrolyte resistance is high, the effect is
clearly observed where the entire electrode is dissolv-
ing as Cu(NHgs)2t.

Previous work on scratched and rapidly strained
brass electrodes in ammoniacal electrolytes (8, 15) has
overlooked these effects and thus obtained values of
is which are too low. While the effect has not yet been
fully quantified, it is clear that the electrode surface
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area over which it extends is large compared with the
scratch area since is is large compared with ip. It fol-
lows that an increase in the ratio of the scratch area
to the total electrode area would decrease the ohmic
potential effect, and this has indeed been demonstrated
by the use of lacquered and partially lacquered elec-
trodes. Appropriate positioning of the Luggin capil-
lary probe would also be of some benefit, but this is
impracticable because (i) the proximity of the scratch-
ing stylus and (ii) the diameter of the probe tip which
would have to be small compared with the scratch
size.
Conclusions

1, Scratching of Cu electrodes at constant poten-
tial results in greatly accelerated anodic oxidation and
cathodic reduction current densities. Up to 8 A cm™2
of anodic reaction have been recorded.

2. Copper carries two surface oxidized monolayers
at potentials very much more negative than the Cu/
Cus0 reversible potential. These underpotential mono-
layers are designated as CuOH and CuyO and account
for anodic charge densities of ~150 and 300-400 nC
cm~2 on the scratch surface, each occurring to com-
plete coverage. The former exists at the lowest acces-
sible anodic potentials on the scratch and probably
even into the region where hydrogen evolution is the
dominant electrode reaction.

3. The CusO monolayer occurs only in neutral and
alkaline solutions and is a necessary precursor to
passivation of the metal at higher potentials by a
thicker film of Cuy0.

4, The steady-state anodic dissolution of Cu occurs
through an adsorbed monolayer of CuOH at complete
coverage. The steady-state evolution of hydrogen on
Cu also occurs through this monolayer, at least at low
cathodic overpotentials.

5. The presence of 1.0M (NH3; 4+ NHyt) in the elec-
trolyte results in formation of an adsorbed monolayer
of Cu(NH3)OH in the neutral pH range at potentials
very much more negative than the Cu/CusO reversi-
ble potential. This monolayer is not readily converted
to a Cuz0 monolayer, and results in dissolution of the
metal as Cu(NH3)p* at higher anodic potentials.
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6. The scratched copper electrode does not yield a
potential of zero charge since electron transfer occurs
at all potentials for all pH.
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Protective Coatings by Anodic Coupling Polymerization

of o-Allylphenol
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Istituto di Polarografia ed Elettrochimica Preparativa del C.N.R., Corso Stati Uniti 4, 35100 Padova, Italy

ABSTRACT

The anodization of Fe sheets in hydroalcoholic solutions of o-allylphenol
containing allylamine leads to in situ formation of coherent coatings. These
coatings consist of thermosetting polyoxyphenylenes which after thermal cur-
ing have good adhesion and impart corrosion protection to the substrate. The
anodization time and electric power consumption are comparable with those
typical of a conventional electrophoretic coating.

A route for achieving the in situ formation of thick
(10-20 um) polyoxyphenylene coatings, having pos-
sible applications for metal protection, has been re-
cently outlined (1, 2). The process may be realized
by anodizing, at the metal surface to be coated, hydro-
alcoholic solutions of phenol containing a suitable
amine [allylamine gave the best performances (2)1.
However, the data so far reported have shown that

Key words: film, corrosion, organic, electrolysis.

the process is not yet competitive with other conven-
tional “painting” techniques. In comparison with the
electrophoretic deposition (3) of preformed polymers,
the major handicaps were: extended electrolysis times;
limited corrosion resistance of the coatings (from salt
fog tests), and poor adhesion under stress (from coni-
cal mandrel and drawing tests).

The fact that the electrolysis time was too long was
mainly related to the low useful electrolysis current
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(<10 mA/cm?2). In situ phenol polymerization, in fact,
did not tolerate high applied voltages,! because either
passivation of the substrate occurred especially when
Fe sheet anodes were coated, or rupture of the film
being formed took place. The limited corrosion re-
sistance and poor adhesion were likely related to the
structure of the polymer. The polymer probably was,
ab initio, exceedingly branched and cross-linked and
thus could neither take appreciable advantage from
thermal curing nor have elasticity enough to tolerate
stresses and deformations. Through the utilization of
o-allylphenol instead of phenol we now have overcome
such handicaps.

The aim of this paper is to describe both the features
of o-allylphenol/allylamine in situ polymerization on-
to Fe sheet anodes and the protective performances of
the resulting coatings.

Experimental

Apparatus and procedure—The coating runs were
performed in a single compartment cell described
previously (1, 4) by applying a constant voltage be-
tween the sample of Fe sheet (anode) and a Pt coil
(cathode) facing the sheet. Physical properties of the
coated specimens were determined according to ASTM
methods. The composition of the polymeric material,
once recovered from the substrate, was investigated
by instrumental analytical techniques, including py-
rolysis coupled to mass spectroscopy (5) and thermo-
gravimetry. Information on the molecular weights and
their distribution was obtained by vapor pressure
osmometry and gel permeation chromatography. Other
experimental details are reported in either the tables
or the captions of the figures.

Chemicals.—All compounds used in this study were
commercially available reagent grade chemicals. The
reaction medium consisted of water/alcohol mixtures.
The preferred standard composition was: o-allyl-
phenol 6 ml, allylamine 6 ml, cellosolve 2 ml, KOH
0.5g, all dissolved in a standard 100 ml of H,O/CH3;0H
(equal volumes). The Fe sheets [23.5 x 2.5 x 0.05 cm
(1, 2)]1 were dipped in alkaline cleaning bath prior to
coating.

Results

Characteristics of the electrolytic process.—The for-
mation of coatings on Fe sheet anodes from the o-
allylphenol/allylamine system bears many similarities
to systems based on phenol as described in preceding
papers (1, 2). Thus, the coating material is produced
by a yield not far from 2F/mol of monomer consumed.
An oxidative coupling process is therefore strongly
supported, whereas the engagement of the allyl group
in an electrolytic polymerization must be discarded.

The formation of a coherent and homogeneous coat-
ing is indicated, during electrolysis, by a smooth con-
tinuous current decrease. Such current transients are
qualitatively affected by experimental variables such
as monomer and amine concentration, temperature,
composition of the medium, and applied voltage.

However, it must be noted that the high voltages
applied here (= 15V) do not cause the dramatic passi-
vation phenomena observed elsewhere (1, 2). This
behavior is illustrated in Fig. 1 and 2. Figure 1 shows
the current transients obtained during the coating
process for various applied voltages. In each case the
sheets were uniformly coated: The high residual cur-
rent tested at the highest voltage is due to the rela-
tively low electrical resistance of the wet film. Figure
2 shows the current-potential curves obtained poten-
tiodynamically on a rotating Fe microdisk. Anode
insulation by filming is evident here only for very

1 Not more than 3-5V could be generally applied to an elec-
trolyzer having a cell constant ~20 cm, and for solutions having
x = 3-8 msec (1).
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Fig. 1. Current transients during the anodization of Fe sheets in
the standard composition (o-allylphenol 0.456 mol liter—1, allyl-
amine 0.800 mol liter—1, cellosolve 0.200 mol liter—1, KOH 0.09
mol liter=1, in Hy0/CH3OH at t = 25°C) for increasing applied
voltages.

low potential sweep rates (i.e., long electrolysis
times).

As mentioned before, the fact that the o-allylphenol/
allylamine system tolerates far higher voltages than
phenol-based systems is very important from a prac-
tical point of view, as faster coating operations are
achieved. This may be deduced from the data of
Table 1. The decrease of coulombic yield taking place
as the voltage is increased to 16V is quite acceptable
considering that both coating thickness (mg/cm?2) and
deposition time become typical of a conventional elec-
trophoretic process.2

Molecular weights.—In previous work, the coating
material obtained from phenol, when dried, partially
dissolved only in trifluoracetic acid. By contrast the
(uncured) products from allylphenol consist of a
major fraction soluble in common organic solvents
(acetone) and a minor insoluble fraction. The latter,
which constitutes the inner layer in contact with the
metal, may become important in some experimental
conditions.

Table II shows how the experimental variables in-
fluence both M, and the ratio of soluble to insoluble
fractions. Constancy (in the range 2000-3000) of M,
obtained for different conditions indicates that the
termination step is mainly determined by insolubility
of the chains, which cannot thus undergo further
anode oxidation. The higher M, resulting either at a
high percentage of methanol (runs 8-9) or with
ethanol and propanol instead of methanol (runs 20-
21), therefore takes into account the increased solu-
bility of the polymer in the medium, whereby chain
precipitation takes place for higher degrees of poly-
merization. The inverse dependence of M, on mono-
mer concentration which seems indicated by runs 1

2The current passed is about ten times higher here than in

electrophoresis, but power consumption (i x t x v) is of the
same order.
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Fxg 2. Current-potential (vs. SCE) curves obtained from the
t d position by a r (1000 r/min) Fe microanode
(area 0.03 cm?2). The dashed line “refers to the oxidation of the
background system alone; the other curves refer to increasing

sweep rates (mV sec—1).

and 5-7 is not surprising when considering that poly-
mer chains are built up step by step at the anode and
that the probability of oxidizing and coupling the
same chains again increases with monomer dilution.
The formation of the insoluble fraction seems to be
favored by the highest temperatures, methanol con-
centrations, and electrolysis times, but depends in-
versely on the amine concentration (runs 17-19).
Neither applied voltage nor charge transferred has
any influence.

Molecular weight distributions were estimated, us-
ing polystyrene as a standard, by gel permeation
chromatography, as shown in Fig. 3.

Table I. Features of electrolytic coating process for various voltages

applied*
Applied I initial I final Current
voltage Time Charge (mA/ (mA/ yield
V) (min) (C) cm?) cm?) (mg/C)
3.0 50 81 2.78 0.59 0.577
5.0 15 78 8.52 1.89 0.564
10.0 8 86 23.33 5.00 0.477
16.0 3 74 31.48 10.55 0.400

* Conditions: o-allylphenol 0.456 mol liter-!; allylamine 0.800 mol
liter-1; cellosolve 0.200 mol liter-'; H20/CHsOH 50% by volume; ¢
=162 C The coating yield (mg/cmz) ranged from 1.7 (3V) to 1.3
(16V).

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

November 1981

Reproducibility of coating performances.—Figure 3
refers to samples selected from a series of 50 sheets,
all coated one after the other, with the same 100 ml of
standard solution. The good independence of molecu-
lar weights on the progressive number of the sheets
constitutes a first test of reproducibility for the sys-
tem.

Confirmation is provided by the constancy of the
coulombic yield (mg/C = 0.55) observed during the
coating process for all these 50 sheets. However, in a
limited volume of solution, repeated coating runs lead
to a kinetic decline. This is shown in Fig. 4 where the
coating yield (mg/cm?) obtained on each sheet after
30 min of electrolysis (i.e., average coating rate) is
plotted ws. the progressive number of sheets. This
behavior is determined by progressive impoverishment
of the monomer from the solution (compare dashed
curves a and b of Fig. 4). For the same voltage and
electrolysis time, a concentration decrease in effect
results in a reduced transfer of current. However,
since from a practical point of view it is very easy to
achieve automatic control of both monomer concen-
tration in solution and thickness of coatings formed
(by the coulombs passed), it may be concluded that
system features® are such as to allow application in
continuous processes.

Protective features of the coatings.—When with-
drawn from the anodization bath, the coated sheets
appear homogeneous and coherent, their color vary-
ing from pale yellow to brown yellow.

Wet film adhesion to the substrate is good enough to
allow rinsing in running water before drying. When
the samples are cured in an oven at 150°-155°C for
20-30 min a fine gloss is obtained. Thermal treatment
further improves resistance toward chemicals and
organic solvents as well as any other protective fea-
ture.

Table III shows the properties of samples obtained
on varying either o-allylphenol/allylamine concen=-
trations or electrolysis voltages. Each sample was pre-
pared with the same current passed. The very good
results of the conical mandrel and drawing tests,
evidencing strong adhesion coupled to elasticity, are
to be noted. Remarkable improvements are further-
more shown in the salt fog tests: The time scale of
resistance to salt corrosion, especially for samples
prepared by fast electrolysis (high voltages), is now
more than an order of magnitude higher than the data

3The gas chromatographic analysis of the solutions after re-
peated coating operations performed on different days showed
only dimers as by-products; however, these are easily engaged in
the anodic coupling.

Table 1. Features of the coating and molecular weight of the product for various experimental conditions

Run Temp o-Allylphenol Allylamine Voltage Electr. time Yield Insoluble
No. (°C) Alcohol (%) (mol/liter) (mol/liter) (V) {min) Coulombs (mg/C) (%) Mn*
1 25 Methanol 50 0.456 0.800 4, 65 100 0.60 17.7 2660
2 25 Methanol 50 0.456 0.800 8. 18 100 0.52 10.0 2320
3 25 Methanol 50 0.456 0.800 12. 9 100 0.42 10.0 2110
4 25 Methanol 50 0.456 0.800 16.4 430 sec 100 0.40 7.0 2420
5 25 Methanol 50 0.110 0.200 8. 38 22 0.30 27.6 3030
6 25 Methanol 50 0.228 0.400 8. 49 60 0.53 8.9 2630
7 25 Methanol 50 0.684 1.200 8. 60 0.62 5.2 2030
8 25 Methanol 85 0.228 0.400 8. 20 60 0.15 63.7 3220
9 25 Methanol 70 0.228 0.400 8. 46 60 0.20 20.8 3050
10 25 Methanol 35 0.228 0.400 8. 10 60 0.65 7.4 2160
1 45 Methanol 50 0.456 0.800 8.0 47 100 0.60 56.3 2520
12 35 Methanol 50 0.456 0.800 8.0 23 100 0.60 20.8 2670
13 13 Methanol 50 0.456 0.800 8.0 13 100 0.54 0.1 1630
14 25 Methanol 50 0.456 0.800 8.0 44 200 0.53 6.7 2260
15 25 Methanol 50 0.456 0.800 8.0 2 30 0.65 58 2000
16 25 Methanol 50 0.456 0.800 8. 15 0.68 4.3 2360
17 25 Methanol 50 0.456 0.270 8. 34 100 0.54 28.5 2700
18 25 Methanol 50 0.456 0.132 8. 60 100 0.50 45.1 2500
19 25 Methanol 50 0.456 0.066 8. 40 0.58 56.4 2500
20 25 Propanol 50 0.456 0.800 8.0 18 100 0.39 8.6 3750
21 25 Ethanol 50 0.456 0.800 8.0 27 100 0.49 5.0 3220

* Determined by vapor pressure osmometry in acetone at 40°C.
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Fig. 3. Gel permeation of unpurifitd coating samples obtained
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from a solution utilized for repetitive coating runs. Progressive
number of the sheet equal to: - - - 10; —— 30; —-—+ 50. Chroma- {0 20 30 40 50
tographic conditions: column um Styragel 500 A; solvent THF 1 fumber * heets

ml/min; detector u.v. 254 nm.

previously reported (800 hr as against 24 hr (1) and
48 hr (2)).

Table IV shows the influence on physical properties
of either the temperature of the electrolytic bath or
the amount of current passed. An increase in tempera-
ture seems to increase the resistance to salt corrosion,
while the number of coulombs passed (which con-
trols the thickness of the polymer film) improves
that resistance until the coating is between 10-15 um
thick. As regards the influence of the medium on
physical properties, it must be mentioned that in
nearly methanolic solvent (85%) only thin films (1-
2 um) are obtained, by a low current yield. During
the electrolysis these films rapidly passivate the sub-
strate, but when submitted to physical tests, neither
give (making due allowance for their thinness) im-
proved protection to the metal nor benefit from curing.
The reason for this is discussed below.

Composition of the coating material.—The elemen-
tal compositions of either the soluble or the insoluble
fractions are not far from the theoretical provisions
of an allylsubstituted polyoxyphenylene, although
some nitrogen is present (see Table V). With respect

Fig. 4. Left-side scale: polymer yield (mg/cm2) obtained after
a fixed electrolysis time as a function of the ber of the |
coated. Right-side scale: curve a, volume decrease (%); curve b,
o-allylphenol decrease (%).

to this fact it must be noted that the amount of nitro-
gen (which derives from the amine) is many times
higher in the coatings obtained from phenol (2.5-6%).
Similarity for both the soluble and insoluble fractions
also exists in the infrared and mass spectroscopy pat-
terns, The second technique, after pyrolysis of the
samples at t = 260°C and ionization by a 70 eV elec-
tron beam, mainly shows peaks of the structure:

m/e n
H / \\ & 134 1
. 266 2

: n
CH2—-CH=CH2 398 3
530 4

The thermal curing reaction was examined by both

infrared and thermogravimetry.

Table 1. Physical properties of samples obtained for various o-allylphenol concentrations and applied voltages

o-Allylphenol (mol/liter) 0.228 0.456 0.684 0.608
Allylamine (mol/liter) 0.400 0.800 1.200 0.533
Voltage (V) 8.0 4.0 8.0 12.0 16.0 8.0 8.0
Thickness (um) 10 18 14 12 10 14 16
Cross cut adhesion Very good Very good Very good Very good Very good Very good Very good
Microholes/cm? 0 0 0 2 10 0 0
Cotnizia;l mandrel (ASTM Very good Very good Very good Very good Very good Good Good
esf
Drawing (ASTM test) Very good Very good Very good Very good Very good Good Good
Hardness* 6H 6H 6H 6H 6H 6H 6H
Salt fog resistance (h)** 200 150 170 500 800 180 220
U.V. resistance (h) >300 >300 >300 240 240 >300 >300
* Determined by graphite standards.
** ASTM method B117.
Table 1V. Physical properties of samples.obtained for various temperatures and coulombs
Temperature (°C) 13 35 45 25 25 25 25 25
Coulombs 100 100 100 15 30 60 150 200
Thickness (xm) 14 18 15 2.5 4 9.5 25 30
Microholes/cm? 0 0 0 50 20 0 0 2
Hardness 6H 6H 6H 6H 6H 6H 6H 6H
Adhesion + elasticity Very good Very good Very good Very good Very good Very good Good Good
Salt fog resistance (h) 120 280 500 70 280 400 150 120

The anodization solution had the standard composition.
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On comparing infrared spectra obtained from sam-
ples before and after thermal curing, the following
variations may be outlined: (i) The uncured samples
show three bands in the range 3000-2840 cm—1, typical
of allyl C-H stretching, and a sharp band at 1640
cm~1, which may be ascribed to —HC=CH; stretch-
ing; (ii) in the cured samples, the morphology of the
bands between 3000-2840 cm~! changes, although the
respective y do not. At the same time the band at 1640
cm~1! becomes very feeble, and a new absorption ap-
pears between 1750-1650 em~! (maximum at 1715
cm™1!), which may be ascribed to C=0.

Different results are obtained from the thermo-
gravimetric analysis when the experiments are per-
formed in either nitrogen or air. Under N; a slow
weight loss takes place up to pyrolysis conditions: at
285°C an exothermic reaction occurs (by DTG). Under
air, the weight of the samples increases from 140°C,
the reaction reaching its maximum at 170°C; pyrolysis
occurs at 230°C.

An oxidative cross-linking is thus strongly sup-
ported as the main curing process. It must also be
noted that since the polymer has a Tg at 328K, it
passes through a viscous quasi-melting state in the
oven before reacting with oxygen.

Discussion

In order to explain the results shown by o-allyl-
phenol, it seems useful to summarize the mechanism
of in situ coating formation.

In the electrochemical coupling of phenoxide anions,
the anode substitutes the copper salt amine complex
catalyst (6)

cafalyst

/‘/\
n @—o@ or
p S
M

For the chemical polymerization the exhausted (re-
duced) copper catalyst is continuously restored (oxi-
dized) by oxygen; electrochemically the continuity of
the oxidation is provided by the anodic potential. The
polymerization reaction is not limited to head-to-tail
coupling, but also involves the ortho positions: For
this reason 2,6-dimethylphenol is usually used for
obtaining technologically useful linear polymers (6).
We have also shown (2) that during anodic coupling
of phenol in the presence of amines,* a side reaction
frequently takes place between quinol-ether poly-
meric (I) intermediates (6-8) and amine according to
the following scheme

ﬂ s
\f} —»Rﬁf‘b Base. N/@ + ar0®

r
Ar._AE-CHO—-J—

¢ The amine has a fundamental role as inhibitor of Fe oxidation
hlll t}:e ;nodic formation of polyoxyphenylene coatings onto Fe
sheets (2).
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Table V.
Elemental analysis
C H N
Theoretical compo-
sition 81.2 6.7 —_—
Soluble fraction 79.2 5.31 0.70
Insoluble fraction 778 4.65 0.78

The reaction with amines is favored by the electron-
attracting ortho substituents which increase the elec-
trophilicity of quinol-ether meta positions. It is prob-
able that other nucleophilic molecules or ions such as
OH~ may attack the same positions. In this last case,
the newly formed phenolic group might be engaged in
the oxidative coupling, thus contributing strongly
toward cross-linking. As regards o-allylphenol, the
o-allyl group reduces the occurrence either of coup-
ling in ortho or attack in meta by amine and OH~-.
Branching and cross-linking are therefore strongly
reduced with respect to phenol polymers. The linearity
of the chains leads to two consequences: Uncured
coatings have good solubility; and in the oven, before
curing, the coating material may melt, thus achieving
complete and homogeneous spreading onto the sub-
strate.

However, the same should also hold for other alkyl
substituted phenols, whereas we have observed the
formation of poorly adhering coatings from, for in-
stance, 2,6-dimethylphenol. The reason for the peculiar
behavior of o-allylphenol is thus to be found in a
strong interaction of the allyl group with the sub-
strate, which causes adsorption of the monomer and
bonding to the metal of the polymer as it is formed.

These considerations seem strongly supported by
the following macroscopic evidence:

1. High voltages are tolerated during deposition.
This fact is also related to the linearity of chains
which, swollen by solution, do not cause excessive
electric resistance.

2. There is strong adhesion of the polymeric ma-
terial to the substrate. Such adhesion (which may
also be related to the morphology of the chains as de-
termined by the allyl group) cannot be due to some
product of the oxidative cross-linking because films
dried below 100°C adhere strongly. In addition the
reactivity of the allyl group allows thermal curing,
whereby the molecular complexity is increased so as
to obtain good resistance to chemical and physical
agents.

3. Furthermore, since polyoxyphenylene chains are
cross-linked in this way through nonrigid bridges
composed of several aliphatic carbon atoms, the
cured coatings retain sufficient elasticity to cope with
any stress or deformation of the substrate.

Concluding Remarks

From the low electrical resistance of the wet films
(Fig. 1) it may be deduced that “throwing power” is
rather low. Indeed by varying some experimental con-
ditions (e.g., by increasing either temperature or
methanol percentage) throwing power may increase,
but the benefits generally are lower than the disad-
vantages. From this point of view, therefore, in situ
electropolymerization of allylphenol is at a disad-
vantage compared to classical electrophoretic coat-
ings. Another hindrance to practical applications is
the fact that inorganic pigments cannot be entrapped
in the film during its in situ formation. Such pigments
often contribute significantly to the life of the elec-
trophoretic coatings.

The advantages of preparing the polyoxy-(allyl)-
phenylene coatings by the electrolytic process pre-
sented in this paper are: (i) good corrosion resistance
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of the coatings; (ii) simplicity of the electrolytic pro-
cess; (iii) stability of the solutions (the electro-
phoretic bath instead is a metastable colloidal system);
(iv) strong adhesion, which likely originates from
interactions existing ab initio between monomer and
substrate (for this same reason the substrate does not
require, apart from cleanness, any particular pretreat-
ment); and (v) good ability of bonding organic over-
paintings.
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Zinc Deposition from

Zincate Solutions

l. Deposition on Cu, Au, Cd and Zn

M. G. Chu,* J. McBreen,* and G. Adzic*:
Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973

ABSTRACT

The deposition of zinc on Cu, Au, and Cd from alkaline zincate solutions
has been investigated using cyclic voltammetry, potential pulse methods,
x-ray diffraction, and scanning electron microscopy. Deposits on Zn were
examined by scanning electron microscopy and x-ray diffraction. In the case of
Au and Cu approximately a monolayer of zinc is formed in the underpotential
deposition region prior to bulk deposition. The respective underpotential
shifts of Au and Cu are 0.45 and 0.22V and are in good agreement with the
difference in work function between zinc and the substrate. Electrodeposited
zinc forms an undetermined surface brass phase on Cu and two alloys (AusZn
and AuZnz) with Au. The deposits on all substrates are oriented preferentially

parallel to the basal plane.

In a recent study of inorganic oxide additives in
pasted zinc electrodes it was found that in many cases
the oxide was reduced to the metal prior to deposition
of zinc (1). Thus the effect the additives have on the
zinc electrode could be due to a substrate effect. Ac-
cordingly, an investigation of zinc deposition on vari-
ous substrates was carried out. Work on Ag substrates
has been reported (2). In this case zinc deposition is
a complex process involving underpotential deposi-
tion, alloy formation, and growth of bulk zinc.

Most morphological studies on zinc electrodeposition
have been carried out on either Zn (3-9) or Cu (10-
13) substrates. Detailed treatment of deposition habits
on single crystal Zn has been carried out in both
sulfate (10) and zincate (4, 9) electrolytes. In the
latter case at low overvoltages (50 mV) layered de-
posits were found. There have been two detailed
studies of zinc deposition on single crystal Cu from
sulfate solution (10, 11). The zinc deposits are of the
layered or ridge type with an orientation parallel to
the basal plane. Oxley and Fleischman studied zinc

* Electrochemical Society Active Member.

! Present address, Institute of Chemical Power Sources, ICTM,
Beograd, Yugoslavia.

Key words: amalgam, battery, electrodeposition, nucleation.

deposition on Zu, Cu, Ag, and Cd under conditions of
activation control and diffusion control (14, 15). In
the case of diffusion-controlled deposition the initia-
tion period for dendrite growth appeared to be a func-
tion of the substrate. In the case of activation-con-
trolled deposition the weight of nonadherent deposit
for 27C of Zn/cm? varied with the substrate accord-
ing to Cu > Zn > Ag > Cd. For an identical quantity of
deposit under diffusion control the weight of nonad-
herent deposit decreased in the order Cu > Ag > Zn >
Cd. Cadmium-plated current collectors have been used
in zinc-ferrocyanide (16) and nickel-zinc batteries
an.

Despic (13) has investigated the deposition of zinc
on Cu and Au in sulfate solutions. In both cases he
found underpotential deposition of zinc and a low
nucleation overvoltage for bulk deposition. Kolb, in
his review (18), mentions underpotential deposition
of zinc from sulfate solution on Au.

It is well known that copper turns to a gray color
when coupled with zinc in alkaline solutions (19, 20).
This apparently is due to alloy formation,

Even though it is known that the substrate greatly
affects the adherency of zinc deposits in alkaline elec-
trolyte and that in some cases there is evidence for
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alloy formation with the substrate, no systematic
study has been carried out on the effects of various
substrates on zinc deposition. The purpose of the pres-
ent work was to elucidate the reasons for the sub-
strate effect on the morphology and dissolution be-
havior of zinc deposits in alkaline electrolyte.

In the present study the deposition of zinc on poly-
crystalline substrates of Cu, Au, Cd, and Zn was in-
vestigated using cyclic voltammetry, potential pulse
methods, scanning electron microscopy, and x-ray
diffraction. The data were analyzed for evidence of
underpotential deposition of zine, alloy formation,
and deposit morphology and orientation.

Experimental
Cell.—The cell was the same as that used for depo-
sition on Ag (2).

Working electrode—Two types of working elec-
trodes were used. One was a simple “flag” type sheet
electrode (1 X 1 cm); the other was a machined disk
electrode (0.686 cm2?). The electrodes were polycrys-
talline and were at least 99.998% pure. The prepara-
tion of the electrodes is given below. No common
electrode preparation method could be used because
of the differences in the metallurgical and chemical
properties of the metals.

Copper.—Copper sheet electrodes were first im-
mersed in dilute HNO3 for a few seconds and then
washed with triply distilled water. Copper disk elec-
trodes were mounted in the holder and polished suc-
cessively with 600 grit SiC paper, Microcut sheets
(Buehler Limited), 5 and 0.5 ym alumina. The elec-
trodes were then washed with triply distilled water
prior to incorporation into the cell.

Gold.—Gold sheets were degreased in acetone and
washed with triply distilled water.

Cadmium.—Cadmium sheet electrodes were first
immersed in a solution of 75% fuming nitric acid and
25% water for 5-10 sec, then washed with triply dis-
tilled water. The cadmium disk electrodes were pol-
ished successively with 600 grit SiC and Microcut
sheets and were rinsed with triply distilled water.

Electrolytes.—The electrolytes were prepared from
triply distilled water, reagent grade KOH, and ZnO
(New Jersey Zinc USP-19),

Electrochemical studies.—After assembly, the solu-
tions were deaerated by bubbling nitrogen through
the solution for 15 min prior to the start of measure-
ments. The nitrogen was purified by passage through
molecular sieves. The cyclic voltammetry studies were
made in voltage envelopes that were more negative
than —0.63V 2 for copper and —1.1V for cadmium,
At no time, except for cyclic voltammetry on Au, did
the voltage go into a potential region where the sub-
strate could oxidize.

In the case of Cu and Au two types of potential step
experiments were carried out. In one case electrodes
were held initially at a potential of —1.0V and then
pulsed to potentials between —1.1 and —1.25V for
100 sec. This was followed by an anodic pulse to —1.0V.
The purpose of this potential profile was to quantify
the charge associated with underpotential deposition
of zinc. Measurement of the charge on the anodic
pulse gives more accurate results because of the
smaller contribution of hydrogen evolution to the
total current. In the other experiments the electrodes
were held initially at —1.0V and then pulsed to in-
creasingly negative potentials between —1.30 and
—1.46V for 100 sec. This was followed by an anodic
pulse to —1.25V for 100 sec, followed by a second
anodic pulse to —1.0V. The purpose of the latter po-

2 All potentials are with respect to an Hg/HgO reference elec-
trode in the same electrolyte.
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tential profile was to quantify the charge associated
with bulk zinc deposition and alloy formation. The
cathodic potential which first yielded anodic charge
on pulsing to —1.25V was taken to indicate the onset
of zinc deposition. The difference between this poten-
tial and the Nernst potential is the nucleation over-
voltage. In the case of Cd the potential profile was
first to hold the electrode at —1.1V then pulse to
potentials between —1.25 to —1.46V for 100 sec and
a final pulse to —1.1V, In all the experiments par-
ticular care was taken to prevent dissolution of the
substrate during the course of the experiments.

Scanning electron microscopy and x-ray diffraction.
—Sample preparation for the scanning electron
microscopy and the x-ray diffraction studies was as
follows: The zinc was deposited on the “flag” sheet
electrodes until a required number of coulombs was
deposited. The electrode was immediately removed
from the electrolyte, washed repeatedly in distilled
water, rinsed in acetone, air dried, and stored in a
desiccator until mounted in either the scanning elec-
tron microscope or the x-ray goniometer, The x-ray
diffraction pattern was determined using Cu-Ka radi-
ation. The samples prepared for the morphology and
deposit orientation studies were deposited from 8.4M
KOH + 0.74M ZnO. Four samples on Cu, Au, and Cd
substrates were prepared. The deposition conditions
were 0.5 C/cm? at —1.40V, 2 C/cm2 at —1.42V, 5
C/cm? at —1.44V, and 2 C/cm? at 15 mA/cm2, On Zn
only 2 C/cm? samples deposited at 15 mA/cm? were
examined,

Results

Cyclic voltammetry.—Figure 1 shows cyclic volt-
ammograms on Cu sheet in the voltage envelope —0.6
to —1.4V in 1M KOH +4 10—3M ZnO. There is a well-
defined underpotential deposition pattern at —1.08V.
There are two other dissolution peaks at —1.18 and
—1.32V. On the anodic sweep there is a small cath-
odic current peak at —1.0V.

The cyclic voltammograms on Au were very de-
pendent on the positive limit of the voltage envelope.
When the positive limit was —0.45V no clear underpo-

0.1 mA/cm?

Fig. 1. Cyclic voltammograms on Cu sheet in 1M KOH + 10—3M
ZnO in the potential envelope —0.6 to —1.4V; sweep rate 50 mV/
sec.
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tential deposition pattern could be observed. However,
when the positive limit was extended into the oxide
region (Fig. 2) a clear underpotential deposition pat-
tern was found at —0.85V, The results are very similar
to those found by Despic in sulfate solutions (13).

Figure 3 is a cyclic voltammogram on Cd in 1M
KOH + 0.08M ZnO in the voltage envelope —1.1 to
1.42V. There was no evidence of underpotential dep-
osition or alloy formation. The current pattern can be
ascribed simply to zinc deposition and dissolution.

Investigations were also carried out in 6M KOH
+ 0.8M ZnO and in 84M KOH + 0.74M ZnO. The
overall features of the cyclic voltammograms were
similar to those reported here.

Potentiostatic pulse studies.—Figures 4-6 show the
current transients for cathodic and anodic pulses on
Cu, Au, and Cd substrates in 8.4M KOH +- 0.74M ZnO.
All anodic pulses were at —1.25V.

Figure 7 shows a comparison of anodic stripping
charges for two potentiostatic pulse profiles on Cu and
Au in 8.4M KOH 4 0.74M ZnO. The results indicate
that in both cases at —1.25V approximately a mono-
layer of underpotential deposited zinc is formed prior
to bulk deposition. In the case of bulk deposition most
of the deposit is stripped at —1.25V. When deposition
is carried out at more negative potentials, the second
anodic pulse to —1.0V results in the dissolution of
additional zinc (up to 30 monolayers).

Figure 8 shows the results on Cd. The results are
consistent with simple deposition of zinc with a high
nucleation overvoltage. Complete dissolution of the
bulk deposit occurs at —1.25V and no additional
anodic dissolution was observed at —1.1V.

X-ray diffraction.—In addition to the diffraction
lines for Zn and Cu, the deposit on zinc had diffraction
peaks at 20 = 24.8°, 37.7°, 42.1°, and 57.7°. The strong
diffraction peak at 42.1° could be attributed to the
hexagonal Cu-Zn brass phase, and the peak at 37.7°
to the y brass phase. Unfortunately, the other strong
reflections for these phases coincide with those of
copper. In the case of the deposit on Au there were
many reflection peaks that could not be attributed to
Au or Zn. These were 20 — 22.7°, 25.5°, 27.9°, 32.3°,
46.2°, 47.7°, 49.2°, 52.0°, 53.4°, 54.8°, 63.7°, and 67.3°,

IO.I mA/cm?

200 mv
—

Fig. 2. Cyclic voltammograms on Au sheet in IM KOH + 10—3M
ZnO in the potential envelope 0.7 to —1.35V; sweep rate 50 mV/
sec.

SUBSTRATE EFFECTS ON ZINC DEPOSITION

2283

| mA

200 mV
-«

50 mV/s

Fig. 3. Cyclic voltammogram on Cd disk (0.686 cm2) in the 1M
KOH 4 0.08M ZnO in the potential envelope —1.1 to —1.42V;
sweep rate 50 mV/sec.

20 mA/cm2

Cu, 35 % KOH+60 g/L ZnO

Fig. 4. Current transients for zinc deposition on Cu sheet at vari-
ous potentials for 100 sec, followed by an anodic stripping pulse at
—1.25V.

Some of the peaks (22.7°, 27.9°, 32.3°, 47.7°, and 49.2°)
could be attributed to the cubic y;-AuZns phase (49.2°,
52.0°, 53.4°, 54.8°, and 67.3°) while others could be at-
tributed to the tetragonal a-AusZn phase. The diffrac-
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]20 mA/cm?2
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Au, 35 % KOH+60 g/L ZnO

Fig. 5. Current transients for zinc deposition on Au sheet at
various potentials for 100 sec, followed by an anodic stripping pulse

at —1.25V.

20 mA/cm?

Cd, 35% KOH+60 g/L ZnO

Fig. 6. Current transients for zinc deposition on Cd sheet at
various potentials for 100 sec, followed by an anodic stripping pulse
at —1.25V.

tion peak at 46.2° is common to both phases. In the
x-ray pattern for the deposit on Cd only reflections
that could be attributed to either Cd or Zn were found.

Deposit orientation and morphology.—The deposits
on all four substrates had an orientation that was pref-
erentially parallel to the basal plane. The morphology
of the deposits on Cu, Au, and Cd are shown in Fig.
9-11. On Cu, Au, and Cd the deposit consisted of hex-
agonal platelets. On Cd the platelets were layered and
more compact than those of Cu. On Zn the morphology
was identical to that found by Bockris et al. (9)
and the orientation was parallel to the basal plane,
Deposit orientation and morphology did not vary with
the deposition conditions investigated.

Discussion .

Quantitative treatment of the cyclic voltammograms
and the cathodic current transients is essentially im-
possible because of the unknown contribution of the
hydrogen evolution reaction. Nevertheless the electro-
chemical results yield valuable information which
complements the results of the scanning electron mi-
croscopy and x-ray diffraction analysis.

Underpotential deposition of zinc.—The results in
Fig. 1, 2, and 7 indicate that approximately a mono-
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Fig. 7. Anodic stripping charge vs. deposition potential for zinc
on Cu and Au sheet in 8.4M KOH 4 0.74M ZnO. Potential profiles
are given in figure. Deposition time, 100 sec.
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layer of underpotential deposited zine is formed on
Au and Cu, at —1.25V, prior to bulk deposition. If one
takes the underpotential shift as the difference be-
tween the bulk and monolayer stripping peaks (18),
then the respective underpotential shifts on Au and
Cu are 0.45 and 0.22V. These are in good agreement
with the difference in work function between zinc and
the substrate (18). According to Trasatti (21) the
work function for Cd is lower than that of Zn and
in agreement with the empirical relationship (18); no
underpotential was observed on Cd.
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Fig. 9. Scanning electron micrograph of zinc deposit on Cu sheet.
Deposit conditions were 2 C/cm? at 15 mA/cm? from 8.4M KOH
0.74M ZnO. Magnification 5400 % .

Fig. 10. Scanning electron micrograph of zinc deposit on Au
sheet. Deposit conditions were 2 C/cm?2 at 15 mA/cm? from 8.4M
KOH + 0.74M ZnO. Magnification 5400 .

The cyclic voltammogram on Cu (Fig. 1) is fairly
complex. Apart from the underpotential deposition
pattern with a current peak at —1.08V, there is a
shoulder on the cathodic current scan between —1.2
and —1.35V. On going to more negative potentials, an
anodic current peak develops at —1.18V. When the
cathodic scan goes into the zinc deposition region, a
third anodic peak appears at —1.32V. This behavior is
very similar to that found for cadmium deposition
on Au in acetate buffered CdSOy electrolyte (22). The
cathodic current shoulder between —1.2 and —1.35V
and the anodic peak at —1.18V can be ascribed to alloy
formation in the potential region between the Nernst
potential and the underpotential deposition region.
The anodic peak at —1.32V can be ascribed to dissolu-
tion of bulk zine,

One peculiar feature of the cyclic voltammogram
on Cu is the small cathodic current at —1.0V on the
anodic sweep. This can be explained by the inhibition
of hydrogen evolution by the adsorbed zinc layer. Such
inhibition by underpotential deposited layers is well
known (23, 24). On the anodic sweep, when the layer
is stripped, hydrogen evolution occurs and the current
makes an excursion into the cathodic region at ap-
proximately —1.0V,

The behavior of zinc on Au is very similar in some
respects to zinc on Cu. In addition to underpotential
deposition of zinc, there is evidence for alloy forma-

Fig. 11. Scanning electron micrograph of zinc deposit on Cd
sheet. Deposit conditions were 2 C/cm? at 15 mA/cm2 from 8.4M
KOH + 0.74M ZnO. Magnification 5400 .

tion as the cathodic scan is extended to potentials be-
tween the underpotential deposition region and the
Nernst potential. Underpotential deposition of zinc
on Au is enhanced by extending the cyclic voltammo-
grams into the oxide region. This may be due to a re-
ordering of the Au surface. Also, it has recently been
found that the adsorption behavior of metals can be
modified by extended polarization at a preset poten-
tial (25). One proposed mechanism is that the ad-
sorption behavior is modified by adsorbed or absorbed
oxygen. A similar mechanism may apply here.

Bulk deposition and alloy formation.—As in the case
of Ag (2), there is no discernible nucleation overvolt-
age for zinc deposition on Cu and Au substrates (Fig.
7). Similar results were found by Despic (13,26) for
zinc deposition on Cu and Au in sulfate solutions.
However, in this present case there is evidence for
alloy formation between the underpotential deposition
potential and the Nernst potential, and this may ac-
count for the apparent absence of a nucleation over-
voltage.

The cyclic voltammetry, potential pulse studies, and
x-ray diffraction analysis confirm alloy formation in
the case of both Cu and Au. In the case of Cu diffrac-
tion peaks that could be attributed to either a y-brass
or a hexagonal Cu-Zn brass phase were observed, The
overlap of the other strong lines of these phases with
those of copper precluded unequivocal determination
of the alloy phase. In the case of Au the situation
is much clearer since several diffraction peaks could
be uniquely attributed to either the AuZns or the
AugZn phase. These two alloys are probably found at
different depths in the substrate. The results in Fig. 7
indicate the formation of an alloy to a depth of at least
30 monolayers in both cases.

The cyclic voltammetry, potential pulse, and x-ray
analysis measurements on Cd are consistent with sim=
ple zinc deposition with a high nucleation overvoltage.
The absence of alloy formation is in agreement with
the finding that the solubility of Zn in Cd is practically
nil at 100°C (27).

Deposit morphology and orientation.—The basal ori-
entation of the deposit on Cu is in agreement with
that found on single crystal copper in sulfate solutions
and with that found when zinc is condensed on Cu
from the vapor phase (28). The hexagonal growth
habit is typical for growth of a hexagonal close-
packed crystal structure oriented parallel to the basal
plane (29). Visual inspection of the scanning electron
micrographs of the deposits obtained on Cu, Ag (2),
and Cd indicates that the density of the zinc deposit
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increases in the order Cu > Ag > Cd. This is the order
of decreasing peak current for the anodic stripping
pulse at —1.25V (Fig. 7). It is also the order of in-
creasing deposit adherency that was found by Oxley
and Fleischman (14, 15). Copper substrates in particu-
lar encourage the growth of an active hexagonal de-
posit with many kink sites and edges. This encourages
the growth of a deposit whose surface area increases
with thickness. This also results in an increase in the
dissolution activity of the deposit with increasing
thickness.

Summary

1. Approximately a monolayer of zinc is formed on
polycrystalline Cu and Au prior to bulk deposition.
There is excellent agreement between the underpoten-
tial shift and the difference in work function between
the substrate and zinc.

2. Alloy formation of zinc with the substrate was
found in the case of Cu and Au. Copper forms an un-
determined brass phase, and Au forms AusZn and
AuZn;.

3. Bulk deposition proceeds without any detectable
nucleation overvoltage on Cu and Au. On Cd the nu-
cleation overvoltage is high. In all cases the deposits
are preferentially oriented parallel to the basal plane.

Acknowledgments

This work was supported by the U.S. Department
of Energy (Contract No. DE-AC02-76CH00016) and
the Naval Ship Engineering Center (NAVSEC). The
authors acknowledge helpful discussions with A. Himy
of NAVSEC, O. C. Wagner of the U.S. Army Electronics
Research and Development Command (ERADCOM),
Professor B. E. Conway of the University of Ottawa,
and W. E. O'Grady, R. R. Adzic, W. Visscher, and
S. Srinivasan of Brookhaven National Laboratory
(BNL). The authors wish to thank O. Kammerer
(BNL) for the x-ray analysis and R. L. Sabatini (BNL)
for the scanning electron microscopy. One of the
authors (G.A.) had financial support from the Re-
search Fund of Serbia, Yugoslavia, during the course
of this work.

Manuscript submitted Dec. 4, 1980; revised manu-
script received ca. June 1, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by the
Brookhaven National Laboratory.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

November 1981

REFERENCES

1. J. McBreen, E. Gannon, and M. G. Chu, Abstract
91, p. 248, The Electrochemical Society Extended
Abstracts, Hollywood, Florida, October 5-10,
1980,

. G. Adzic, J. McBreen, and M. G. Chu, This Journal,

128, 1691 (1981).

. R. W. Powers, Electrochem. Technol., 5, 429 (1970).

R. D. Naybour, Electrochim. Acta, 13, 763 (1968).

. R. D. Naybour, This Journal, 116, 520 (1969).

. F. Mansfield and S. Gilman, ibid., 117, 588 (1970).

F. Mansfield and S. Giiman, ibid., 117, 1154 (1970).

. F. Mansfield and S. Gilman, ibid., 117, 1521 (1970).

. J. O'M. Bockris, Z. Nagy, and D. Drazic, ibid., 120,
30 (1973).

0. J. M. Keen and J. P. G. Farr, ibid., 109, 668 (1962).

. M. F. Ahmed, B. S. Shuhadri, and F. Pushpanaden,
J. Mater. Sci., 12, 549 (1977).

. K. I Popov, D. N. Keca, and M. D. Andjelic, J. Appl.
Electrochem., 9, 19 (1978).

. A. R. Despic, in “Electrode Processes,” S. Brucken-
stein, J. D. E. Mclntyre, B. Miller, and E. Yeager,
Editors, pp. 235-245, The Electrochemical Society
%i)g’t;g())und Proceedings Series, Princeton, NJ

14. J. E. Oxley and C. W, Fleischman, Third Quarterly
Report to NASA Contract No. NA85-9591, Lee-
sona Moss Laboratories, Great Neck, NY, March
1966, NASA Assession No. 66-26870.

15. H. G. Oswin and K. F. Blurton, in “Zinc Silver Ox-
ide Batteries,” A. Fleischer and J. J. Lander,
Editors, John Wiley & Sons, New York (1971).

16. E. L. Littauer, Private communication.

17. M. Knaster, Abstract 92, p. 250, The Electrochemical
Society Extended Abstracts, Hollywood, Florida,
October 5-10, 1980.

18. D. M. Kolb, in “Advances in Electrochemistry and
Electrochemical Engineering,” Vol. 11, H. Ger-
ischer and C. W. Tobias, Editors, John Wiley &
Sons, New York (1978).

19. J. M. Booe, This Journal, 99, 197C (1952).

20. T. (f’éssl)))irkse and E. G. Vrieland, ibid., 106, 997

21, S. Trasatti, J. Electroanal. Chem. Interfacial Elec-
trochem., 33, 351 (1971).

22. J. W. Schultz, F. D. Koppitz, and M. M. Lohregel,
Ber. Bunsenges. Phys. Chem., 18, 693 (1974).

23. R. R. Adzic, A. V. Tripkovic, and N. M. Markovic,
J. Electroanal. Chem. Interfacial Electrochem., In
press.

24. F. Furuya and S. Motoo, ibid., 98, 195 (1979).

25. H. Siegenthaler and E. Schmidt, Extended Ab-
stracts, 31st ISE Meeting, Venice, Italy, Sep-
tember 22-26, 1980, Abstract No. A44.

26. A, R. Despic, Abstract 402, p. 1013. The Electro-
chemical Society Extended Abstracts, Hollywood,
Florida, October 5-10, 1980.

27. W. Boos, Metallwirtschaft, 11, 603 (1932).

28. O. Haase, Z. Naturforsch., 11, 862 (1956).

29. I, Sunagawa, in “Crystal Growth and Characteriza-

tion,” R. Ueda and J. B. Mallin, Editors, pp. 347~

%?3%51§orth Holland Publishing Co., Amsterdam

CENombA®w N

I e
W N e



Substrate Effects on Zinc Deposition from
Zincate Solutions

I1. Deposition on Pb, TI, Sn, and In

J. McBreen,* M. G. Chu,* and G. Adzic*
Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973

ABSTRACT

The deposition of zinc on Pb, Tl, Sn, and In has been mveshgated usmg
cyclic voltammetry, potential pulse methods, x-ray diffraction, and scanning
electron microscopy. There is no evidence of underpotential deposition on any
of the substrates and the nucleation overvoltage is 30-40 mV. Thallium forms a
surface alloy with zinc and there is evidence that zinc diffuses into Pb. In the
case of Sn and T1 the deposit had an intermediate orientation and on Pb and In
the deposit was oriented perpendicular to the basal plane. Deposit orientation
has been correlated with the degree of mismatch of zinc with the substrate. The
morphology of the zinc was dense on all substrates and there was no evidence
for the hexagonal type of deposit that is usually found on Zn and Cu.

The deposition of zinc on Sn and Pb has been in-
vestigated by Oxley and Fleischman (1,2). They
found that the deposits were more adherent than on
Cu, Ag, or Cd, with the best adherency being on Pb.

There is an extensive literature on the effect of Pb
and Sn ions on zinc deposits in alkaline electrolyte
(3-7). Initial work was carried out by Kudryatzev
(3). Since then several investigators have confirmed
that Pb (4-6) and Sn (7) ion additions inhibit zinc
dendrite growth. It has also been shown that Pb ion
additions affect the specific area of the zinc deposit,
suppress self-discharge, and improve the mechanical
and discharge characteristics of the electrodes (5).
The effect of Pb ion additions on zinc deposits in aque-
ous zinc chloride and zinc sulfate electrolytes has been
investigated (8,9). In both cases additions of Pb ions
change the deposit and promote zinc growth perpen-
dicular to the basal plane.

In recent years there have been several reports on
the effect of PbO, T1;03, SnOz, SnCl,, H20, Inz03, and
In(OH)3; additions to the pasted battery zinc elec-
trodes (10-13). It has been found that in the case of
PbO and T1;0; additions to zinc electrodes in nickel-
zinc cells that the oxides are reduced to the metal
prior to zinc deposition on the first charge (13). The
mechanism by which these additives modify the elec-
trode has been attributed to a substrate effect.

The present study was part of an investigation of
substrate effects on zinc deposition on several metals
from zincate solution. The techniques used were cyclic
voltammetry, potential pulse methods, scanning elec-
tron microscopy, and x-ray diffraction.

Experimental
Cell.—The cell for the electrochemical studies is de-
scribed elsewhere (15).

Working electrode.—Two types of working electrodes
were used. One was a simple “flag” type sheet elec-
trode (1 X 1 cm); the other was a machined disk elec-
trode (0.686 cm2). The electrodes were polycrystalline
and were at least 99.998% pure. The preparation of the
Pb, TI, In, and Sn electrodes is given below; no com-
mon electrode preparation method could be used.

Lead.—Lead sheet was first immersed in a solution
of 20% hydrogen peroxide and 80% glacial acetic acid

* Electrochemical Society Active Member.

1Present address: Institute of Chemical Power Sources, ICTM,
Beograd, Yugoslavia.

Key words: electrodeposition, alloy, SEM.

for 15 sec, then washed with triply distilled water
(14). The lead disk electrodes were first polished with
600 grit SiC paper and then chemically etched in a
solution of 80% glacial acetic and 20% hydrogen per=-
oxide for 15 sec. Finally the electrode was rinsed with
methanol.

Thallium.—The preparation of thallium sheet was
the same as that for lead sheet electrode. The thal-
lium disk electrodes were polished with 600 grit SiC
and then washed in 6N KOH followed by a rinse in
triply distilled water.

Indium.—Indium electrodes were first washed in
acetone and rinsed with triply distilled water.

Tin—Tin sheet electrode was only washed with
triply distilled water. The tin disk electrodes were
first polished with 600 grit SiC paper and then washed
with triply distilled water.

Electrolytes. —The electrolytes were prepared from
triply distilled water, reagent grade KOH, and ZnO
(New Jersey Zinc USP-19).

Electrochemical studies.—After cell assembly, the
solutions were deaerated by bubbling nitrogen through
the solutions for 15 min prior to the start of measure-
ment. The nitrogen was purified by passage through
molecular sieves. The cyclic voltammetry was made in
voltage envelopes that were more negative to —0.84V
for Pb, —0.9V for Tl, —1.15V for In, and —1.2V for
Sn. At no time did the voltage scan go into a poten-
tial region where the substrate could oxidize. Double
cathodic-anodic pulse measurements were made in an
effort to quantify the amount of the deposit, determine
the nucleation overvoltage, and obtain further evidence
for alloy formation. This procedure consisted of
a cathodic pulse for 100 sec at increasingly negative
potentals between —1.25 and —1.46V followed by an
anodic pulse at —1.25V for 100 sec and a final pulse to
a potential slightly negative of the dissolution poten-
tial of the substrate. In the case of Pb, Tl, In, and Sn,
the respective potentials of the final anodic pulses
were —1.0, —1.0, —1.19, and —1.15V. The cathodic
deposition potential which first yielded an anodic
charge at —1.25V was taken to indicate the onset of
zine deposition. The difference between this potential
and the Nernst potential is the nucleation overvoltage.
Any additional dissolution that occurred on stepping
to potentials more positive to —1.25V was ascribed to
zinc that had alloyed or diffused into the substrate.
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Scanning electron microscopy and x-ray diffraction.
—Sample preparation for the scanning electron mi-
croscopy and the x-ray diffraction studies was as fol-
lows. The zinc was deposited on the “flag” sheet elec-
trodes at a fixed potential until a required number of
coulombs was deposited. The electrode was immedi-
ately removed from the electrolyte, washed repeatedly
in distilled water, rinsed in acetone, zir dried, and
stored in a desiccator until mounted in either the scan-
ning electron microscope or the x-ray goniometer. The
diffraction pattern was determined using Cu-Ke radi-
ation. The sample prepared for the morphology and
deposit orientation studies was deposited from 8.4M
KOH + 0.74M ZnO. Four samples on each substrate
were prepared. The deposited conditions were 0.5
C/cm2 at —1.40V, 2 C/cm? at —1.42V, 5 C/cm? at
—1.44V, and 2 C/cm? at 15 mA/cm?2,

Results

Cyclic voltammetry.—Figure 1 is a cyclic voltam-
mogram on a Pb disk electrode in 1M KOH + 0.08M
ZnO in the potential envelope —0.83 to —1.45V, The
cathodic current has a distinct nucleation loop with
no zinc deposition occurring on the cathodic sweep till
a potential of —1.4V is reached. Cyclic voltammo-
grams with negative limits at —1.43V displayed one
anodic current peak at —1.28V. When the negative
limit was extended to —1.45V a second anodic peak
appeared at —1.35V (Fig. 1); when the limit was
—1.55V a third anodic peak appeared at —1.3V. Re-
sults in Fig. 2 show the effect of various voltage ar-
rests on the anodic behavior of the cyclic voltammo-
gram, Figure 3 shows cyclic voltammograms for thal-
lium in 1M KOH 4 0.08M ZnO in the voltage envelope
—0.9 to —1.4 and —1.45V., There is no evidence of
underpotential deposition on Tl. At —1.4V there is no
zinc deposition. At 1.45V there is deposition and a very
distinct nucleation loop. Figure 4 shows cyclic voltam-
mograms for more negative limits down to —1.65V.
When the negative limit is —1.65V another anodic
peak is observed —0.8V. The main feature of zinc dep-
osition on Tl is that there is no underpotential deposi-
tion; there is evidence of a nucleation overvoltage
for zinc deposition. The behavior of Sn is shown in
Fig. 5. There is no evidence of underpotential dep-
osition or alloy formation. Almost identical results
were found on In substrates.

Potentiostatic pulse studies—Figures 6-9 show the
current transients for cathodic and anodic pulse on Pb,

E VS. Hg /HqO

Fig. 1. Cyclic voltammogram on Pb disk (0.686 cm2) in 1M
KOH - 0.08M ZnO; sweep rate 100 mV/sec. Negative limit
—1.45V.
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E vs. Hg /HgO

Fig. 2. Cyclic voltammograms on Pb disk (0.686 cm2) in IM KOH
+ 0.08M ZnO; sweep rate 10 mV/sec. (Curve 1) continuous cyclic
voltammograms, (curve 2) with a 5 sec anodic arrest at —1.3V,
(curve 3) with a 5 sec anodic arrest at —1.21V.

Fig. 3. Cyclic voltammograms for Tl disk (0.686 cm2) in 1M
KOH -+ 0.08M ZnO; broken line for a negative limit at —1.4V;
solid line for a limit at —1.45V. Sweep rate 100 mV/sec.

T1, Sn, and In substrates (1 X 1 cm) in 8.4M KOH 4
0.74M ZnO. Cathodic pulses vary from —140 to
—1.46V. All anodic pulses were at —1.25V.

Figures 10 and 11 show the anodic stripping charge
for various potentiostatic pulse profiles in 8.4M KOH
+ 0.74M ZnO for Pb, Tl, In, and Sn, respectively. On
Pb and TI substrates, most of the dissolution of bulk
deposit occurs at —1.25V; the remainder of the deposit
is stripped at —1.0V. On In and Sn substrates, all of
the dissolution of bulk deposit occurs at —1.25V; no
dissolution was observed at the higher potential.

X-ray diffraction result.—In the case of the Tl sam-
ple prepared for morphology and deposit orientation
studies strong diffraction peaks at 2¢ = 23.5°, 26°,
27.2°, 31°, 38.5°, and 48.5° were observed. In the case of
Pb, In, and Sn, all the diffraction peaks could be at-
tributed to either zinc or the substrate.
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Fig. 4. Sweep rate dependence of cyclic voltammograms on TI
disk (0.686 cm2) in 1M KOH - 0.08M ZnO. Sweep ratss: (curve
1) 100 mV/sec, (curve 2) 50 mV/sec, (curve 3) 20 mV/sec.

Deposit orientation and morphology.—The zinc de-
posits on both Pb and In were oriented perpendicular
to the basal plane. On Tl and Sn the deposit had an in-
termediate orientation. Figures 12 to 15 show scan-
ning electron micrographs of zinc deposits on each
substrate. There is no evidence of the hexagonal struc-
tures found on Ag (15), Cu and Cd (16). On In and Sn
the deposits had a very dense appearance.

Discussion

Zinc deposition.—No underpotential deposition was
observed on any of these substrates. This is to be ex-
pected since the work function for Sn is only 0,05 eV
higher than that of zinc and for the other metals is
considerably lower (17). The nucleation overvoltage
is high on all metals, Thallium was the only material
with which zinc formed an alloy. This was confirmed
by the additional anodic peak, at approximately

2mA

-1.3 -1.1

E vSs. Hg /HgO

Fig. 5. Cyclic voltammograms on Sn disk (0.686 cm?2) in 1M
KOH 4+ 0.08M ZnO; sweep rate 50 mV/sec.
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Ep=—1.25V
—— -4l V

20 mA/cm?

«—
20s

Pb, 35 % KOH+60 g/L Zn0

Fig. 6. Current transients for double cathodic/anodic pulse ex-
periments on Pb sheet in 84M KOH 4 0.74M ZnO. Deposition
potentials are indicated on the figure. Anodic pulses were to
—1.25V.

20 mA/cm?

Tl, 35 % KOH+ 60 g/l ZnO

Fig. 7. Current transients for double cathodic/anodic pulse ex-
periments on Tl sheet in 8.4M KOH 4 0.74M ZnO. Deposition po-
tentials are indicated on the figure. Anodic pulses were to —1.25V.

Ep=-125V

—-1.46V
20 mA/cm?

L
Lo

Sn,35 % KOH+60 g/L ZnO

Fig. 8. Current transients for double cathodic/anodic pulse ex-
periments on Sn sheet in 8.4M KOH + 0.74M ZnO. Deposition
potentials are indicated on the figure. Anodic pulses were to
—1.25V.
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Epz-1.25V
- -1.40V

IZO mA /cm?2

In, 35% KOH+60 g/L ZnO

Fig. 9. Current transients for double cathodic/anodic pulse ex-
periments on In sheet in 8.4M KOH + 0.74M ZnO. Deposition
potentials are indicated on the figure. Anodic pulses were to
—1.25v.

—1.0V, in the cyclic voltammograms (Fig. 5). The
double anodic pulse also showed additional dissolu-
tion on going to —1.0V. This additional dissolution
was observed on the cyclic voltammograms at slow
sweep rates and in the potential pulse measurements
after holding the electrode at —1.25V for periods as
long as 300 sec. Thus it could not be ascribed to re-
sidual passivated zinc. In addition, the x-ray diffrac-
tion results showed several diffraction peaks that could
not be ascribed to either Zn or TIl. No literature data
for x-ray patterns of Zn-T1 alloys could be found.
The cyclic voltammetry results (Fig. 4 and 5) and
the double anodic pulse measurements (Fig. 11) indi-
cate that alloy formation of zinc with Tl is quite
different than alloy formation with Ag (15), Au or Cu
(16). There is no evidence for alloy formation at po-
tentials positive to the Nernst potential. Actually the
cyclic voltammogram displays a nucleation loop (Fig.
4) and no zinc is deposited at potentials more positive

T T T T T
0! b PROFILE i
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Fig. 10. Anodic stripping charge vs. deposition potential for Pb
and Tl sheet in 84M KOH -+ 0.74M ZnO. Deposition time was
100 sec. Potential profiles are indicated on the figure.
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Fig. 11. Anodic stripping charge vs. deposition potential from
Sn and In sheet in 8.4M KOH -+ 0.74M ZnO. Deposition time was
100 sec. Potential profiles are indicated on the figure.

to —1.4V, Apparently the presence of bulk zinc is re-
quired on the TI surface before alloy formation. There
is a possibility that in the case of Ag, Au, and Cu, the
underpotential deposited layer catalyzes alloy forma-
tion at potentials positive to the Nernst potential. It is
difficult to quantify the amount of alloy formation
from the double anodic pulse measurements. On puls-
ing to —1.25V, the current tailed off (slowly) over a
long period of time (Fig. 7). This may be due to some
alloy dissolution at —1.25V after stripping the bulk
deposit.

The behavior of zinc on Pb is very complex as indi-
cated by the cyclic voltammetry and potential pulse
measurements. The behavior was similar in some re-
spects to that observed with substrates that alloyed
with zinc. However, no Pb-Zn alloy is known and the
x-ray diffraction data showed only reflections for Pb
and Zn. The cyclic voltammograms indicate that there
are at least three dissolution processes. This could be
rationalized on the basis of dissolution of nonepitaxial

Fig. 12. Scanning electron micrograph of a zinc deposit on Pb
sheet. Electrolyte was 8.4M KOH -+ 0.74M ZnO. Deposition con-
ditions were 2 C/cm2 at 15 mA/cm2. Magnification 5400 .
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Fig. 13. Scanning electron micrograph of a zinc deposit on Tl
sheet. Electrolyte was 8.4M KOH +0.74M ZnO. Deposition condi-
tions were 2 C/cm?2 at 15 mA/cm2. Magnification 5400 X.

Fig. 14. Scanning electron micrograph of zinc deposit on Sn
sheet. Electrolyte was 8.4M KOH - 0.74M ZnO. Deposition con-
ditions were 2 C/cm? at 15 mA/cm2 Magnification 5400 .

Fig. 15. Scanning electron micrograph of zinc deposit on In sheet.
Electrolyte was 8.4M KOH - 0.74M ZnO. Deposition conditions
were 2 C/cm? at 15 mA/cm2. Magnification 5400 .

growth, epitaxial growth, and zinc that diffuses into
the lead. The concept of the dissolution of epitaxial
and nonepitaxial growth has been invoked to explain
the dissolution of Cd deposits on Cu (18), and a simi-
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lar mechanism may be operative here. It is known that
the diffusivity of Zn in Pb is abnormally high (19, 20).
It is about six orders of magnitude higher than the self-
diffusion of Pb in Pb. Extrapolation of the data of Ross
et al. (19) indicates a diffusivity of 8.24 x 10-1! cm?2
sec™! for Zn in Pb at 25°C. If one assumes that the area
under curve 3, Fig. 3 is due to dissolution of zinc that
diffuses into Pb, then the amount of Zn in the substrate
is 1.4 X 10-3C. The total zinc that diffuses into the Pb

is given by
Dt \%
Q =4FAC, ({ —
x

where F is the Faraday constant, A the electrode area,
D the diffusivity of Zn in Pb, C, the concentration of
zinc directly beneath the Pb surface, and t the time
the substrate was covered with Zn (21). The total time
t, including the arrest time, was 78 sec. This yields a
value of C, of 0.06 atom percent Zn in Pb, a value that
is reasonably close to the theoretical solubility of Zn
in Pb (22).

The electrochemical behavior of the zine deposit on
In and Sn was unique in that the deposit activity does
not increase with deposit thickness (Fig. 9 and 10).
The limiting discharge current on stepping to —1.25V
does not change with thickness. This would indicate
that the surface area of the zinc remains constant as
the deposit grows. This may be a feature associated
with epitaxial growth perpendicular to the basal
plane. The stripping current behavior also differed
from that of Pb and TI in that there was no tailing of
the current. This is consistent with no interaction of
the zinc with the substrate bulk.

Deposit morphology and orientation.—The zinc de-
posits on Pb, Tl, In, and Sn differed from those found
on Ag (15), Cu, Au, Cd, and Zn (16) in that the de-
posits were not oriented parallel to the basal plane.
Consequently the deposits did not display the usual
hexagonal platelets that are obtained from growth in
a direction parallel to the basal plane,

The only correlation that can be made is that sub-
strates with atomic radii close to that of zinc encourage
growth parallel to the basal plane, and substrates with
atomic radii much larger than zinc encourage growth
perpendicular to the basal plane. The latter deposits
tend to be more dense. Table I summarizes data on the
interatomic distances in the substrates investigated
(23) and give the degree of mismatch with the basal
plane spacing of zinc. It is best to compare substrates
that do not form alloys with zinc such as Cd, Sn, In,
and Pb, since alloy formation certainly must rearrange
the atoms of the substrate. In going from Cd to Sn to
In and Pb the deposit changes from a basal to an
intermediate and then to a perpendicular orientation.
According to Finch and his co-workers (24), the criti-
cal mismatch is about 15%. This appears to be the
case here.

Summary

1. The nucleation overvoltage for zinc on Pb, Tl, Sn,

and In in alkaline zincate solutions is 30-40 mV.

Table I. Substrate interatomic distance in comparison to
interatomic distances in the zinc basal plane

Differences with
interatomic distance

Interatomic of Zn in basal
Metal distance (A) plane (%)

Cu 2.556 -41
Ag 2.889 4
Au 2.883 8.1
Cd 2.979, 3.293 11.78
Sn 3.02,3.17 13.32
In 3.24,3.37 21.57
Tl 3.401, 3.456 29.68
Pb 3.501 313
Zn 2.665, 2.912
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2. Thallium is the only metal that alloys with Zn
during deposition. '

3. As opposed to the deposits found on Ag, Cu, Au,
Cd, and Zn, the deposits were not oriented parallel to
the basal plane. On Sn and Tl the deposit had an in-
termediate orientation and on In and Pb the deposit
was oriented perpendicular to the basal plane. Deposit
orientation and morphology has been correlated with
the degree of mismatch of Zn with the substrate.
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Electrodeposition of Silicon from Solutions of

Silicon Halides in Aprotic Solvents

A. K. Agrawal* and A. E. Austin*
Battelle, Columbus Laboratories, Columbus, Ohio 43201

ABSTRACT

Amorphous silicon has been electrodeposited from nonaqueous baths using
SiHCl3 as the silicon source. A typical bath composition was 1.0M SiHCl; in
propylene carbonate containing 0.1M tetrabutyl ammonium chloride as the
supporting electrolyte. Deposits were made potentiostatically at around —2.5V
vs. Pt reference at temperatures 35°-145°C under an argon atmosphere. A
variety of materials including Pt, Ti, Ti-6Al-4V alloy, n-Si, and indium-tin
oxide coated fused silica were used for the substrate. The as-deposited silicon
contains some hydrogen bonded as SiHj or SiH. The quality and hydrogen con-
tent of the deposits are controllable by selecting the proper bath composition
and operating temperature. The electrodeposition process offers an inexpensive
route for producing «-Si films for possible solar cell applications.

The successful development of low cost solar cells
for large-scale terrestrial power generation calls for
new technology for attaining required cost reductions
of 30-fold from the present. Amorphous silicon films

* Electrochemical Society Active Member.

Key words: amorphous silicon, solar cell, electrodeposition, non-
aqueous bath,

produced by various vapor phase deposition processes
are being actively considered for solar cell applica-
tions (1). We investigated electrodeposition as a pro-
cess for producing silicon directly on low cost metal
substrates. As is well known, silicon cannot be electro-
deposited from aqueous electrolytes because of hy-
drolysis of its salts and very large negative potentials
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required for the cathode. The use of a wide range of
nonaqueous organic solvents was investigated. Ap-
propriate media were found to be solutions of silicon
halides in dipolar aprotic organic solvents that are
essentially anhydrous (2). The process yielded amor-
phous silicon of 1-5 xm thickness on a variety of sub-
strates. Process details, deposit quality, and composi-
tion of the electrodeposited a-silicon are discussed
here.
System Development

Initially a number of solutes (silicon source—chloro
and bromo silanes mainly), nonaqueous solvents, and
supporting electrolytes (tetraalkyl ammonium salts)
were investigated for the process. The screening was
done by cyclic voltammetry experiments and followed
by electrodeposition onto a platinum or Ti-6Al-4V
substrate [see Ref. (2)]. After extensive trials the
most suitable choices for the solute, solvent, and sup-
porting electrolyte were trichlorosilane, propylene
carbonate (PC), and tetraalkyl ammonium chlorides,
respectively. The main considerations in the selection
were stability of various components in the bath at
operating cathode potentials in the anticipated tem-
perature range of 35°-150°C, and the product quality.

Although SiHCl; is quite soluble (>1M) in PC, the
SiHCl; is barely ionized in the solvent. As a result the
solution conductivity is extremely low (35 umho cm—1)
for an efficient operation of the cell. Tetraalkyl am-
monium chlorides were therefore added to the cell to
increase the conductivity of the bath and thereby re-
duce the operating cell voltages.

Cyclic voltammetry.—Preliminary cyclic voltam-
metry experiments were done on platinum electrodes
in PC with tetrabutyl ammonium chloride (TBAC) as
the supporting electrolyte but without any SiHClg
present. This was done to check the inertness of the
bath and also to determine the safe working potential
range. In the voltagrams no current waves, either
cathodic or anodic, were observed in the potential
range 0.8 to —3.0V vs. Pt. This indicated an absence
of reactions and proved the inertness of the bath.
However, when the scanning was extended beyond the
above potentials, in separate experiments, large cur-
rent waves resulted at both ends. These waves were
due to the breakdown of the bath constituents. The
potential range beyond —3.0V vs. Pt was therefore
considered unsafe for the cell operation but safe be-
tween +0.8 and —3.0V vs. Pt, Chloride ion oxidation
starts beyond 4 0.8V vs, Pt.

A cyclic voltagram for SiHCl3 in PC and TBAC is
shown in Fig. 1. Two reduction waves at cathodic po-
tentials near —1.2 and —2.3V vs. Pt are evident. Dur-
ing scanning in the positive direction from the most
negative potential —2.7V vs. Pt, no anodic waves cor-
responding to either of the cathodic waves were ob-
served. This implies that the cathodic reactions are
highly irreversible. The first wave at —1.3V vs, Pt is
thought to be from the reduction of trace amounts of
HCI present in the bath. This HCIl results from a re-

2
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Fig. 1. A cyclic volt am of plati substrate at 35°C in

PC containing 0.IM TBAC and 0.2M'SiHCI3.
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action between SiHCl3 and HO, which finds its way
as a trace impurity in PC or TBAC. In the second
cycle the first wave completely disappeared, probably
because of an exhaustion of HCI from the bath. Forma-
tion of HCI by hydrolysis of chlorosilanes, e.g., RgSiCl
+ H30 - R3SiOH 4 HC], and the reduction of HCl
on electrolysis in nonaqueous solvents have been re-
ported by Corriu et al. (3).

The second wave in the voltagram in Fig. 1 is from
the reduction of SiHCl; to a-Si. The current peak is
located at —2.3V vs. Pt. Repeated cycling of the po-
tential between +40.8 and —2.7V wvs. Pt produced a
gradual shrinking of the peak and also a slight nega-
tive shift of the peak potential in successive cycles.
These changes are thought to be from a buildup of
«-Si deposit on the substrate during each cycle and
the resulting IR drop therein. The presence of only a
strong single peak, after the HCl removal, suggests
that the reduction of SiHCl; is essentially a one-step
process. Multiple peaks corresponding to stage-wise
reduction of SiHCl3 were never observed.

Experimental

All experiments including screening experiments
were done inside a dry glove box under an argon
atmosphere. Initially a reagent grade PC after care-
ful drying over molecular sieves and purification by
vacuum fractional distillation was used for the sol-
vent. The distillate was kept at all times under an
argon atmosphere. Gas chromatographic analysis of
the distillate gave a maximum of 10 ppm H,O and 100
ppm propylene glycols. The conductivity of the dis-
tillate was 0.5-1.0 umho. Later, high purity, very low
water, glass distilled PC from Burdick and Jackson
Laboratories was used in all experiments, without any
further treatment. Cyclic voltammetry results and the
quality of deposits with the latter PC justified its use.
Trichlorosilane used as solute was from Silar Corpo-
ration. Tetraalkyl ammonium chlorides, i.e., tetra-
ethyl (TEAC), tetrapropyl (TPAC), TBAC, tetra-
pentyl (TPnAC), and tetrahexyl (THAC) were ob-
tained from the Ventron Corporation and these were
purified by recrystallization under argon atmosphere
according to the procedures described in Mann (4).

Electrodeposition experiments were carried out po-
tentiostatically in Teflon cells using an internal plati-
num reference electrode. A Teflon cell of 15 ml ca-
pacity used with 2 cm diam substrates is shown in
Fig. 2. The counterelectrode was made from vitreous
carbon, whereas a variety of substrates were used for
the cathode, including Pt, Ti-6Al1-4V alloy, commer-
cially pure titanium, n-silicon, and transparent indium-
tin oxide on fused silica. All metallic substrates were
mechanically polished to a mirror smooth finish for

Fig. 2. A Teflon cell used in electrodeposition experiments
shown disassembled.
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use as a cathode. These were cleaned with deionized
water and rinsed off with acetone prior to use. A
deposition potential around —2.5V wvs. Pt was used
in most of the experiments.

Deposits were made at 35°-145°C. Experiments above
35°C required a heated pressure chamber for the cell
because of the high volatility of SiHCl3 (bp 33°C).
For runs at high temperatures the Teflon cell after
assembling and filling with the solution was sealed in
the chamber, The chamber was then pressurized with
argon. The pressure was maintained at 20-30 psi
(140-210 kPa) above the vapor pressure of SiHCl; at
the operating temperature of the cell, e.g.,, 110 psig
(800 kPa) for a 90°C run. This prevented the loss
of SiHCl; from. the cell.

During deposition the cell current was monitored,
and in most cases a digital integrator was also used
to show the cumulative charge passed at any time.
Deposit thickness was calculated using Faraday’s law
assuming 4 electron transfer reduction, 100% current
efficiency, and a deposit density of 2.0 g/cm3. The
thickness was checked in a few instances by weight
gain of the substrate and a measurement of the tapered
section of the deposit with SEM. A good correspond-
ence between the calculated thickness and measured
thickness supported the assumptions,

Results and Discussion

In very early experiments a tank-type 300 ml ca-
pacity bath was used as a cell. The bath was reused
3 or 4 times for the deposition without changing the
solution but after replenishing the SiHCl;. It was
noticed that the starting currents in subsequent runs,
under identical operating conditions, were smaller
than in the previous runs. It was reasoned that some
by-product is generated during the SiHCl; reduction.
This by-product adsorbed on the cathode surface in
competition with the active SiHCl; species and hin-
dered the reduction process. As a result, the practice
was changed to using a fresh bath for each deposit.
However, in order to save on expensive chemicals the
cell design was changed and the volume was reduced
to ~15 ml solution for a 2 cm diam substrate. All the
results described here are for the later practice using
the new cell.

A typical deposit made on Ti-6Al1-4V substrate at
35°C is shown in Fig. 3. A typical bath contained
0.1M TBAC and 0.25M SiHCl;. The starting currents
in general were 2-5 mA/cm?2, but decayed rapidly after
about 0.5 min at a rate proportional to t—% to t—1

Fig. 3. Photomacrograph of silicon deposit on titanium alloy
4x).
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(where t is time) with thickening of the deposit (see
Fig. 4). The drop in current with time was partly due
to the IR drop in the growing film, and for the rest the
reasons are not completely understood at this time.
A 1 ym thick deposit required more than 1000 min.
The process was subsequently improved to give better
yields. The effect of process variables, such as solute
concentration, temperature, and the size of cation in
the supporting electrolyte are discussed below. The
supporting electrolyte used in most of the experiments
was TBAC at 0.IM concentration unless mentioned
otherwise.

Temperature.—Increasing the temperature above
35°C resulted in a higher starting current which re-
mained higher during the course of deposition. The
electrodeposition currents for two temperatures of
35° and 70°C are shown in Fig. 4 for comparison. It
should be noted in the figure that although the current
for the 70°C run is higher by at least a factor of two
over most of the deposition period, the rate of decay
for the two runs is almost identical. The identical
nature of two curves suggests that the deposition
process in both cases is the same. The activation
energy for the process was calculated from the Ar-
rhenius plots of ¢ vs. 1/T shown in Fig. 5, for the tem-
perature range 35°-90°C. Three time intervals 0.1, 1,
and 100 min were chosen for the calculations, but all
three gave the same value of activation energy 2 =
0.2 kcal. The low activation energy for the process
suggests that the rate-determining step is probably
an electrosorption process. Higher temperatures
usually resulted in thicker and smoother deposits. De-
posit thickness of ~1 um could be obtained in about
1000 min by operating the cell at 70°C, as opposed to
~0.5 yum at 35°C,

Solute concentration.—The solute concentration in
the bath in the range 0.1-1.0M had a significant effect
on the rate of current decay as well as on the quality
of deposit. The rate of decay, particularly in the first
10 min, was considerably retarded with increasing
SiHCl3 concentration. Consequently a deposit of 1 um
thickness could be produced in about an hour or less
with 1.0M SiHCl; in the bath at 50°C or higher. The
deposits were also more uniform and smoother in
texture than those made with lower concentrations
of SiHCl;. Concentrations above 1M SiHCly offered
no further improvements.

Although the rate of current decay was affected by
the solute concentration, the starting current changed
little with the increasing SiHCl; concentration. The
starting current was strictly dependent upon the type
of substrate used for the cathode.

Si deposttion with 1.25 M SiKCIy
Substrate Ti=6AI-4V. e’

T[T
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Fig. 4. Comparison of the electrodeposition current for two
temperatures, 35° and 70°C at —2.5V vs. Pt with 0.25M SiHCI3.
Substrate area: 2 em2.
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Fig. 5. Arrhenius plots of / vs. 1/T at 0.1, 1, and 100 min

Supporting electrolyte.—From the low activation
energy and the current decay behavior during the
deposition, it was hypothesized that the process is
adsorption controlled. It was, therefore, concluded
that by changing the cation size of the supporting
electrolyte in the bath, the deposition rate and the
quality of the deposit, particularly the morphology,
could be controlled. As a result, silicon deposition was
experimented using different supporting electrolytes
of the tetraalkylammonium chloride series. The tetra-
alkylammonium chlorides used in the experiments
were TEAC, TPAC, TBAC, TPnAC, and THAC. The
concentration of the supporting electrolyte in each of
the experiments was kept constant at 0.1M. The nomi-
nal bath temperature was 35°C and the SiHCl3 con-
centration 0.5M.

The morphology of the Si deposit and the deposition
current decay both were strongly affected by the
size of the cation in the bath., In general, the deposits
were coarser with increasing cation size; with smaller
cations TEAC and TPAC the deposits were very
smooth, at 2000 magnification with SEM no separate
nodules could be detected. With THAC, the deposits
were extremely coarse and loosely adherent to the
titanium substrate. The adherence appeared to improve
with lowering of the cation size in the bath.

The starting current on the Ti substrate in all the
cases was 2.6 = 0.2 mA/cm?, irrespective of the cation
size. However, after a few monolayers of Si deposition
the current decay was greatly affected by the cation
size, The smaller the cation in the bath, the higher
was the rate of current decay. The current decay with
TEAC was so rapid that deposit thickness was limited
to only ~0.3 um before the deposition rate reached
to nearly zero (~0.01 mA/cm?) value. With THAC,
on the other hand, the rate of decay was very small,
and the current stayed with deposition at about 1
mA/cm2 The starting current of 2.6 mA/cm?2 appears
to be controlled only by the number of active sites
available on the Ti substrate for the adsorption of
active SiHCls. It is only after the first few mono-
layers that the cation size of the supportive electrolyte
became important.

In order to improve the morphology of electro-
deposited silicon, mixed supporting electrolytes of
TBAC and TPAC were tried in the bath. Typical ex-
periments with the mixed TBAC and TPAC electro-
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lyte were made at 50°C and cathode potential of
—2.6V vs. Pt. The total concentration of the mixed
electrolyte in the bath was always maintained at 0.1M
with 1.0M SiHCl;, The TPAC:TBAC compositions
tried were 1:100, 10:100, 50:50, 100:10, and 100: 1. The
optimum composition for TPAC:TBAC was found to
be 100:10. With this TPAC: TBAC ratio good deposits
of about 1 um could be obtained in less than 2 hr.
With any other mixture the rates were significantly
lower.

The nodule size in the deposits in general decreased
with the increasing proportion of TPAC in the mix-
ture. For comparison purposes, four deposits from
different bath compositions are shown in Fig. 6. The
lower two of the deposits in Fig. 6 are from pure
electrolytes TPAC and TBAC, whereas the upper
ones are from 10:100 TPAC to TBAC and 10:100
TBAC to TPAC ratios. The deposit from the bath with
10:100 TBAC to TPAC ratio is fine grained and
smoother in comparison to the others. Table I gives
the deposit thickness and their resistivity, as mea-
sured in the solution, from different electrolyte mix-
tures. The resistivity generally increased with de-
creasing nodule size and increasing smoothness.

Composition and properties.—Silicon deposits were
analyzed for composition with EDAX, Auger spec-
trometer, and SIMS. The EDAX analysis showed no
other metallic element besides Si. Transfer of speci-
mens from the deposit dry box to the Auger chamber
resulted in surface oxidation of deposits. This pro-
duced insulating film on the specimen surface, and
subsequently presented problems with Auger analy-
sis because of the electron charging. Auger analysis
after argon sputtering showed Sirri peak at 92 eV.
Analyses with SIMS indicated Si, oxygen (=3% SiO),
and less than 0.01% of trace impurities C, Mg, Al K,
and Na in the deposits. Chlorine was not detected with
either SIMS or Auger in any of the deposits analyzed.

The deposits contain some hydrogen, which is
driven off on annealing with a threshold at 350°C
and a peak of evolution at 470°C. The amount of hy-
drogen in the deposits varied with the deposition tem-

SEM 2000X
10:100 TPAC/TBAC

SEM 2000X
10:100 TBAC/TPAC

SEM 2000X
TBAC TPAC

Fig. 6. Micrographs of silicon deposits made with varying sup-
porting electrolyte ratio of TBAC and TPAC on titanium substrate
at 50°C,
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Table 1. a-Si characteristics from mixed TBAC and TPAC
electrolyte baths

Ratio Thickness Resistivity»
TBAC:TPAC (xm) (2-cm x 107)
0:100 0.36 12
1:100 0.68 12
10:100 0.91 1.5
50:50 0.51 7.5
100:10 136 39
100:1 1.07 2.3

2 Resistivity as measured in deposition cell using a Wayne-Kerr
bridge.

perature. The hydrogen in deposits made at 35°C was
determined by thermal evolution in mass spectrometer,
whereas other deposits were analyzed by nuclear
reaction with N beam (5). The hydrogen content
was estimated to be 35% in deposits made at 35°C,
20% at 50°C, and only 16% at 90°C.

There is indication from infrared spectra that the
hydrogen in deposited silicon is chemically bonded
in the form of SiH, SiH, and SiHj;, mostly as SiH;
(6, 7). The nature of bonding changes from SiH to
SiH as the temperature of the deposition bath is
raised; the change was detected by a shift in the IR
absorption spectra at 2100 cm—! and appearance of
absorption band at 650 cm~!. The IR absorption spec-
tra of electrodeposited silicon was interpreted in the
light of work by Lucovsky et al. (8) with amorphous
silicon produced by other techniques.

The electrodeposited silicon showed photoconduc-
tion as well as photovoltaic properties. The nature of
hydrogen bonding in the deposits and some of their
photoelectric properties are subjects of another paper
9).

Amorphous nature of the deposits was determined
with x-ray diffraction and transmission electron dif-
fraction, X-ray diffraction of silicon deposits produced
no crystalline pattern but only a broad diffused band,
indicative of amorphous material. Transmission elec-
tron diffraction at 100 kV of free silicon films that
were lifted off from the substrate, gave also diffused
rather than a crystalline pattern. At 100 kV any micro-
crystallinity of the order of 10-20A would have been
easily revealed. For the present purposes, the de-
posited material is therefore considered amorphous.

Conclusions
Amorphous silicon can be deposited from a non-
aqueous bath containing PC as solvent, SiHCl; as
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solute, and tetraalkyl ammonium chlorides as the sup-
porting electrolytes. The deposit growth is nodular
1-3 um in size. An increase in bath temperature (35°
= T = 145°C) and solute concentration (0.1 = C =
1.0M) favors faster deposition rates, more uniform and
smoother deposits. Nodule size and therefore smooth-
ness can also be controlled by using a mixed support-
ing electrolyte from the tetraalkyl ammonium chloride
series.

As deposited a-silicon containg some bonded hy-
drogen as SiHj or SiH. The hydrogen is driven off on
annealing at temperatures ~470°C. The electrodeposi-
tion process offers an inexpensive route for producing
«-Si films for possible solar cell applications.
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Resistance to Flow of Current to Scratched Electrodes

H. J. Pearson,! G. T. Burstein,* and R. C. Newman
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ABSTRACT

The electrolyte resistance to flow of current to a scratched electrode is cal-
culated assuming the scratch to be shallow and represented by a rectangular
planar strip. The resulting equation agrees with experimentally measured
ohmic resistances to long, narrow rectangular strip electrodes. Also presented
are corrections to the previously published formula for the ohmic resistance to a
disk electrode due to finite dimensions of the counterelectrode and the electro-
chemical cell for systems with radial symmetry.

Rapid mechanical scratching or abrasion of poten-
tiostatically controlled metal electrodes in aqueous
electrolytes provides a method of examining the elec-
trochemical properties of metal surfaces initially free
from oxide films (1-10). Under external potential con-
trol, initially passive electrodes can react at very
high anodic current densities on scratching before re-
verting to the passive state. Important features of an
experimental device for studying scratched electrodes
are a rapid rate of bare surface generation, an ac-
curately known bare surface area, and minimal sur-
face heating during abrasion. These criteria are satis-
fied most closely by a device which creates a single
narrow shallow scratch on a rotating disk electrode
(6-10). The purpose of the present paper is to con-
sider the effects of electrolyte resistance during elec-
trochemical reactions at scratched electrodes under
potentiostatic control, where the current passing on
the scratched surface flows to a counterelectrode. The
related problem of the open-circuit potential distribu-
tion across a scratch in a passive film has been investi-
gated by Doig and Flewitt (11) and Melville (12).
However, the use of similar open-circuit results to
criticize the soundness of the potentiostatic scratching
technique (11) is not valid since the current distribu-
tion in the two cases is quite different. Many potentio-
static scratching experiments are performed on speci-
mens whose overall surfaces are not coated: the area
of exposed metal carries a slow steady-state reaction.
Ohmic potential changes occurring around the scratch
due to high current densities from the scratch itself
can interfere with measurements of scratch current
densities. This has been observed when the electrode
as a whole is active or carries a readily reducible oxide
film (7,9)).

Newman (13) has presented a calculation of the
ohmic potential drop due to current flow between
a rotating disk electrode embedded in an insulating
surface and a counterelectrode at infinity. He solves
the Laplace equation for the potential distribution by
transforming to rotational elliptic coordinates (oblate
spheroidal coordinates). This exact method of solution
is only possible because of the symmetry of the prob-
lem and is not available for more general electrode
geometries. Here we show that knowledge of the ap-
proximate form of the current distribution near the
electrode leads to accurate expressions for the ohmic
potential drop for various electrode shapes, in par-
ticular a thin strip of finite length representing a
scratch in a passive film. The technique also allows
calculation of the corrections required for counter-
electrodes of finite size and distance from a rotating
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t Present address: Department of Applied Mathematics and
Theoretical Physics, University of Cambridge, Cambridge, En-
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Key words: disk working electrode, plane counterelectrode, rec-
tangular strip working electrode.

disk working electrode. Confirmation of the calcula-
tions is obtained by measuring the ohmic resistance to
segments of narrow strip electrodes using a double
galvanostatic pulse technique.

Mathematical Model
Consider a plane counterelectrode situated at a
position z = 0 (where z is the axis perpendicular to
the planes of the counter and working electrodes),
and a plane working electrode of given geometry em-
bedded in an insulating plane at z = d. The Laplace
problem for the ohmic component of the potential
given by
V2 =0 1]

may be considered as having the following boundary
conditions
¢=0atz=0 [2a]

) i
2=—3‘(.-ze,y) at z2=d [2b]
0z 7

where x and y are the axes parallel to the counter and
working electrode surfaces. f(x, y) is zero on the in-
sulated portion of the plane z = d and represents the
current distribution at the surface of the working
electrode. The exact value of f(x, y) is such that the
value of ¢ is constant on the surface of the electrode.
However, calculation will proceed by assuming forms
of f(x, y) close to, but not necessarily identical to,
the real expression. The first class of geometries that
we consider will use an infinite plane counterelectrode
at z = 0. A further idealized calculation will yield esti-
mates for the corrections due to finite counterelectrode
and cell size. The model deals first with the disk
electrode as considered by Newman (13) and proceeds
to an electrode geometry representing that of a finite,
long, narrow, rectangular scratch.

Disk working electrode with plane counterelectrode
of infinite size—Here the boundary value problem is
solved by Fourier-Bessel transform in the radial di-
rection. Details are given in Appendix A. For compari-
son with the results of Newman (13) we consider two
current distributions on the disk electrode of radius a

flz,y) = ais(a2 —r2)~% for r<a [3a]
flx,y) =i for r<a [3b]

where
x? 4 y? =12 [4]

The distribution represented by Eq. [3a] is the same as
that for the exact problem solved with the counter-
electrode and probe at infinity. Equation [3b] is an
artificial distribution included to show the relative
insensitivity of the ohmic resistance to the precise form
of the current distribution on the electrode. For d >>
a Eq. [3b] gives
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=T \'™%3

where 8§ = In(2/x) = 0.2206. This gives a small cor-
rection to the result of Newman (13)

1
R=— 6
o [6]
due to the finite distance of the counterelectrode. For
Eq. [3a] the potential varies across the disk. Taking
the potential at the center of the disk as representative
we find

Vo 1 a
R°=-—=—(1—2ﬂ—) 71
nao d

Taking the potential at the edge of the disk as repre-
sentative we find

v 2
Ry = —

- (1 zp“) 8]
T e\ Tad

Thus any suitable average of Eq. [7] and [8] gives a
similar result to Eq. [5], for example

= = 9]

206 \x a2 3.6as

A constant current distribution also clearly gives a
reasonable value for the ohmic resistance.

Disk working electrode with plane counterelectrode
of finite size.—This uses a disk-shaped counterelectrode
of radius p, coaxial with the working electrode and
distance d from it. For this case we also define the
cell as a coaxial cylinder of radius ¢. Using cylindrical
polar coordinates (r, 6, z) the Laplace Eq. [1] is
solved subject to the following boundary conditions

1
ﬂt._:_ f(r,0) at z=10,d
0z

[10a]

g
]
—9:-=Oatr=c [10b]
or
This now restricts current flow to within the finite
cell and specifies the current distribution on the
counter and working electrodes. The problem given
by Eq. [1] and [8] with distribution of the form [3a]
is solved in the manner given in Appendix B using a
Fourier-Bessel series expansion. The solution is
©
1
:rw'c2 ?,.:21

ZJoz()'-n)

[ sin(Aqa/c)
a

[11]

sin(Anp/c) ]
»

where the A, are the positive solutions of the equation
J1(An) = 0. The first term on the right-hand side of
Eq. [11] is simply the electrolyte resistance within the
cylindrically shaped cell. The second and third terms
are the end corrections for the finite size of the work-
ing and counterelectrodes, respectively. For a/c << 1
the second term is the resistance found previously for
the disk electrode with ¢ and d infinite (section above).
The first and third terms, being independent of a,
should represent a good estimate of the correction for
finite cell geometry for small scratches as well as disk
electrodes and, hence, will be negligible for small
scratches. Note that for p/c = 0.5 the third term is
half the first term.

Rectangular strip working electrode and plane
counterelectrode—We now consider the ohmic re-
sistance to flow of current between a finite length
rectangular strip electrode (length v = 2b, width
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w = 2a, b > a) and a planar counterelectrode. This
shape of working electrode is selected since it most
accurately represents a rectangular scratch of negligi-
ble depth in a metal surface, Details of the calculation
are given in Appendix C for the following current
distributions analogous to those used above

f(x,y) = ai (a2 — x2)— —a=z=gq,
—-b=y=>b [l2a]
flx,y) =iy, —a=x=a, —b=y=b [12b]

For distribution [12a] we have ford >> b > a

1
R= 5 In{2[(1 4 b%/a?)% + b/al} [13]

For the additional inequality that b >> a, Eq. [13]
simplifies to

1
R=——1In (4b
2nob i)

For current distribution [12b], and ford >> b >> a

1
R = n(2b/a
rows [In(2b/a) + 1] [14]
Equation [13] will be used for comparison with the
experimentally determined ohmic resistances (see
below).
Experimental

The apparatus used for scratching potentiostatically
controlled rotating disk electrodes has been described
previously (6-10). The electrochemical cell used for
measurement of the ohmic potential drop was similar
in design and dimensions; its internal diameter was
10.5 cm and its capacity 1000 cm3,

The working electrodes were designed to simulate
rectangular scratches and were made in the following
way. Rotating electrodes were prepared in which the
edges of copper foils of various thicknesses were ex-
posed to the electrolyte, as shown in Fig. 1. Three
foil thicknesses were used: 39, 126, and 936 um. The
foils were set in epoxy resin so that the rectangular
edges were exposed, with the insulating resin form-
ing the rotating disk (8 mm diam). Surfaces were
abraded to a 1200 grit finish, cleaned ultrasonically,
and degreased. Different lengths of the resulting
straight, narrow, rectangular strip copper electrodes
were exposed by applying a thin mask of lacquer to
insulate varying proportions of the electrode length.
Rotation at 33 Hz was used for convenience to remove
bubbles adhering to the working electrode surface;
however, electrode rotation had no effect on the mea-
sured ohmic potentials.

insulating disk

Fig. 1. Schematic diagram of rectangular strip electrode em-
bedded in an insulating rotating disk.



Vol. 128, No. 11

The counterelectrode was a circular platinum disk
of 5 cm diam mounted symmetrically below the work-
ing electrode surface at a distance of 6 cm. A small
hole cut through the center of the counterelectrode
allowed a Luggin probe to emerge through it from the
bottom of the cell. The probe tip of ~1 mm internal
diameter was positioned 4 cm vertically below the
working electrode surface. This probe distance is ef-
fectively infinite within this cell geometry. Potentials
were measured with respect to a saturated calomel
reference electrode.

Electrolytes were prepared from analytical grade
reagents and distilled water. Their conductivities were
measured to +2% with a conductivity bridge (Wayne-
Kerr B642 Auto-Balance Universal Bridge).

The ohmic resistances were measured using a double
galvanostatic pulse technique, delivered from a po-
tentiostat (Wenking Type OPA 69, response time 1
usec) programmed to operate as a galvanostat. Square
current pulses were generated by feeding the output
of a waveform generator (Chemical Electronics Type
WG 01) into the potentiostat. Double current pulses,
each of 3 msec duration, were used, both in the anodic
direction. The initial current density was zero, and the
first pulse (A) was adjusted to give an anodic current
density of ~2 A cm~2 The second pulse (B) was
adjusted to increase the anodic current density to
~4 A cm~2 Pulse A allowed fast electrode processes
such as double layer charging to approach comple-
tion; the instantaneous potential change, which oc-
curred as a result of the current pulse B, was used as
a measure of the ohmic potential drop in the electro-
lyte. This was checked by measuring the ohmic po-
tential drop as a function of the current amplitude
of pulse B for constant electrode length and width,
demonstrating that the relationship was indeed ohmic
(see below). Electrode response to the double pulse
was stored in a transient recorder (Datalab Type
DL 905) and displayed oscillographically. The working
electrode was resurfaced between measurements to
prevent significant recession of the metal surface into
the epoxy resin mount due to anodic dissolution.

All experiments were performed at 291 + 2 K.

Results and Discussion
Figure 2 shows the relationship between the mea-
sured potential change AE, due to current pulse B and
the pulse amplitude Al, for constant amplitude of
pulse A. The relationship is ohmic and the slope gives
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Fig. 2. Measured potential change as a function of applied cur-
rent pulse (B) amplitude (). Also shown is one point (@) from
pulse A. Electrolyte: 1M KOH, ¢ = 154 01 m—1, Strip electrode,
w = 39 um, v = 5.48 mm.
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the electrolyte resistance R (25.30 measured from
Fig. 2; 23.9Q calculated from Eq. [13]). Figure 2 also
shows one measurement for a different amplitude of
pulse A, which yields a similar value of R.

The resistance to flow of current through an acetate
buffer solution (0.75M HOAc, 0.75M NaOAc) to rec-
tangular electrodes of three different widths, w (= 2a),
is plotted as a function of inverse electrode length
v»~! (v = 2b) in Fig. 3. The solid lines in Fig. 3 repre-
sent the theoretical electrolyte resistance predicted
from Eq. [13] using the measured electrolyte con-
ductivity. Deviation from the predicted behavior oc-
curs for the widest electrode (w = 936 um) for »—1
> 0.4. This represents the condition v/w = b/a <
2.5 and is, in fact, expected from Eq. [13], which is
not symmetrical in ¢ and b. Apart from this the ex-
perimental data are in excellent agreement with the
theoretical predictions. Similar behavior is shown in
Fig. 4 for different electrolytes of several conductivi-
ties: again significant deviation from the predicted
behavior occurs only for v/w < 2.5.

v mm-!

Fig. 3. Electrolyte resistance as a function of electrode length
for 0.75M HOAc, 0.75M NaOAc, ¢ = 33 Q1 m~ 1 O, w = 39
um; @, w = 126 um; 7, w = 936 um. The lines shown are the
theoretical lines calculated from Eq. [13].
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Fig. 4. Electrolyte resistance as a function of electrode length.
®, 0.53M (NH4)2504, ¢ = 70 Q=1 m—1, w = 58 wm; O, M
KOH, ¢ = 154 =1 m~—1, w = 126 um; ¥, IM HsS04, ¢ =
328 071 m—1, w = 39 um .The lines shown are the theoretical
lines calculated from Eq. [13].
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The predicted dependence on electrode width using
Eq. [13] is shown in Fig. 5 for b >> a (v >> w),
and agreement is obtained with the measured data.
Measurements were also made in several different
electrolytes as a function of solution conductivity, and
these are shown in Fig. 6 together with the theoretical
lines from Eq. [13]. The graph shows that the mea-
sured resistance is indeed inversely proportional to
the electrolyte conductivity, and the data are in accord
with Eq. [14]. Figure 6 also shows that the measured
ohmic potentials lie across the electrolyte and are not
due to any surface film on the electrode.

However, in electrolytes in which a highly resistive
film grows on the metal surface during current pulse
A, one would expect the measured ohmic resistances
to be higher than those predicted from Eq. [13] by

T T T T T T T
1soxO _
i \o ]
100 b
o
& 9
501
1 1 1 1 1 1 1
-1.5 -1.0 -0.5

log (a,' mm)

Fig. 5. Dependence of electrolyte resistance on width of strip
electrode for constant length (4.0 mm). 0.75M HOAc, 0.75M
NaOAc, ¢ = 3.3 Q1 m—L The line shown is that calculated from
Eq. [13].
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Fig. 6. Electrolyte resistance as a function of conductivity for
v=16mm O,w = 39 um; @, v = 126 um. The lines shown
are calculated from Eq. [13].
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an amount equal to the ohmic resistance of the film.
Two such cases are shown in Fig. 7. In both of these
electrolytes (IM K2COs, pH 11.6 and 0.5M KyCOs,
0.5M KHCO3, pH 9.8) the copper electrode surface was
green after galvanostatic pulsing, owing to formation
of a copper carbonate film. In both these cases the
measured resistances were considerably higher than
those predicted from Eq. [13]. Furthermore, succes-
sive galvanostatic double pulses in these electrolytes
without resurfacing the electrode between measure-
ments gave ohmic resistances which increased with
the number of pulses, showing that film thickening
occurred. Whether this increased resistance is due to
the film lattice itself or to the electrolyte resistance
within pores in the film is not known. Clearly, how-
ever, a working electrode which does not produce salt
films in carbonate electrolytes, such as Pt or Au, could
be used to determine the ohmic resistances of these
solutions.

It is clear from Eq. [13] (and Eq. [14]) that for a
rectangular scratch in a rotating disk electrode the
minimum ohmic potential drop across the electrolyte
is achieved when the scratch length and width are
both minimum, since the total current I (= ovwi)
decreases more rapidly with decrease in scratch area
than does R, and thus the product IR also decreases.
Practical limitations on the scratch area, however,
arise from the ability to detect very small current
transients arising from very small scratches. The
technique which has been employed in recent ex-
periments to scratch rotating disk electrodes (6-10)
used a diamond stylus assembly which was allowed
to fall under its own inertia onto the disk creating a
long (~2 mm), narrow (~40 um) scratch at a distance
of ~2 mm from the center of the disk, at a rate deter-
mined by the electrode rotation rate. This has sim-
plified the calculation by imposing the inequality b
>> a (see above). It also ensures that the scratch is
of constant width, thereby approximating rectangular-
ity. The ends of the scratch, which are the contact-
making and contact-breaking regions, are tapered:
Under the above conditions they comprise only ~5%
of the total scratch area. As b approaches a, not only
must Eq. [13] be used in its full form, but the scratch
ceases to be approximately rectangular, and the equa-
tion becomes inaccurate. Thus a long narrow scratch,
of sufficiently large area to provide a detectable cur-
rent transient, provides the most quantifiable reaction

°
L [¢]
800 1
600
a
o
400
200

L 1 1 1 1
1 2 3 4 5
v, mm~!

Fig. 7. Measured resistance as a function of electrode length
(for w = 39 um) for carbonate electrolytes. (O, upper line: 0.5M
K2CO3, 0.5M NaHCO3, ¢ = 82 0! m—1 ¢, lower line: IM
K2CO03, ¢ = 11.4 Q=1 m—1, The lines shown are calculated from
Eq. [13].
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parameters of the freshly generated metal surface.
The model described above also assumes that the
scratch has no depth. For the experiments described
(6-10) the scratch depth of ~3 um was small com-
pared with the width, and was thus negligible.

Doig and Flewitt (11) have criticized the scratched
electrode technique using calculations made for the
ohmic potential drop to a scratch in a metal surface
under open-circuit conditions. In that case the cur-
rent from the scratch as anode flows to the unscratched
area of the same specimen acting as cathode. It is
fallacious to apply that calculation directly to a
potentiostatically controlled scratched disk, however,
since the current now flows to a counterelectrode and
not to other parts of the working electrode. That this
is so is demonstrated by the ability to record a current
transient: if all the current from the scratch flowed
to other parts of the working electrode no transient
would be detectable. Doig and Flewitt showed that
for a scratch current density of 0.3 A cm—2 flowing
from a scratch 10 um wide to the surrounding un-
scratched metal surface in a solution of conductivity
10 0~1 m~—1! the ohmic potential drop could be as high
as 500 mV. However, under the potentiostatic condi-
tions actually used in these experiments, and with a
scratch length of 2 mm, Eq. [13] gives the ohmic
potential drop as only 6 mV.
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APPENDIX
A. Disk Working Electrode with Plane Counterelectrode of
Infinite Size
The problem to be solved is

V2 =0 [A-1]
¢=0 for z2=0 [A-2]

9 1

2 =—f(r) for r<a

ir4 d 4

[A-3]
=0 for r>a

In cylindrical polar coordinates (r,6,2) we have
axial symmetry and may take

o j;m A()Jo(kr) sinh (kz)dk  [A-4]

where J, is the zero order Bessel function of the first
kind. This form of ¢ satisfies [A-1] and [A-2]; the
transform A (k) is determined by [A-3] through the
relation

d¢
92

Inverting this expression gives

= J;“ kA (k)Jo(kr) cosh (kd)dk
a

a
vcosh (kd) - AC6) = [, 7§ JoCerydr

which is then substituted in [A-4] to give an expres-
sion for ¢.

(a) For
f(r) =ais(a® —r2)~%
then
aio sin (ak)

Ak = ——M —
cosh (kd) k
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thus

= sin (ak)
cp(r,d) =i ‘fo

k

In order to find the ohmic drop we evaluate V/I, where
V is the potential at the disk electrode, given by ¢(O, d)
and I is the total current flowing. The latter is given by

Jo(kr) tanh (kd)dk

a
I= _j; 2arf (r) dr = 2rai,
Evaluating V we have
. © sin(ak)
a3(0,d) =i b —rtanh(kd)dk [A-5]

For d >> a, that is to say, the counterelectrode many
disk radii away from the working electrode, tanh (kd)
differs from unity, while (sin(ak))/k is given to a
good approximation by the constant value a. So we
may write [A-5] as

« sin(ak)

a¢(o~d)=i°a_’; —

0 a 3
—ioJ; a2(1—tanh(kd))dk+ioa0(a-)

a[-m2 ro(2)]
=1, _—n — —_—
“La i b
v o1

[l 2In2 (a)]
I 4ao T a Fl

and the correction for the finite counterelectrode dis-
tance to the Newman result (13)

= (4a0) 1

is of the order a/d (<< 1) as might be expected.
O (a/d)? represents all terms of order (a/d)3.

(b) For f(r) =i,

by similar arguments to above

03(0, d) _aof J‘(

- 2a
mato(l—ln—)
d

tanh (kd)dk

and so
1 2
Ro= — ( 1— ln._a.)
nae d
Also
2ai 2a
op(a,d) = —> (1—ln—)
b4 d
whence

Ry =

2 2
( 1 —ln—a)
n2ao d

B. Disk Working Electrode with Plane Counterelectrode of

Finite Size
The problem to be solved is
V2 =0 [B-1]
d 1
ity w a4
02 '
[B-2]
1
= —7fs(7) at 2=0
s
% o at r=c [B-3]
or

A suitable representation of ¢ satisfying [B-1] and
[B-3]is

- An2
ap = Az + 21 [Anexp(— : )
W=
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h:z )] Jo( h,;r ) [B-4]

where the Ay’s are the positive roots of J1(Ay) = 0. We
take

+ Bpexp (

f1(r) = iala® —r2)~% for r<a
=0 for ¢c>r>a
fa(r) = ioa2p~1(p2 —12)~% for r<D
=0 for ¢>r>p
Then, as in Appendix A
2a%i,
cAo, = =
24
Ap = ——
T TR ()
2 A And a AnQ
2 () (- 22)- 2 (22)
pc c c c c
( 2And )
l—exp|—
c
2%
¢Bp = ——lc——
An2Jo? (hn)
a® | (hnp) (hnd) a (}ma)
—sin exp — —sin
pe ¢ c c c
( 2And )
exp -1
c
forn=12,3....

If d/e > 1 and a/p is not too small, then the first
term in the expansion for A, and the second term in
the expansion for B, are both small and may be
ignored, giving

#(d,0) —(0,0) d

R = =
I noc?
n(2) ()
® sin| — sin{ —
1 1 c c
e n=1 hy2Jo2(An) a p

C. Rectangular Strip Working Electrode and Plane Counterelectrode
The problem to be solved is

V2p =0 [C-1]
¢=0 at 2=0 [C-2]
dp 1
—=—f(x,y) at z=d [C-3]
(i/4 o

The rectangular strip is given by |z| = a, |y| = b;
f(x,y) = 0 outside these limits.

The solution is found in terms of a double Fourier
transform in x and y

1 ) ®
oo = = _"_ . f_ wA, (k1) Az (kp) expi(kix + koy)
sinh (k2)dkidks
where
k? = ki? 4 ka2

This form satisfies [C-1], [C-2], and [C-3] and yields
g @ ©
f(x,y) = ——f f exp i(kix + kay)
4n2 V—w J—u

A1 (k;)Az(kz)k cosh (kd)dkldkz [C-4]

(a) Suppose the current density on the rectangular

strip is constant, i,
I = 4abi,

Inverting [C-4] gives
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Ay (ky) Az (k) k cosh (kd)
a b
=1 f_a f_b exp —i(kyx + kay) dady

. sin(kia) sin(kszdb)
o ——— —————
ky ke

Therefore

o9 (0,0,d)

_iOJ‘“’ J‘” sin(kja) sin(ksb) tanh(kd)
=ed-wld-. o P = dkydkg

To evaluate this integral we transform to polar co-
ordinates: k; = k sin ¢, ks = k cos 4, dkidky = kdkde,
and note that only a very small error is made by put-
ting tanh (kd) = 1. Then

o¢(0,0,d)
_ 4 J‘” J‘"/Z sin(ak sin 6) sin (bk cos 6)
TmJo o k2 cos 6 sin 8 by
The k integration gives
nb .
P asiné > b cos 8
m N
T asind < bcose

leading to a final answer of
2b
79(0, 0, d) ~— ai [ln (—)+ 1 ]
2 a

for a long thin strip, where b >> a. This gives

1 2b
R= gy [ (5)+1]
2n0b In a +1

(b) For the more realistic current distribution
x| <a, |yl<bd

the calculation is similar, with (sin(ka))/k; replaced
by Jo(ak1). The final result for this case is

s a[(e5) 2]
R_Zmb n{ +E2- +; }
ford >>b >a.

LIST OF SYMBOLS

a radius of disk-shaped working electrode; half-
width of strip working electrode

A (k) transform of potential

coefficient in expansion for potential

half-length of strip working electrode

coefficient in expansion for potential

radius of cylindrical cell

distance between working and counterelec-

trodes

electrode potential

current density

current

zero order Bessel function

first order Bessel function

wave number

terms of order. ..

radius of counterelectrode

polar coordinate

resistance

length of strip working electrode

potential difference

width of strip working electrode

cartesian coordinate

cartesian coordinate

polar, cartesian coordinate

In(2/x)

polar coordinate

positive roots of equation J1(Ay) =0

electrolyte conductivity

potential

fx, y) = aio(a2 — x2) %,

=

SWos
=

-0
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Conductivity of Beta-Alumina Highly Doped with Iron

John H. Kennedy and Susan M. Stuber
Department of Chemistry, University of California, Santa Barbara, California 93106

ABSTRACT

Complex plane impedance diagrams were used to determine the ionic con-
ductivity of Fe-doped pg-alumina over the composition range NajsAlgsg-
Fe1,14017,15 (10% Fe by weight) to Na1,3Al7,1sF33.82017.15 (30% Fe by weight).
The influence of starting material |Fe;Os, Feg(C204)3 + 6H0, Fe (C204) « 2H0,
Fe(NO3)3 + 9H20] upon grain boundary and bulk properties was studied. The
ionic conductivity of all doped materials increased over that of undoped g-alu-
mina. The best materials obtained resulted from doping with Fe(C204) + 2H50.
At the 10% doping level, bulk conductivity reached a maximum coinciding
with a minimum in activation energy. Electronic conductivity was investigated
by a “floating” blocking technique. The electronic conductivity was small
at the 15% dopant level, representing <10~3% of the total conductivity, but in-
creased rapidly and at the 30% dopant level was ~0.1% of the total conduc-
tivity. Preliminary Mossbauer studies showed a steady increase in the Fe (III)/

Fe(Il) ratio as dopant levels increased.

A previous study of g-alumina doped with small
amounts of iron [ca. 2 weight percent (w/o0)] investi-
gated the oxidation states and site symmetry of the
iron dopant and concluded that both Fe(II) and
Fe(III) were present after air sintering (1). Conduc-
tivity results for iron-doped g-alumina containing up
to 8 w/o Fe showed an increase in bulk conductivity
up to 4 w/o Fe while 8 w/o material was of lower
density and conductivity when the same sintering
conditions were used (2). It becomes apparent that
sintering conditions must be adjusted as the dopant
level changes in order to achieve the maximum den-
sity and conductivity particularly when higher doping
levels are attempted.

In the present study iron doping of 10-30 w/o has
been carried out, and changes in bulk and grain bound-
ary conductivity are reported. The influence of start-
ing material and sintering conditions on the properties
of the sintered pellets has also been studied. It was
anticipated that high doping levels of iron in g-alu-
mina could be attained because Fe;O3 and Al,O3 form
solid solutions across the whole composition range and
?:;a}iumina analogs of the type MFe; 1017 are also known

il

Experimental

Sodium g-alumina (Alcoa XB-2 “Superground”)
was doped with iron using Fe(III) nitrate, FeyOs,
Fe(II) oxalate, and Fe(III) oxalate as starting mate-
rials. In some of the samples investigated, Na;CO;
was added as a starting material in order to see the
influence on the final Na+ concentration. The pres-
ence of NagCOj3; seemed to have no effect on the out-
come. However, the important factor for maintaining
sample control with regard to Nat concentration in-

Key words:

complex plane analysis, Fe-beta-alumina, solid
electrolyte.

volved a fresh packing of coarse g-alumina powder
surrounding the pellets. All samples were packed in
300 mesh g-alumina during sintering. Details of the
doping and firing procedures have been published
previously (1).

Pellets of approximately 1.27 cm diam and 0.2 cm
thickness were isostatically pressed and then sintered.
Sintering time and temperature necessary to yield
highest density material (typxcally 3.15-3.25 g/cm3)
were determined for each iron concentration. Material
of the highest density invariably also exhibited the
highest conductivity. In general, 0-10 w/o Fe material
could be sintered at 1600°C for 3 hr while 15-25 w/o
Fe was sintered at 1540°C for 3 hr. Recent measure-
ments with more highly doped iron (>25%) indicate
that sintering temperature must be decreased to about
1500°C to achieve optimum results. When pellets are
fired at too high a temperature they shrink to a
small diameter but are porous and are of low density,
mechanical strength, and conductivity. All samples
were fired in air,

The sintered disks were prepared for electrode dep-
osition by polishing with successively finer grades of
silicon carbide paper. Finishing was accomplished by
polishing with 9, 6, and 3 ym diamond impregnated
lapping wheels. The polishing solvent was ethanol.
The polished samples were then ultrasonically cleaned
in acetone. The disks were then heated at 300°C for
24 hr before electrodes were applied.

Electrodes were deposited on the disks by a Tech-
nics, Incorporated Hummer Sputtering and Deposi-
tion instrument using a gold target. The electrodes
were nominally 2.5 um thick.

Complex impedance/admittance diagrams were re-
corded between 25° and 325°C by placing the sample
in a furnace which was inside a helium-filled glove
box (Overly P-100). Accurate temperature control
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was achieved by a digital setting Eurotherm con- =)
troller. Measurements from 10—¢ to 10+8 Hz were 8
made using a Schlumberger-Solartron 1174 Frequency " “ 5
Response Analyzer interfaced to a Hewlett-Packard 'g-, L 23
9845-S desktop computer. Most often impedance mea- BF L2 §
surements were taken directly and inversion of the 88 25 Bha
data to the admittance mode, if desired, was part of :’“ W
the 9845 program. The computer was programmed to xﬁ—';:g
accept measurements from the frequency response :.":"3“
analyzer in the a,b (cartesian coordinates) mode and

generally 16 data points per decade of frequency were 332 R8T I 2
taken, although this feature was programmable. In GEE | Ovon 3
addition to tabulating the results, the program output

was in the form of a complex plane plot which could

then be fit to a series of semicircles and straight lines g

Elyg .0111‘rve fitting routines (5). An example is shown in Eg g §§:: E E

A correction program was incorporated to com- o
pensate for inductive and capacitive effects observed
at high frequency (105-108 Hz), The signal across the o _
sample was normally 100 mV but other signals may il LLLl s &
be selected as part of the computer program. 55 i =

X-ray diffraction patterns were obtained using a s | 3288 « 3
diffractometer to determine percentage of g”-alumina sz
present.

Sodium analysis was accomplished by dissolving o Qg N
the samples in boiling, concentrated phosphoric acid %E S%sy o g
and analyzing the solution by atomic absorption, Ex- c8 ::xa x X
changeable sodium was also determined by ion ex- < :::: 95
changing the samples with molten AgNO; and mea- &
suring the mass change (2). E

3 —~
Results b sk | 272t E 7

An equivalent circuit which approximates poly- 3 25 sl e
crystalline g-alumina has been reported (2, 6) which K] = rReg : o~
allows the calculation of bulk and grain boundary K] oS ¢ o
effects from complex plane diagrams, Values re- 5
ported here were determined using the techniques re- 2 ~
ported previously (2) plus computer program curve- £ =)
fitting routines developed since the previous study “é E E a
(5). a

The conductivity in all doped samples increased ;
compared to undoped g-alumina. However, differences 3 Y
were observed depending on the starting material = ws | S % 8
used for doping. Densities, sodium content, conduc- &S | g & &
tivities, and activation energies were all sensitive to 8 & 232
the starting composition, Because firing resulted in !
decomposition of all starting materials to the oxide i
form but the observed final Fe(II/III) ratio was " &% 2R
dependent on firing conditions, these differences were z| °®
attributed to differences in particle size and attain- ®
ment of homogeneity, In general it was found that < | 2egexs
doping with Fe(II) oxalate gave pellets with the < | SneS
highest density and conductivity at each doping level
investigated. Therefore, results with this particular —
dopant starting material will be emphasized. Results G5 | sge8 3 §
are shown in Table I for all Fe(II) oxalate composi- 85 | mace @ @
tions. In addition, other materials with data of par- A=
ticular interest discussed in the text are also pre- e
sented. s geat & o

A maximum bulk conductivity, op, was observed at 25| 68%% ¢ %
~10 w/o Fe followed by a steady decrease in the 5t | §588 8 &
conductivity values up to the highest levels in- :;g B’—‘ﬁ%% k“- E
vestigated to date (30 w/0). At the same time the ac- .E§ ééé% 33 e
tivation energy for bulk conductivity was a mini- 51‘« iiiz & ‘:“
mum at the 10 w/o doping level. These trends can be z ZZZZ 2 Z
seen in Fig. 2 and Fig. 3. At first it was thought that
the decrease in conductivity reflected less-than-opti- 88 g
mum sintering conditions as was experienced for - %ET‘: 2
early work with 8 w/o iron doped g-alumina (2). 55 |w | 858 8
However, densities near theoretical were obtained for EZ|5 | 5B8s5 E g
several samples and all attempts to improve the den- ZE |8 EEE: e g
sity and conductivity over those shown in Table I H S8 S R
have failed. RRR8 8 R
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Fig. 1. Impedance diagram showing experimental data and
mathematical fitting into semicircle and straight line components.
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Fig. 3. Activation energy of bulk (X) and grain boundary () as
o function of iron content.

The grain boundary conductivity also reached a
maximum in the same doping region as the bulk
conductivity but the actual peak value was observed
at 15 w/o Fe as shown in Table I and Fig. 4. The
activation energy showed the same small trend toward
lower values in the 10-20 w/o doping region as did
the activation energy for bulk conductivity.

Grain boundary contribution to the total resistance
of a sample at 300°C was so small that measured
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Fig. 4. Grain boundary conductivity at 25°C as a function of
iron content.

values are not very meaningful. The cross-over tem-
perature above which bulk resistance was the domi-
nant factor occurred a little above room temperature
(<80°C for most materials). Below this temperature
grain boundary resistance was greater than the bulk
resistance,

Admittance diagrams in the 10-2-10—¢ Hz fre-
quency range gave no evidence for the existence of
any appreciable electronic conductivity, i.e., the
lowest frequency semicircle had a real-axis intercept
of zero mhos (infinite resistance) within experimental
accuracy (Fig. 5). This conclusion was supported by
d-c measurements with gold blocking electrodes
(Fe-doped g-alumina is not stable in the presence of
sodium so that the traditional Wagner blocking tech-
nique was not possible). A reasonably stable steady-
state current was reached after 1-2 days at each ap-
plied voltage, and a plot of current vs. applied volt-
age is shown in Fig. 6. The slope of the line indicated
a resistance of 2.3 X 108Q which translated to a
conductivity value of 1.2 X 10~7 (Q-cm)~1! for 15%
Fe-doped g-alumina. Since true equilibrium may not
have been reached, this probably represents a maxi-
mum value for electronic conductivity in this “float-
ing” system (i.e., no reference potential as in a Wagner
blocking technique). The bulk conductivity for this
material was 7.9 X 10—3 (Q-cm)—! at 25°C so that
electronic conductivity contributed <10—3% of the
total conductivity. As can be seen from Table I the

COMPOSITION : 20 % Fe(lll) oxal.
ELECTRODES : Gold
TEMPERATURE: 298

AC SIGNAL : 100

10
2 o
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Fig. 5. Admittance diagram for 20% Fe in B-alumina doped
from Fe(lll) oxalate. Low frequency intercept of zero (within ex-
perimental uncertainty) gives no evidence for electron hopping.
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Fig. 6. Plot of current vs. applied voltage for 15% Fe in g-
alumina doped from Fe(ll) oxalate.

percentage electronic conductivity increased rapidly
to nearly 0.1% when the iron content reached 30%.
Roland reported (7,8) that electronic conductivity in
iron-doped g-alumina was significant at these doping
levels and projected that at 53 w/o Fe electronic con-
ductivity would equal ionic conductivity. Results from
this study show that the percentage electronic con-
ductivity does increase with increasing Fe content
but the point at which t; = te would not be reached
until at least 60 w/o Fe were present assuming the
observed trend continued. This point will be discussed
further later on.

A critical factor in the electrochemical properties
of iron-doped g-alumina is the Fe(III)/Fe(II) ratio.
It is well known that metal ions in the plus two oxi=-
dation state tend to increase the conductivity of g-alu-
mina, probably by incorporating more conductive Na+
and/or by decreasing the concentration of O2— inter-
stitials needed for charge compensation. A Mdssbauer
study of low iron doping showed the existence of
both Fe(II) and Fe(Ill) in nearly equal proportions
(1). A more accurate calculation based on peak areas
attributable to Fe(II) and Fe(III) shows that the
Fe(III) /Fe(II) ratio was about 1.7 at the 2.95 w/o
doping level. Higher doping levels also showed the
existence of Fe(II), but preliminary results indicated
that the Fe (III)/Fe (II) ratio increased to 4 at 20 w/o
Fe and to 7 at 256 w/o Fe. Details of the Mdssbauer
study will be published later. Similar results showing
an increase in the Fe (III) /Fe(II) ratio at higher dop-
ing levels were also reported by Burzo and Ardelean
in their work with iron-doped glasses (9).

Another factor which was considered to play a role
in the electrochemical properties of Fe-g-alumina was
the possible presence of g”-alumina. Low doping
levels of Fe reported previously showed only single
phase g-alumina (1,2). However, Mg2+ stabilizes the
p”-form and perhaps other M2+ ions could play the
stabilizing role to produce compositions of the type
Nag—:M;—;2+ Aljo+,017. X-ray diffraction patterns of
p-alumina doped with at least 10 w/o Fe generally in-

. dicated the presence of the g”-phase. The amount of
*p”-phase remained small even at high doping levels
which may be a result of the small amount of Fe(II)
in highly doped Fe-g-alumina. Amounts of g”-phase
estimated from diffraction line intensities are given
in Table I. The technique for estimating g/g” involved
comparing diffractometer peak heights for the fol-
lowing d-spacings: d = 2.039 and d = 1.939 for g8 com-
pared to d = 1.978 for g”; d — 2.687 and d = 2.514 for
B compared to d = 2.605 for g”. The peak heights were
normalized to the peak heights reported for pure g
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and g”-alumina. It should be noted that the material
showing the highest bulk conductivity [10 w/o from
iron (II) oxalate] also contained the highest concentra-
tion of g”-alumina.

Discussion

Previous work involving M(II) doping showed that
conductivity increases correlated well with M(II)
content and also with sodium content (2). One possi-
ble charge compensation mechanism involves replace-
ment of an AI(III) by an M(II) in the spinel block
with incorporation of an additional sodium ion in the
conduction plane. When g-alumina is doped with iron,
some of the iron is present as Fe(II) and, therefore,
this mechanism would be possible. However, unlike
other plus two metal dopants such as Mn, Co, and Ni,
the sodium content did not continue to increase as
the dopant level increased (2). In Table I it can be
seen that with higher doping levels the sodium con-
tent did not correlate well with doping level and, if
anything, was no higher than undoped g-alumina.

These results are not unexpected when one con-
siders the Maossbauer results. As the dopant level in-
creased the percentage Fe(II) decreased so rapidly
that the concentration of Fe(II) in 25 w/o Fe was less
than in 20 w/o Fe (3 vs. 4%). The maximum concen-
tration of Fe(II) probably occurred in the 10-20 w/o
region which correlates well with conductivity.

Another charge compensation mechanism involves
a decrease in blocking oxide interstitials as the
M(II) concentration increases. One would predict a
decrease in activation energy for this mechanism and
no necessary change in sodium content. As can be seen
in Fig. 3, the lowest activation energies were observed
with 10-20 w/o Fe, but, if anything, a slight increase
at low doping levels compared to undoped g-alumina
[data taken from Ref. (2)]. Thus, it appears that at low
doping levels (<5 w/o Fe) a significant amount of
Fe(Il) is present which incorporates additional so-
dium ions resulting in an increase in bulk conductivity.
At higher doping levels the amount of Fe(II) reaches
a maximum in the 10-20 w/o region and this doping
is at least partially charge compensated by a decrease
in oxide interstitials leading to a lower activation
energy. At doping levels >20 w/o Fe the amount of
Fe(II) drops, and the conductivity begins to fall as the
activation energy begins to increase.

This simple picture is clouded by the presence of
B”-phase. One would expect a higher conductivity for
p”-form compared to g, and this may account for some
of the increased conductivity in the 10-20 w/o re-
gion. However, g”’-phase was also found in the 30
w/o material so that the previous argument involv-
ing Fe(II) concentratiaons probably predominates.

The increasing electronic conductivity at high dop-
ing levels most likely reflects the shorter average dis-
tance between iron atoms. If an electron hopping
mechanism exists it would be necessary to maintain
a significant amount of Fe(II) in the structure at
high doping levels. It was shown in a previous study
(1) that Fe(III) may be reduced to Fe(II) in g-alu-
mina by treatment with 90% N»/10% H, at 1200°C.
An increase in the Fe(II) content at high doping
levels may result in a substantial increase in elec-
tronic conductivity making these materials potentially
valuable mixed conductors. The Fe (IIT)/Fe(II) ratio
is most probably a sensitive function of sintering tem-
perature and sintering atmosphere and this fact could
explain the higher electronic conductivity values re-
ported bv Roland (7,8). However, no information on
the Fe (II1) /Fe(II) ratio is available for his materials.
At present we are continuing these studies of g-alu-
mina highly doped with iron to investigate the possi-
bility of increasing the electronic conductivity (and
possibly the ionic conductivity as well) by increasing
the amount of Fe (II).
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Effects of Cadmium Impurities
on the Electrowinning of Zinc

F. R. Foulkes,* J. W. Smith, R. Kalia, and D. W. Kirk*

Department of Chemical Engineering and Applied Chemistry,
University of Toronto, Toronto, Ontario, Canada M5S 144

ABSTRACT

A study was carried out on the effect of cadmium, a major impurity in
commercial zinc electrolytes, on the zinc plating current efficiency in acid
sulfate baths. The synthetic electrolyte (200 g - dm—3 Zn++ and 0-100 mg -
dm~—3Cd* +) was continuously circulated through the electrolysis cell. The elec-
trolysis was carried out with a current density of 480-490 A -m=~2 at 37°C,
Hydrogen overpotential, potential sweep, atomic absorption, x-ray diffraction,
and electron microscopy were used to determine the effect of cadmium on
the behavior of the zinc plate. The results indicate that cadmium may either
increase or decrease the zinc plating current efficiency. For Cd+* + less than 20
mg - dm~3, increasing cadmium concentrations in the electrolyte reduce the
hydrogen overpotential and the zinc plating current efficiency. For Cd++
greater than 20 mg - dm—3, increasing cadmium concentrations cause a refine-
ment in the structure of the zinc plate with subsequent increase in the hy@rogen
overpotential and in the zinc plating current efficiency. The incorporation of
cadmium into the zinc plate neither significantly alters the crystal orientation

of the deposit nor alters the hydrogen evolution mechanism,

The effects of metallic ion impurities on the electro-
winning of zinc from acidic sulfate solutions have
been the subject of a large number of investigations
(1-3). Metallic impurities are known to affect the
current efficiency, deposit morphology, and product
purity. In general, metal impurities more noble than
zinc and having less negative hydrogen overvoltages
tend to reduce the current efficiency (4) and accelerate
the rate of dissolution of the electrodeposited zinc in
both acidic and alkaline media (5,6). Although lead
is a more noble metal, lead ions are recognized to
either increase or not affect the zinc plating current
efficiency (1, 7). This effect is attributed to a more
negative hydrogen overvoltage on lead [—1.09V for
Pb, —0.75V for Zn in HySO4 at 16°C and 1 A - m—2
(8)]. Similarly, magnesium also is known to retard
the corrosion of zinc (9).

Cadmium also has a large hydrogen overvoltage,
but there is disagreement in the literature concerning
its effects on zinc electrodeposition. It has been re-
ported that cadmium increases (10), does not affect
(11), and decreases (1, 7) the current efficiency. It

* Electrochemical Society Active Member.

Key words: electrodeposition, cathode, 'impurlty, current effi-
ciency.

also has been reported that cadmium retards zinc cor-
rosion (12-14) as well as accelerates it (15). The
present work was undertaken to clarify the effects of
cadmium impurities on the electrowinning of zinc.

Experimental

Cell—The experimental cell (Fig. 1) was con~
structed of Lucite. The grooves in the side walls per~
mitted the maintenance of a uniform and reproducible
electrode gap of 3.7 cm, The electrical connections
were sealed at the gastight 1lid, so that the rate of
hydrogen evolution during deposit dissolution could
be measured using a soap-bubble flowmeter at outlet
G when the spent electrolyte outlet (F) was closed.

The cathodes were cut from 0.35 mm thick alumi-
num foil. Before use, they were treated for 2 min
with 2.0M NaOH solution, washed with distilled water,
treated with 0.05M H2SOs solution, washed again with
distilled water, and dried in an oven at 100°C. This
cathode pretreatment procedure was found to be
essential in order to obtain reproducible results. The
backs, edges, and upper faces of the cathodes were
masked with “invisible sellotape.” By so decreasing
the effective area of the cathode compared with that of
the anode, a uniform deposit was obtained. The anode,
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Fig. 1. Electrolytic cell. A, slot for cathode; B, slot for lead
anode; C, electrical connection to cathode; D, electrical connec-
tion to anode; E, inlet; F, outlet; G, hydrogcn outlet to flowmeter;
H, opening for reference electrode.

made from lead containing 2% silver, was anodized in
2M H,SOy for 1 hr at 360 A - m~2 before use.

Reagents.—The electrolyte was prepared by dis-
solving Fisher certified ZnSO4! and HySO4 in double
distilled water to yield a solution containing 62
g+-dm~3 Zn and 200 g - dm~3 free acid. Cadmium sul-
fate (Analar, B.D.H.) was used for making a stock
solution containing 2.0 g-dm=3 Cd++ which was
further diluted as required to be added as 5 cm? aliquots
to 500 cm3 of zinc electrolyte.

Measurements.—A cathodic current density of 480-
490 A - m~2 was maintained during all the electro-
deposition experiments. Cathodic voltages were mea-
sured against a saturated calomel electrode (SCE)2
using a Corning pH meter, Model 7. Fresh electrolyte
was pumped to the cell at a constant rate of 2.0 cm3 -
min—! using a Teflon-lined solution metering pump.
The temperature of both the cell and electrolyte was
maintained at 37° =+ 1°C in a constant temperature
bath.

Unless otherwise specified, the electrolysis was
carried out for 90 min. For current efficiency deter-
minations the cathode was removed from the cell
immediately after a run, washed with distilled water,
dried at 60°C, and weighed to constant weight. For
cathode dissolution experiments the pump was shut
off immediately after the electrolysis, the cell outlet
closed, and the rate of hydrogen evolution measured
with a soap-bubble gas flowmeter.

The current efficiency determinations were repro-
ducible to =+ 0.3%, while the time required to dis-
solve the deposit in a sulfuric acid solution varied
by =+ 10 min for apparently identical plates.

Results and Discussion
The effect of cadmium on the zinc plating current
efficiency is shown in Fig. 2. The electrolyte contained
200 g-dm—3 HySO; and 62 g-dm~—3 Znt+ with
varying cadmium concentrations. It can be seen from

1 Impurities: = Fe 0.0003%, Pb 0.0008%, As 0.2 ppm, Mn 1 ppm.
= All voltages are reported vs. SHE unless otherwise noted.
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Fig. 2. Effect of cadmium concentration on zinc plating current
efficiency. Electrolyte: H3SO4 200 g - dm~3, Zn 62 g -dm—3,
Temperature 37°C,

the figure that the current efficiency has a minimum
at about 20-25 mg - dm—38 Cd++, Increasing cadmium
concentrations to this level causes a decrease in the
zinc plating current efficiency, while increasing cad-
mium concentration above this level causes an in-
crease in the zinc plating current efficiency. This be-
havior is undoubtedly the cause of some of the con-
fusion concerning cadmium effects on current effi-
ciency. In the range 0-20 mg-dm~3 Cd++, Kerby
and Ingraham (1) reported a decrease in the zinc
plating current efficiency from 92% to 80% with
increasing cadmium concentration. Similarly Nikiforov
(16) has reported increasing current efficiency with
decreasing cadmium concentration for concentrations
less than 6 mg-dm=3, These observations are in
agreement with our work.

For a greater concentration range Turomshina and
Stender (9) reported no change in the zinc plating
current efficiency with 10 mg - dm-3 Cd++, As can be
seen from Fig. 2, the current efficiency is very sensi-
tive to small concentrations of Cd*++ and a small
concentration of Cd++ impurity would result in there
being no apparent difference in the current efficiency
with the 100 mg - dm—3 Cd++ solution. Figure 2 also
shows that at concentrations greater than ~100 mg -
dm~-3 cadmium does not seem to greatly alter the
current efficiency and it is possible to speculate that
the reduction in zinc plating current efficiency re-
ported by Turomshina and Stender (9) for a 1000
mg - dm-3, Cd++ was the result of increased cad-
mium plating.

Since the major competing reaction with zinc dep-
osition at low impurity levels is hydrogen evolu-
tion, the effect of cadmium on the hydrogen over-
potential was studied. Zinc deposits from the elec-
trolytes containing various cadmium -concentrations
were immersed in a sulfuric acid bath (200 g-
dm~—3 without Zn++ or Cd*+ present) at 37°C.
The cathodic potentials required to yield a current
density of 480 A - m—2 were recorded. Using the cal-
culated value for the reversible hydrogen potential
for this solution at 37°C (—0.2576V vs. SCE; see Ap-
pendix A), the hydrogen overpotentials were calcu-
lated and the results plotted in Fig. 3. The results show
that the magnitude of the hydrogen overpotential
n displays a maximum for the zinc deposit obtained
from an electrolyte containing 20 mg -dm—3 Cd++.
It is clear that the minimum for the zinc plating cur-
rent efficiency observed in Fig. 2 is related to the
maximum in the hydrogen overpotential observed in
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Fig. 3. Hydrogen overpotential for zinc plated from solutions
ining various cadmium conc . Electrolyte: 2M H3S04.

Temperature = 37°C. Erey = —0.2576V. Current — 480
A -m2

Fig. 3. At low cadmium concentrations (=20 mg -
dm—8) increasing cadmium concentrations cause a
decrease in the magnitude of the hydrogen overpoten-
tial and hence cause an increase in the rate of hydro-
gen evolution. This results in a lower zinc plating
current efficiency. Conversely, increasing cadmium
concentrations greater than 20 mg-dm-—3 cause an
increase in the magnitude of the hydrogen overpoten-
tial which improves the zinc plating current efficiency
as observed in Fig. 2.

In order to elucidate the effect of cadmium on the
hydrogen overpotential of the zinc deposits, polariza-
tion profiles were measured for pure zinc and pure
cadmium plates electrodeposited from solutions with-
out added impurities and tested in a sulfuric acid
electrolyte without Zn++ or Cd*+ present. The re-
sults are shown in Fig, 4. For current densities less
than 10 A - m—2 the profile for zinc remains horizon-
tal at the potential —0.75V. This portion of the curve
reflects the equilibrium potential of 0.76V for the
reaction Zn*+* 4 2e— - Zn at 35°C. At greater current
densities the evolution of hydrogen begins. From 30-
800 A:-m—2 a second linear region is found. The
Tafel slope of —0.105 results from the kinetics of the
hydrogen evolution reaction on zinc, The transfer co-

-04

POTENTIAL (VvsSHE)

=~
T

1 1 1
1 10 100 1000
CURRENT DENSITY (A-m-?)

Fig. 4. Polarization plot of pure zinc plate and pure cadmium
plate from solutions containing only zinc or cadmium ions, respec-
tively. Electrolyte: 200 g - dm—3 HySO4. Temperature = 37°C.
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efficient, o, calculated from the Tafel slope is 0.58 and
indicates that HsO+ + e~ - Hags + H3O is the rate-
determining step (17). This finding is in agreement
with that of other workers (6, 18-20). Measurement of
the hydrogen evolution transfer coefficient in pure
sulfuric acid solutions for zinc plates obtained from
solutions with cadmium concentrations from 0 to 100
mg - dm~3 produced an average transfer coefficient
of 0.498 with a deviation of = 0.078. These measure-
ments show that the transfer coefficient does not
change significantly with the addition of cadmium to
the plating bath. Thus the rate-determining step for
the hydrogen evolution reaction does not change with
the addition of cadmium to the plating bath and can-
not be the cause of the maxima observed in Fig, 2
and 3.

The polarization plot in Fig. 4 reveals that higher
current densities can be sustained on pure cadmium
plate than on pure zinc plate for the same potential.
There is some variance in the literature concerning
this point. Values of hydrogen overpotential on zine
and cadmium in 2N HySO, at 25°C are reported to be
0.926 and 1.211V at 500 A - m—2, respectively (21).
Mantell (22) gives values of 1.06 and 1.22V at 100
A -m? for zinc and cadmium in 2N HySO4 at 25°C,
These indicate that cadmium has the greater over-
potential in contrast to that shown in Fig. 4. However,
hydrogen bubble overvoltages reported by Glasstone
(23) for Zn and Cd are 0.70 and 0.48V in 1N sulfuric
acid at room temperature. More recent data by Pickett
(24) at 25°C give values of 0.94 and 0.90V at 100
A - m~2 for Zn and Cd, respectively. These differences
may reflect the effect of different impurity levels in
the zinc and cadmium plates. From the experimental
results of Fig. 4 it is clear that, for the zinc and
cadmium plates obtained from the synthetic electro-
lytes, zinc has a higher hydrogen overpotential than
cadmium. The approximate exchange current densities
estimated from Fig. 4 (by extrapolation of the linear
portion of the V wvs. log i plot) are 0.4 and 1.5 A - m—2
for zinc and cadmium, respectively, again indicating
that the hydrogen is more easily evolved on cadmium
than on zinc. While these values are quite different
from theoretical exchange current densities, they are
in good agreement with those reported (0.2 A -m~—2)
by Lowenheim (8). The results indicate that for
plating baths in the absence of other deliberate im-
purity additions, the incorporation of cadmium into
the zinc plate should cause an increase in the hydrogen
evolution rate, Thus the zinc plating current efficiency
should decrease with increasing cadmium content in
the zinc plate. This would explain the initial decrease
in the current efficiency observed in Fig. 2. To confirm
that cadmium was being incorporated into the zinc
plate, the zinc deposits were analyzed for their cad-
mium content.

The results of the atomic absorption analysis are
shown in Fig. 5. In order to ensure complete ioniza-
tion of the sample, ionization was carried out using
either a flame or a graphite furnace. Comparable re-
sults were obtained in either case. It is clear from
Fig. 5 that the percent of cadmium in the deposit
increases monotonically with cadmium concentration
in the electrolyte. The increase is linear for cadmium
concentrations less than ~ 50 mg-dm—3, This be-
havior simply demonstrates that at these concentra-
tions cadmium is under limiting diffusion current
control. Calculations (see Appendix B) show that
the limiting diffusion currents are: ig+ ~ 17,000 A -
m=2; icg++ ~ 0.6 A-m~—2 (maximum at a concen-
tration of 100 mg:-dm=—3); iza++ ~ 670 A-m~2
Thus under these conditions, the partial current for
cadmium plating (icq++) is provortional to the cad-
mium concentration in the bulk of the electrolyte
(25).
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Fig. 5. Cadmium content of zinc plate from electrolytes with
various cadmium concentrations, by atomic absorption analysis.
Deposits from electrolyte: 200 g - dm—3 HgSOy, 62 g - dm—3 Zn.
Current density 480 A - m—2, Temperature 37°C. Sample ioniza-
tion, by flame (; by graphite furnace Q.

An increase in cadmium concentration in the elec-
trolyte results in a zinc plate with a greater cadmium
content, which promotes the hydrogen evolution re-
action and decreases the zinc plating current effi-
ciency. While this explains the current efficiency and
overpotential behavior at low cadmium concentra-
tions (= 20 mg-dm—3) seen in Fig. 2 and 3, the
behavior at greater cadmium concentrations (> 20
mg - dm~—8) is not explained by this model.

In order to study other possible changes in the re-
action, cyclic potential sweep measurements were
conducted for the zinc plates in a sulfuric acid bath
(200 g-dm—3). Some typical potential scans are
shown in Fig. 6. A relatively high sweep rate (100
mV - sec—!) was used to reduce the effect of chang-
ing surface area during the measurement. The sam-
ples were masked so that the same geometrical area
was represented. From the potential scans it is clear
that there are no hydrogen adsorption peaks. This
is consistent with the fact that hydrogen does not
strongly adsorb on zinc (6). The composition of the
plate does, however, affect the rate of hydrogen
evolution at any potential. In Fig. 7 the variation of
the cathodic current density with plate composition
is shown at various potentials. These measurements
were conducted at room temperature (23°C) and
again show that a maximum cathodic current density
(hydrogen evolution rate) is found for the zinc
plates obtained from solutions with 20 mg-:-dm-3
Cd++. No obvious changes in the hydrogen evolution
reaction mechanism are apparent from these measure=
ments. To determine whether any macroscopic change
in the zinc deposit was caused by changes in the
cadmium content, scanning electron micrographs were
taken, The results are shown in Fig. 8. It is clear from
the photographs that a certain amount of grain re-
finement does take place with increasing cadmium
content. This grain refinement of the zinc plate has
also been reported by Mackinnon, Brannen. and
Kerby (26) for increasing cadmium content in in-
dustrial acid sulfate baths. Other changes in zinc
plate morphology from the presence of impurities
have also been reported. The concentration of lead
in the plating solution has been shown to alter both
morphology and orientation (27). Antimony and glue
additions will likewise alter the surface plate charac-
teristics (4). In addition to impurities, overpotential

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

November 1981

i=0

/
—

0 cATHODIC
CURRENT
Nnear
50 (mA.cm™)

-08 -07
POTENTIAL (Vvs SHE)

Fig. 6. Potential sweep profiles of zinc plates. Electrolyte: H2SO4
200 g -dm—3. Temperature = 225°C. Sweep rate — 100
mVY - sec—1. Zinc plates obtained from synthetic industrial elec-
trolyte containing 200 g * dm—23 H2SO4, 62 g - dm—3 Zn, and (a)
0 mg - dm—3 Cd; (b) 15 mg - dm—3 Cd; (c) 20 mg - dm—3 Cd;
(d) 25 mg * dm—3 Cd; (e) 50 mg : dm—3 Cd; (f) 100 mg * dm—3
Cd.

can have an important role in the type of crystal
growth (28). The work of Vagramyan, Leach, and
Moon indicated that at low overpotentials metal
deposition causes crystal growth to take place along
close-packed crystal directions while at higher over-
potentials more random growth occurs. X-ray diffrac-
tion patterns of the zinc plates were measured to
determine whether there were any changes resulting
from the differences in cadmium content. The analysis
of the patterns showed no change in the orientations
with the exception of the weakening of the (102)
with greater cadmium concentrations. The preferred

0.25r d
0.20r c
0.15

b

o
o
T

o

CURRENT (A.cm-?)
=}
o
wu

0 1 i

0 20 40 60 80 100
CONCENTRATION OF Cd (mg-dm™)
in PLATING SOLUTION

Fig. 7. Cathodic current density for zinc plated from solutions
containing various cadmium concentrations. Electrolyte 200
g * dm—3 HSO4. Temperature = 22.5°C. Potential: (a) 0.7V; (b)
0.758Y; (c) 0.858V; (d) 0.888V.
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Fig. 8. Scanning electron micrographs of deposit morphology.
Zinc deposit from solution containing 200 g - dm—3 H2S0; ~+
various cadmium concentrations. Temperature = 37°C. Current
density 480 A-m~2 A, 0 Cd**; B, 10 mg+dm—3 Cd++; C,
15mg-dm—3 Cd*+; D, 20 mg-dm—3 Cd++; E, 25 mg - dm—3
Cd++; F, 50 mg - dm—3 Cd*++; G, 100 mg - dm—3 Cd* +.

orientations (112), (002), and (103) were not afiected,
but the patterns from the zinc plates with greater
cadmium concentrations were more continuous with
less spread in the diffraction bands. This change re-
sulted from the fine grain size at higher cadmium
concentrations. Changes in crystal structure orienta-
tion can be ruled out as the cause of the increase of
hydrogen overpotential with cadmium concentration.

One change that is apparent (from Fig. 8) with
increasing cadmium concentrations is the increase in
the number of crystallites and finer grain size in the
zinc plates. The change in crystallite size causes a
change in the surface area of the sample. Based on a
fixed geometrical area, a decrease in the surface
area would result in an increase in the current den-
sity and hence a greater apparent overpotential. It
is partially due to this effect that shiny platinum
has a greater hydrogen overpotential than platinized
platinum. From the scanning electron micrographs
in Fig. 8 it is clear that increasing cadmium concen-
trations cause smoother deposits and hence the sur-
face roughness factor should decrease. The variation
of overpotential with surface morphology has been
studied by Bockris and Raxumney (29). They found
that the transition in surface morphology from large
pyrimidal crystal structures to finer polycrystalline
structures was accompanied by an increase in over-
potential. During zinc deposition, increasing over-
potential has been found to cause smaller crystallites
(28). For the deposition of copper, the magnitude of
the increase of the overpotential was reported to be
~120 mV (29). From Fig. 2, the increase in the
magnitude of the hydrogen overpotential is about 92
mV and therefore it is not unreasonable to assign
the cause of the increase to the change in morphology
of the zinc plates. Although the change in morphology
does not affect the reaction mechanism (since the
transfer coefficient did not change with zinc plate
composition), the exchange current density could be
affected. The hydrogen exchange current density de-
pends on surface activity as well as on the effective
surface area. If surface area change is ignored for
the moment, a decrease in the exchange current den-
sity would increase the overpotential. The decrease
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in the exchange current density could be caused by
the transition to fine grain deposits (29). Thus three
factors must be considered to explain the overpoten-
tial behavior. The first is the co-deposition of cad-
mium with zinc., This initially results in a surface
with a greater hydrogen exchange current density.
The second factor is the increased number of nuclea-
tion sites resulting from the cadmium co-deposition.
This results in a finer grained deposit. The third factor
is the decrease in the hydrogen exchange current
density resulting from the change in surface mor-
phology. Thus a maximum would be expected in the
hydrogen exchange current density for the zinc deposit
with increasing cadmium content. Support for this be-
havior is given in Fig. 9. The hydrogen exchange cur-
rent density determined from potential sweep data in
sulfuric acid (200 g - dm—3 without Zn++ or Cd++
present) at 22.5°C is plotted against cadmium concen-
tration in the plating bath. An average of 10 runs was
used for each point. A distinet maximum is formed at
20 mg+-dm~—3 Cd++. Although data from potential
sweeps at 100 mV - sec—! must be viewed with some
caution, the relative behavior of the zinc deposits is
clear. An advantage of the data from the potential
sweeps is that there is little area change during the
course of the measurement. From Fig. 9 the exchange
current density does increase initially with increasing
cadmium content up to about 20 mg - dm—3 Cd++. At
greater cadmium concentrations the exchange current
density decreases as a result of the change in morphol-
ogy (finer deposits) and the decrease of the effective
area. The magnitude of the change in the exchange
current density is much larger than would be pre-
dicted by a surface area changes and must be primarily
due to the increase of activity of the fine grained de-
posits.

Conclusions

The effect of cadmium on the zinc plating current
efficiency in acid sulfate baths is dependent on cad-
mium concentration. At less than about 20 mg - dm~—3
Cd+*+, increasing cadmium concentrations lower the
zinc plating current efficiency by decreasing the hy-
drogen overpotential on the zinc plate. This effect
is superseded at greater cadmium concentrations by
the refinement of the zinc plate and subsequent in-

LOG EXCHANGE CURRENT (A-cm-?)

1 1 I I I
0 20 40 60 80 100
CONCENTRATION OF Cd (mg-dm™)
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Fig. 9. Hydrogen exchange current density for zinc plated from
electrolytes containing various cadmium concentrations. Data from
potential sweep measurements. Electrolyte HsSO4 200 g - dm—3,
Temperature = 22.5°C. Sweep rate = 100 mV - sec—1. (Average
of 10 runs per determination.)
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crease of the hydrogen overpotential as a result of
the morphology change and surface area decrease.
The incorporation of cadmium into the zinc plate
does not cause any significant change in the crystal
orientations of the zinc plate nor does it alter the
mechanism of hydrogen evolution.
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APPENDIX
A. Theoretical Hydrogen Voltage
Electrolyte
=200g -dm—3 HySO4 4+ 62 g -dm—3Zn++
pH = 0.35
H+* +e =% H;

RT (Pup) %2

In ————

eg = eg° — —— Gt
2.303 RT
F

at Py, = 1 atm, ey = —0.0215V vs. SHE at 37°C and
at 37°C SCE = 0.2361V vs. SHE (30) and (en)srec =
—0.2576V vs. SCE.

The contribution of the liquid junction potential for
the SCE in this solution is estimated as follows. The
Planck-Henderson theory (31) gives

. ( 2.303 RT ) [ 2 hi(Mig — Mig) ]
&= F Zi M| Zi| (M, — Mig)
i [ 2i M| Zi| Mig ]

Zi M| Zi| Mg

where E; = liquid junction potential, 4; = equivalent
conductivity for ion i, Miz = concentration of ion i in
reference electrolyte, Mi, = concentration of ion i in
solution, and Z; = charge on ion.

The concentrations of the [H+], [HSOs~1, [SOs=],
and [Zn*+] are calculated in Appendix B, [K+] and
[C1~] are assumed to be completely dissociated at
saturation at 37°C.

Equivalent ion conductivities (A;) at infinite dilution
4-37°C were obtained by graphical interpolation of data
given by Quist and Marshall (32).

Walden’s Rule was used to extend the data to the
concentrated solutions. From this the above equation
yields the value E; ~ 0.0183V indicating that the over-
potentials may be in error by this amount.

RT
= — Tln (Prg) 2 + loga HY

B. Limiting Current Density Calculations

Electrolyte 2.04M H,SO; -+ 0.948M ZnSO4 at 37°C
PH = 0.35. The limiting current densities may be esti-
mated from the equation (17)

ZFDC°
(1—-1t)S

where Z is the charge on the ion, F is Faraday’s con-
stant, D is the diffusion coefficient, C° is the concentra-

him =
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tion of the ion in the bulk of the solution, t is the trans-
port number, and S is the diffusion layer thickness.
The concentrations of [SO4=] + [HSO4~] were cal-
culated knowing the dissociation constant for HoSO4.
For 2M HySO4, [SO04=] = 0.7, [HSO4~] = 1.3, Kg =
7.24 x 10—3 at 37°C (33, 34)

Ko — VHE C¥S04= (H+) + (SO4=)
* = THSO:- (HS0:-)
H+) - (SO4=
e ke o

(HSO4™)
[H+] = 1.92, [HSO4~] = 2.17, [SO+=] = 0.821,

[Cd++] ~0, [Zn*+] = 0.948
The transport number

i ZiCik
it~ ZZCi
using Mhigpc®  [equivalent conductivity (Q~!:m?

equiv.”1) | ty+ = 0.60, tznt+ = 0.10, tca+ + ~ 0, tusos—
= 0.17, tso4= = 0.13 and using § ~ 0.03 cm, i.e., bound-
ary layer thickness with some stirring from gas evolu-
tion

7 ig+ ~ 17,000 A - m~2, iz;++ ~ 670 A - m—2

or

[Cd++] =5mg-dm~3 ica++ ~3 X 10-2A -m~3
[Cd++] =100 mg  dm~3 icqg++ ~ 0.6 A - m—2

Despite the assumptions in using Ai® for A; and a diffu-
sion layer thickness 0.03 cm it is clear that Cdt+ will
be diffusion controlled.
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Effects of the Brine Impurities on the Cell Performance
of the Diaphragm-Type Chlor-Alkali Cell

F. Hine,* M. Yasuda,* and K. Fujita®
Nagoya Institute of Technology, Nagoya 466, Japan

ABSTRACT

A laboratory cell equipped with the deposited asbestos diaphragm was
operated with impure brine to investigate the effects of the hardness on the
cell performance. The concentration distribution of NaOH in the diaphragm
was established by three factors: diffusion, migration, and the hydraulic flow.
It is pointed out that the migration flux was larger than the diffusion flux
under the operating conditions of the diaphragm cell.

The amalgam process is best for producing chlo-
rine and pure caustic. However, no new constructions
using amalgam cells are being announced at present,
and many amalgam cell plants are being converted
to diaphragm cells, especially in Japan, due to en-
vironmental concerns with mercury pollution (1). It
is estimated that now about 70% of the world pro-
duction of chlorine and caustic comes from diaphragm
cells.

Although the diaphragm cell process has a long
history, innovations were delayed by a poor market
for the impure caustic and the relatively high con-
sumption of energy, both electricity and steam.

Recently, the invention of dimensionally stable
anodes (DSA) by Beer (2), and the development of
the modified asbestos diaphragms (3, 4), for example,
the HAPP of Hooker and the TAB of Diamond
Shamrock, have brought a new phase in diaphragm-
type chlor-alkali technology.

The d-c electric power for cell operation and steam
for evaporating the weak caustic liquor are major
energy requirements, thus the overall consumption of
energy by these factors must be minimized.

Consumption of electric power could be optimized
by the reduction of several factors: the anode over-
voltage (2, 5); the cathode overvoltage, (6-11); the
solution IR drop, especially the bubble effects of chlo-~
rine and hydrogen gases (12-24); and the IR drop
through the diaphragm (16). This paper deals with
this last factor.

The brine is fed to the electrolytic cells after
purification and under pH control, if necessary. Even
so, the hardness (Mg2+ and Ca2+t) in the anolyte may
plug the porous diaphragm, resulting in a gradual in-
crease in the cell voltage for long-time operation.
This also decreases the brine flow rate because the
hydraulic resistance of the porous diaphragm in-
creases.

The transport of OH— through the diaphragm is
by diffusion, migration, and hydraulic flow. All these

* Electrochemical Society Active Member.

1 Present address: Niihama Works, Sumitomo Chemical Industry
Company, Niihama, Japan.

Key words: current efficiency, flow rate, diffusion, electrical re-
sistance, migration.

factors are affected significantly by plugging of the
diaphragm with precipitates. This causes changes in
the operating conditions affecting cell performance
(17).

In this paper the limitations on hardness of the
feed brine based on experimental results of an ac-
celerated test are discussed. The transport phenom-
ena of NaOH through the diaphragm was also studied.

Experimental

A small “Lucite” cell as shown in Fig. 1 was used. A
titanium sheet, 2 em long, 2 cm wide, and 0.5 mm
thick, coated with a thermally deposited mixture of
RuO; and TiO; was used as the anode. The cathode
was made of Ni sheet (2 X 2 cm). A modified asbestos
mat was used as the diaphragm. Chrysotile fiber [5g of
Hooker, Grade H-1, 0.4g of E-CTFE powder (Allied
Chemical, “Halar 5004”), and a small amount of sur-
factant in 2M NaOH] was vacuum-deposited on a steel
mesh, dried at 120°C for 1 hr, peeled off from the
mesh, then heated at 270°C for 3 hr for setting. The
thickness was about 4 mm, and the effective area was
19.6 cm2 (5 em diam).

Two Luggin-Haber probes were located about 0.5
mm from the diaphragm to measure the IR drop. A

Hy outlet | cathode anode
| heater heater |

n ‘ 7 At

; . > RIS ASSNN

catholytg
overflow

Cl, outlet

Lugain probe

asbestos 1
dlaphraom

pPOrous
plate
=
Ao

magnetic stirrer

Fig. 1. An experimental electrolytic cell
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saturated calomel electrode, Hg/HgsCly/satd. KC1 (at
30°C), was used as a reference electrode for the anode
Luggin, and a mercuric oxide electrode, Hg/HgO/3.5m
NaOH (at 30°C), was employed for the cathode Lug-
gin.

Electric heaters were located in both the anode
and the cathode compartments to maintain the solution
temperature. A magnetic stirrer was located under
the cathode compartment.

A saturated NaCl solution, 5.1m NaCl prepared with
pure salt and distilled water, in the brine reservoir
(ca. 50 liters) was pumped up to the level tank (ca.
10 liters) located about 3m above the cell. The brine
was fed to the anode compartment at a given rate.
The electrolytic solution passed through the diaphragm
and flowed out of the cathode compartment to the
catholyte reservoir by gravity.

Chlorine liberated at the anode was collected in a
gas holder (ca. 5 liters) located about 3.5m above the
cell and was sent to an absorption column containing
caustic soda solution. Hydrogen generated at the cath-
ode was purged to the air after a water wash.

The required amounts of MgCl, or CaCl, were
added to the brine reservoir to investigate the effects
of these brine impurities.

The rate of feed brine was adjusted to yield a 50%
decomposition with respect to pure brine. The flow
rate decreased and the NaOH concentration in the
catholyte increased when an impure brine was fed to
the cell.

The current density was kept constant during each
experiment.

The amperage and the IR drop were recorded con-
tinuously whereas the flow rate of the electrolyte
was measured at certain intervals, say every 30 min,
The catholyte effluent was titrated every 24 hr. Thus
the current efficiency for production of caustic soda
(C.E. in percent) was calculated by Eq. [1]

CE(%) = Practical amount of NaOH produced

Theoretical amount of NaOH to be produced
X 100 [1]

A three-compartment cell illustrated in Fig. 2 was
employed to determine the diffusion and migration of
OH~. The cell was equipped with a cation exchange
membrane (“Nafion 390”) between the anode compart-
ment and the center compartment to eliminate trans-
port of OH— and Cl— as well as hydraulic flow of the
electrolytic solution. Each compartment has a volume
of about 300 ¢cm. The alkali strength in the cathode
compartment was kept constant at 2.2m NaOH during
the experiment, whereas 5m NaCl (pH ~ 2) was fed
to the center compartment at the start-up time. The
NaOH concentration in this room increased with time
due to diffusion of OH—-. Thus the “superficial” diffu-
sion coefficient of OH~ through the diaphragm can be
evaluated.

cathode to o
condenser  Jneater heater
Hy outlet NaOH sampling
! I €1y outlet
. | 5%
ll: nwi] ‘ ie
Luggin
Druges
—

asbestos Naf ion
diaphroam membrane
= =)
magnetic stirrerg==

Fig. 2. A three-compartment electrolytic cell
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The electrolyte level was equalized to avoid a
hydraulic pressure between adjacent compartments. A
reflux condenser was located on the top of each com-
partment to minimize the change of the solution com-
position by evaporation.

The anode, cathode, and reference electrodes were
the same as for the cell shown in Fig. 1.

The potential drops between the Luggin probes were
recorded continuously. The electrolytic solutions in the
three compartments were titrated at intervals to obtain
the transport of OH~. The pH of the anolyte was un-
changed during the experiments,

The diaphragm thickness was varied: 1.2, 2.4, and 4.8
mm. The material was the same as in the cell in Fig. 1.
The current density (0 ~ 25 A/dm?2) and the solution
temperature (30° ~ 90°C) were varied.

Results and Discussion

Effects of the brine hardness.—It was confirmed
that the flow rate of brine, the IR drop, the NaOH
concentration, and the current efficiency were un-
changed for 10 days or more when the purified brine
was fed to the electrolytic cell.

Figure 3 shows the results obtained during electrol-
ysis of brine containing 100 mg/liter Mg2+ at 10
A/dm? current density. For three days, all the data
were unchanged during the electrolysis of a pure
brine. When an impure brine was fed to the anode
compartment of the cell, the flow rate decreased with
time due to plugging of the diaphragm, which re-
sults in a rise in the caustic strength in the catholyte.
Also the IR drop increased gradually. The current
efficiency decreased, presumably due to the enhance-
ment of diffusion. Similar results would be obtained
with impure brines containing different amount of
the hardness, either Mg or Ca.

On the other hand, the IR drop decreased, as shown
in Fig. 4, when the brines containing hardness of a
high concentration were electrolyzed at relatively
high current densities. The caustic strength of the
catholyte increased considerably. A signficant reduc-

pure impure 1100
. brine brine o
E 3.0 ~ i £
s e z
= 1% 8
5 28| <
1=
8 =
z 2.6 [ -1 90 g
=] 5
= NaOH conc, =
2.4
- 85
ElLer ~o.52
2
g Flow rate IR-drop =
10% =
g L4 decrease AO'SG §
S
= 20% pt
T 1. | decrease Joug =
1.0 | Gm—geg -10.46
1 1
0 2 y 6 8 10 12 14

Days on line

Fig. 3. Flow rate, /IR drop, NaOH concentration, and current
efficiency. Conditions: current density = 10 A/dm2; Mg2+ con-
centration = 100 mg/liter.
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Fig. 4. Flow rate, IR drop, NoOH concentration, and current effi-
ciency. Conditions: current density = 30 A/dm2; Mg2* concen-
tration = 80 mg/liter.

tion in the electrical resistivity of the diaphragm is
due to a rise in the caustic strength (see Table I).
The brine flow, the NaOH concentration, and the
current efficiency are affected by the brine hardness,
but the IR drop depends on the solution composition
in the diaphragm and the operating temperature
rather than on the clogging of the diaphragm.

Since the flow rate of electrolyte decreases gradu-
ally with time due to plugging, and influences the
cell performance, it can be used as a parameter for
evaluating the effects of hardness in feed brine. In
Fig. 3, for example, the flow rate decreased by 10%
for 1.3 days and by 20% for 3.2 days after switching
the feed brine.

The diaphragm of the laboratory cell was plugged
more quickly compared to commercial cell operation
since the feed brine contained Mg2t+ at a relatively
high concentration (100 mg/liter) in this experiment.
The operable period is, of course, extended when the
brine hardness is decreased. Figure 5 illustrates the
operable period vs. Mg content based on the ac-
celerated test with relatively high contents of Mg
in the feed brine (10 ~ 100 mg/liter). Experiments
were conducted, using the galvanostatic method, at
10, 20, and 30 A/dm2. The dotted line shows the 10%
decrease of the flow rate and the solid line the 20%
decrease. It is clear that the operable period is recip-
rocally proportional to the Mg content. Plugging oc-
curs quickly at high current densities since the flow

Table I. Resistivity of mixed solutions of NaCl and NaOH at

50°C
Composition (M)
——————— Resistivity
NaCl NaOH (Q-cm)
Satd. (ca. 5.1M) 3.06
2.5 3.79
2.5 2.5 2.05
5 1 2.21
4 2 2.04
3 3 191
2 4 176
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Fig. 5. Days on line vs. Mg content as functions of the percent
reduction of the brine flow and the current density.

rate of the brine is large to yield a given decomposi-
tion (50%); but the product of period (d) and cur-
rent (i) was almost constant (Table II). Magnesium
in the feed brine precipitates as hydroxide and is
collected or filtrated on the asbestos mat. Magnesium
hydroxide is a typical compressible precipitate (18,
19), and hence the rate of brine flow may decrease
appreciably within a short time if the pressure drop is
high. Since the pressure differential through the dia-
phragm is small, say one tenth of the brine filter, the
effect of the compressibility of precipitate on the
flow rate seems to be small.

Figure 6 illustrates similar results for Ca in the
feed brine, which are essentially the same as for
Mg. However, it is important that the i X d increases
with an increase in the current density (see Table
II), probably due to a different mechanism of plug-
ging of the diaphragm by Ca precipitate than by Mg
precipitate. Although these results were obtained by
the accelerated test by electrolysis of brines contain-
ing a very high hardness concentration, they agreed

Table II. Operable periods with impure brine at various current
densities. Hardness: 10 mg/liter Mg2* or Ca2+

Percent re- Current
Brine duction of density, ¢ Days
impurity brine flow (A/dm?) (d) ixd
Mg 10 10 13.5 135
20 7.0 140
30 7 141
(avg) 138.7
20 10 323 323
20 16.1 322
30 12.0 360
(avg) 335.0
10 10 20.5 205
oa 20 15.2 304
30 11.7 531
20 10 53.0 530
20 36.0 720
30 27.0 810
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Fig. 6. Days on line vs. Ca content as functions of the percent
reduction of the brine flow and the current density.

well with our plant experiences. In practical opera-
tion, the brine level is varied in accordance with the
permeability of the diaphragm so as to keep the flow
rate and, hence, the percent decomposition constant.

The flow rate of the brine containing 2.5 mg/liter
Ca through a commercial diaphragm cell operated at
31 A/dm2 would decrease by about 20% when the
brine level is unchanged for 100 days of operation,
which agrees with Fig. 6.

In conclusion, we believe that Fig. 5 and 6 are ap-
plicable as a guide to commercial cell operation.

The concentration distributions of Mg and Ca in
the diaphragm were determined since their behavior
seems to differ. A diaphragm mat after electrolysis was
sliced into four equal sections (1 mm thick each).
Each segment was immersed in dilute HC1 (1 ~ 3N
HCI depending on the amount of precipitate), and the
Mg content in the filtrate was measured by atomic
absorption spectrochemical analysis. Because a small
amount of Mg from the chrysotile fiber is dissolved
by the acid solution, this effect was calibrated for. A
large amount of magnesium hydroxide is deposited
in the first and the second segments on the anode side
as shown in Fig. 7 since the asbestos mat became com-
pletely alkaline due to back-migration of OH~. On the
contrary, Ca was precipitated more uniformly through-
out the porous mat.

Since the Mg content in the brine was high, an
amount of Mg(OH), was deposited on the surface of
diaphragm, whereas Ca did not do so. This is clearly a
filtration mechanism associated with chemical reaction.
According to chemical analysis, the catholyte contained
0.2 ~ 0.5 mg/liter Mg or 1.5 ~ 2.5 mg/liter Ca, due
to leakage since the brine hardness was significantly
higher.

MacMullin states in a private letter that “magnesium
deposits on the diaphragm surface facing the anodes
and penetrates to a lesser extent in the calcium. Cal-
cium is deposited throughout the diaphragm and
Hine’s work indicates that at low value of calcium
might be expected that calcium washed through. Mag-
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Fig. 7. Distribution of magnesium and calcium precipitates in the
diaphragm (5 ¢cm diam and 0.4 cm thick) after electrolysis.

nesium hydroxide is considerably less soluble than
calcium hydroxide.”

Permeation of the brine without electrolysis—Ex-
periments without electrolysis were conducted so as
to separate diffusion from migration of alkali. The
catholyte consisting of NaCl and NaOH was circulated
between the reservoir (ca. 60 liters) and the cathode
compartment to keep the solution composition con-
stant. The hydraulic head between the anolyte and the
catholyte was kept constant at 60 cm, which corre-
sponded to the flow rate required for electrolysis of
pure brine at 50% decomposition and 15 A/dm? A
small current (1 A/dm?2) was switched on briefly at
certain intervals to determine the IR drop through the
diaphragm.

As is shown in Fig. 8, the flow rate decreased gradu-
ally, and the electric resistance of the diaphragm be-
came larger due to plugging, whereas the anolyte pH
was unchanged during experiment. The phenomena !
were the same for electrolysis, but blocking was
rapid because of a different distribution of precipitates
in the mat as shown in Fig. 9. Both Mg and Ca de-
posited closely to the cathode side.

Since Mg2+ deposits as Mg(OH)3, the concentration
distribution of Mg indicates the OH— distribution in
the porous mat. Consequently, the experimental results
would show that the contribution of migration for an
overall permeation of alkali during electrolysis is sig-
nificant compared with diffusion.

Experiments with a three-compartment cell.—An ex-
ample of the results obtained with the three-compart-
ment cell (Fig. 2) is shown in Fig. 10. The NaOH con-
centration in the cathode compartment and in the
center compartment increased almost proportionally
to the time of electrolysis.

It is well known that the diffusion flux under steady-
state conditions is represented by the equation
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Assume that dC/dx is equal to AC/L, where AC is
the difference of the OH~ concentration between two
sides. Thus the diffusion coefficient D can be obtained
by Eq. [2].

Figure 11 shows the Arrhenius plots for diffusion.
The activation energy is evaluated to be about 3 ~ 4
kcal/mol.

It is well known that the diffusion coefficient for
electrolytes at room temperature is in the order of
10—5 cm?/sec (20) whereas the experimental results
in Fig. 11 show it to be in the order of 10—¢ cm?/sec
because of limitations of mass transport through the
diaphragm. The diffusion flux through the porous
medium depends on the formation factor, F¢, of the
medium
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Fig. 9. Distribution of magnesium and calcium precipitates in the
diaphragm (5 ¢cm diam and 0.4 cm thick) without electrolysis.
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=5 }
An equation for D° vs. t(°C) was established by the
method of least squares. The data listed in the Inter-
national Critical Tables (20) were employed. Thus D°
at 30°C was calculated to be 1.88 x 10—5 cm?2/sec, com-
pared to 0.55 X 10—5 cm?2/sec for D (see Fig. 11).

Substituting these data into Eq. [3]

Fe=——~342
0.55

On the other hand, F. can also be obtained by the
ratio of the specific resistances as follows (17)
P
Fo=— (4]
Po
where p is the superficial resistivity of the porous me-
dium in @ - cm and p, is the resistivity, also in Q - em,
of the electrolyte. From Fig. 10, the electric resistance
of a porous diaphragm of 19.6 cm? in area and 0.4 cm
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Fig. 11. Diffusion coefficient as a function of the temperature
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thick filled with 2.5m NaCl is estimated to be 0.28Q.
Therefore
0.28 X 19.6 13724
=—x~13 -cm
4 0.4
The specific resistance of 2.5m NaCl is 3.79 Q - cm (see
Table I). Thus, we have F, as follows

13.72

= ——n~3.62
©T 39

It is clear that both calculations agree well with each
other.

Mass transport through the diaphragm.—The mass
transport problems through the diaphragm in chlor-
alkali cells have been investigated by many authors
[see Ref. (17)].

Stender et al. have calculated the mass transport of
OH™, jou (24)

jou = —D£+ uc 8]
dx
FD.
U=ﬁx—1—u 6l

Integrating Eq. [5] with the boundary conditions

C=C* at x =0 (atcathodeside)
and
C=0 at x =10 (atanode side)
Equations [7] and [8] are obtained
. Cc°u ]
] = .
OH ) ( T8
— ex —_——
PATD
and

U
l—exp(——l-)-(a—ac))

c = ) (Ua) i

—exp \ -5

where the thickness of the alkaline zone § is assumed
to be equal to the thickness of diaphragm L. Also the
current efficiency for OH™ is

1

()

When a thin diaphragm is employed, Ud << D. There-
fore

CE.(%) = — X 100 (9]

1
CE.(%) :——D
T ==
+v&

X 100 [10]

When U > 0, the C vs. x curves become convex as
shown in Fig. 12 (see Eq. [8]). When U < 0, on the
other hand, the curves are concave. Assume that D =
10-5 ecm2/sec, 8 = 0.5 cm, v = 1073 ecm/sec, xk = 0.5
mho/cm, T = 373 K, and i = 0.2 A/dm?, therefore for
practical operation, we have

—_— T

D

Consequently, the C vs. x curves are clearly concave,
and the reduction of current efficiency is controlled by
migration and diffusion of OH—.

The flux of alkali through a unit area of the dia-
phragm (A = 1 in Eq. [2]) in a three-compartment
cell, jon, can be represented by the sum of the diffu-
sion flux, jou(d), and the migration flux, jox (m), since
there is no flow of brine
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Fig. 12. Distribution of the NaOH concentration in the diaphragm

jou = jou(d) + jon(m) [11]
, dc
jou(d) = —D —— [12]
dx
F D F de
i =——Ci=——DC— 13
o) =g G —prBCG M
Assuming that
dcC C d A
= d —¢— = id

—  —— an e
dx ] dx L]

we have

= _Jou(m) ~ i " [14]

ion (d) RT

where K is the ratio of jou (m) to jou(d). The diffusion
flux jou(d) can be obtained by experiment without
electrolysis, whereas the OH~— flux during electrolysis
is the sum of jou(d) and jou(m). Thus joun(m) can be
evaluated. Factor K, calculated by Eq. [14], is listed
in Table III and is in good agreement with experiment.
The K is proportional to the IR drop, but the line in
Fig. 13 is independent of other factors.

Since the IR drop through the diaphragm in prac-
tical cells is 0.3 ~ 0.4V, jou(m) is one order of mag-
nitude greater than jon(d). Therefore, jom(m) must
be minimized to improve the current efficiency. Opera-
tion at high temperatures is feasible for this purpose
because D and « increase. Use of a thin diaphragm
decreases K since jou(d) increases, whereas jom(m)
remains constant because A¢/8 is unchanged.

At high current densities, both A¢ and K become
large. On the other hand, the flow rate of the brine is
increased proportionally to the current density to
keep the brine decomposition constant. Since the effect
of the flow rate on the current efficiency is larger than
that of other factors under operating conditions, opera-
tion at high current densities, say 25 ~ 35 A/dm?, is
desirable to improve the current efficiency.
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Table I1l. Mass transfer of OH~ through the diaphragm.
Diaphragm thickness = 2.4 mm (an example).

jor(m)/jou(d)

Current IR OH- flux

Temp density drop  jom(m) + jom(d) Experi-  Calcu-
(°C) (A/dm?) (mV) (g-ions/liter hr) mental lated
0 0.015
80 1 26 0.025 0.67 1.0
5 95 0.065 33 3.6
50 0 0.020
1 18 0.030 0.50 0.65
5 80 0.U80 3.0 2.9
10 150 0.120 5.0 5.4
70 0 0.030
1 14 0.035 0.17 0.47
5 60 0.090 2.0 2.0
10 110 0.135 35 3.7
15 158 0.180 5.0 5.4
20 205 0.255 7.7 6.9
90 0 0.035
1 11 0.040 0.14 0.35
5 50 0.085 14 1.6
10 1 0.135 2.9 3.2
15 138 0.190 44 4.4
20 190 0.260 6.4 6.1
25 235 0.290 73 75
Conclusion

The performance of diaphragm-type chlor-alkali
cells is related closely to the transport phenomena of
OH~- and the physicochemical properties of the dia-
phragm. The overall mass-transfer through the dia-
phragm is composed of the diffusion flux, the migration
flux, and the hydraulic flow. Of these, diffusion and
migration have been discussed in this paper.

The concentration distribution of alkali in the dia-
phragm without electrolysis differs greatly from that
with electrolysis because the migration flux is signifi-
cantly large. Also the OH~ concentration distribution
varies with the current density for the same reason.

Hardness in the feed brine deposits in the porous dia-
phragm and affects the electrical conduction and mass
transport through the diaphragm. Cell performance
as measured by the current efficiency and the cell volt-
age becomes less favorable as the diaphragm is plugged.
The limits of hardness in the feed brine have been dis-
cussed with the results obtained by an accelerated test
involving electrolysis of brines containing high hard-
ness concentrations.

from Eq.14

= N at 90°c
=
= /
<
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Fig. 13. The ratio of the migration flux to the diffusion flux vs.
IR-drop curve under various conditions of the diaphragm thickness
and the solution temperature,
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LIST OF SYMBOLS

A area (cm?)

C concentration (mols/cm3)

c° cor;(;entration of OH~ in catholyte (mols/
cm

C.E. current efficiency with respect to OH~ (%)

D diffusion coefticient in diaphragm (cm?2/sec)

De diffusion coefficient in solution (cm?2/sec)

d days on line (days)

F Faraday’s constant (23,060 kcal/g-equiv. - V)

Fe formation factor

i current density (A/cm?2)

J flux (mols/cm? - sec)

overall flux of OH™~ (mols/cm? - sec)

) diffusion flux of OH~ (mols/cm? - sec)
Jon(m) migration flux of OH~ (mols/cm? - sec)
K ratio jou (m) /jomn (d)

L thickness of diaphragm (ecm)

R gas constant (1.987 cal/mol - K)

T temperature (K)

U see Eq. [6] (cm/sec)

v flow rate (cm/sec)

x distance (cm)

d thickness of alkaline zone (cm)

€ void fraction

K electrical conductivity (mho/cm)
p electric resistivity of diaphragm (Q - cm)
Po electric resistivity of electrolyte (Q - cm)
¢ potential (V)
Ag potential difference (V)
x tortuosity
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Growth of Thick Anodic Oxide Films on Nickel

in Borate Buffer Solution

B. MacDougall* and M. J. Graham

Division of Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada K1A OR9

ABSTRACT

Anodic galvanostatic charging of nickel in pH 7.65 borate buffer solution
produces a finely porous oxide film which is distinctly different from the passive
film of NiO. The porous film which is probably NiOOH can grow to thicknesses
in excess of 1000A. It is reduced to a lower oxidation state during galvano-
static reduction, giving a distinct cathodic potential arrest. The oxide, how-
ever, remains on the surface during the cathodic treatment and reapphcatlon
of the anodic charging current results in an anodic arrest that is almost the
mirror 1mage of the cathodic arrest. The reversible conversion charge increases
with increasing time of polarization in the Oz evolution region, in con]unctmn
with an increase in porous film thickness as determined by x-ray emission
and Auger electron spectroscopies. In fact, the conversion charge is a close
monitor of porous film thickness over a wide range of thicknesses and has
been used to study film growth kinetics as a function of temperature, charging
rate, and prior electrode treatment. The kinetics of porous oxide growth are
interpreted in terms of an outer porous film growing on top of an inner com-
pact film, the latter probably being the passive film. It is suggested that
breakdown and repair events in the compact inner film generate the Ni2+
which is incorporated into the porous film, and that the stability of the passive
film thus determines the growth rate of the porous film. This model explains
the influences of temperature and electrode surface condition on oxide growth
rate as well as the existence of breakaway-type kinetics and its dependence

on charging rate.

The anodic oxidation of nickel in the passive poten-
tial region has been extensively studied in a variety
of electrolytes, e.g., borate buffer solution (1-3) and
neutral and acid sulfate solutions (1, 4-22). The com-
position of the passive oxide film formed in neutral
and acid solutions is generally thought to be NiO
with a maximum thickness reported anywhere from
12A (4, 13, 23, 24) to 18A (1, 9). In borate electrolyte,
considerably thicker oxide films can be grown at
potentials in the oxygen evolution region (1-3, 25, 26).
The oxide formed in this potential region is a higher
oxide of nickel, probably NiOOH (26). Unlike the
passive film of NiO, this oxide gives a distinct gal-
vanostatic reduction arrest which is believed to be
associated with its conversion to a lower oxide of
nickel, e.g., Ni(OH): (or NiO). Subsequent anodic
charging of the lower oxide also gives a distinct po-
tential arrest as the lower oxide converts back again
to the higher oxide (1,27). This electrochemical con-
version reaction is smilar to that proposed for charg-
ing and discharging the nickel electrode in the nickel
alkaline battery (27, 28), and while extensive research
has been published in this area [cf., for example, (29)1,
little work has appeared concerning the kinetics and

* Electrochemical Society Active Member.
Key words: electrode, passivity, oxidation, conversion, defects.

mechanism of anodic growth of thick conversion oxide
films on nickel surfaces by direct oxidation of the
metal. The present investigation considers the fac-
tors influencing the growth kinetics of thick anodic
oxide films on nickel in pH 7.65 borate buffer solution,
and a model will be suggested for the mechanism of
film growth.
Experimental

Polycrystalline specimens, 1 x 2.5 X 0.02 cm thick,
were prepared from Materials Research Corporation
zone-refined nickel sheet of 99.996% purity (4). They
were degreased with benzene, chemically polished,
electropolished for 2 min at 23°C in a 57 volume per-
cent sulfuric acid solution at 0.5 A em~—2, and then
annealed at 800°C in a vacuum of 10—8 Torr. The
specimens were again electropolished immediately be-
fore use in an experiment. Potentials quoted in this
paper are referred to the saturated calomel electrode
which is 0.245V with respect to the standard reversible
hydrogen electrode. Electropolished nickel electrodes
were galvanostatically anodized without cathodic re-
duction of the prior oxide film. Solutions were de-
aerated pH 7.65 borate buffer, and were analyzed for
Ni2+ by carbon rod atomic absorption spectroscopy,
the lower limit of detection by this method being 0.2
ug cm~—2 (sample area = 5 cm?; cell volume = 50
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ml). X-ray emission (30, 31) and Auger electron spec-
troscopies (Physical Electronics Incorporated Model
590) were used to determine oxide film thicknesses.

Results

Cathodic and anodic galvanostatic charging profiles.—
Figure 1 shows the cathodic and anodic charging pro-
files for electropolished nickel electrodes anodized for
various times at 80 xA cm~2 in the oxygen evolution
region [potentials >0.95V (25, 26)]. Anodic charging
generates a species which, when the charging polarity
is switched from anodic to cathodic, undergoes reduc-
tion and gives a distinct potential arrest at ~0.75V.
When reduction of this species is complete, the poten-
tial rapidly shifts into the hydrogen evolution region.
Upon immediaté reapplication of the anodic charging
current, an anodic arrest occurs at about the same
potential as the cathodic arrest; the cathodic and
anodic arrest charges are equivalent. Oxides formed
at potentials in the passive region do not give rise to
this reversible arrest since the ~12A thick passive film
of NiO (4, 13, 23, 24) is inert to both conversion to a
higher oxide of nickel and to cathodic reduction. Dur-
ing anodic charging in the oxygen evolution region, a
very finely porous (26) higher oxide of nickel is gen-
erated, perhaps NiOOH as has been previously sug-
gested by a number of workers (1, 3,27). The charge-
consuming reaction would thus be associated with
interconversion of the nickel ion in the oxide between
the 3+ and 24 oxidation states e.g.,, by a reaction
such as

NiOOH + H* + e- Ni(OH);

The term ‘“conversion charge” will denote the cathodic
arrest charge associated with this reaction.

To investigate the kinetics of the conversion reac-
tion, a constant quantity of higher oxide was formed
(e.g., by anodizing at 80 xA cm—2 for 24 hr at 25°C)
and this was reduced and reoxidized at charging rates
of 4, 80, and 200 wA cm—2. The conversion charge was
constant (6.6 = 0.3 mC cm—2) at all three charging
rates indicating that the conversion reaction is a rapid,
reversible process under activation rather than diffu-
sion control. A fixed quantity of porous oxide gives
the same conversion charge at all electrolyte tem-
peratures from 5° to 45°C so that the kinetic results
obtained for growth of the conversion oxide at dif-
ferent temperatures may be directly compared.

Ocxide film examination.—The degree of hydration of
oxides in the above conversion reaction is still open
to question. Electrodes removed from solution in the
oxidized state were blue-black in color, but this color-
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Fig. 1. Cathodic and anodic galvanostatic charging profiles, at
80 «A ecm—2, for nickel electrodes anodized at 80 uA cm—2 for
various times in the Oy evolution region: (- --) 30 min; (++-) 2
hr.; (—) 24 hr. The charging current was switched from cathodic
to anodic as soon as the potential shifted into the Ho evolution
region (i.e., —1.06V); for comparison, the profiles are centered at
the point of transition from cathodic to anodic charging.
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ation slowly disappeared and the oxide film eventually
became transparent. (This is exactly what happens
when an oxidized electrode is cathodically reduced
in solution, i.e., the dark color becomes less distinct
during the cathodic conversion arrest and at the end
of the arrest the film is transparent.) Because the
films change with time, difficulties are presented in
attempting phase identification of the oxide in the
oxidized state; reflection electron diffraction of a thick
oxide film did confirm, however, the presence of g-
NiOOH in addition to NiO. Oxide films in the reduced
state examined by electron diffraction and Auger spec-
troscopy appeared to be NiO rather than Ni(OH),. It
may be, though, that the porous film in the reduced
state is Ni(OH)gz, but that this species dehydrates in
the vacuum system, i.e., Ni(OH); - NiO + H;O. In
any event, the conversion reaction of Ni3+ - Ni2+ in-
volves a l-electron transfer, and assuming a current
efficiency of 100%, the amount of oxide can be esti-
mated from the conversion charge. The conversion
charge increases with increasing time in the oxygen
evolution region (Fig. 1), and thus the measured
conversion charge can be used to determine the
kinetics of porous oxide growth, provided that the
relationship between conversion charge and quantity
of porous oxide is constant over a wide range of film
thicknesses. To check this, electrodes anodized at 80
wA cm~2 for 30 min and 24 hr (at 25°C) were re-
moved from the solution and analyzed for oxygen
content. The conversion charges for the 30 min and
24 hr treatments were 2.2 mC cm~2 and 6.6 mC cm~2,
respectively, compared with an increase in oxygen
content (as determined by x-ray and Auger tech-
niques) from 0.54 (=0.05) to 1.27 (+0.13) xg oxygen
em~—2 (25). This increase in oxygen thus correlates
reasonably well with the conversion charge increase.
The relationship holds even for very thick films (= 10
wg oxygen cm~2), indicating that the oxide growth
kinetics can be determined from galvanostatic charg-
ing experiments.

Kinetics of porous oxide growth.—Figures 2 and 3
show the increase in conversion charge with time of
anodic charging at 4, 80, and 200 A cm~—2 for electro-
lyte temperatures of 5° 25°, and 45°C, It is immedi-
ately evident that the temperature at which the
oxide is grown plays a much more important role than
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Fig. 2. Increase in conversion charge with time of anodic charg-

ing at 80 uA ¢cm~2 at various temperatures: (—]—) 5°C;
(—QO—) 25°C; (—O—) 45°C.
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the anodizing current. Obviously, the current efficiency
for oxide growth is higher at the lower charging rate,
but the values are =1% at all charging rates and
temperatures with most of the charge being con-
sumed by oxygen evolution (25). When the film is
sufficiently thick, breakaway-type kinetics are ob-
served with the oxide growth rate increasing rapidly
(Fig. 4 and 5). It is also seen in Fig. 5 that oxide
growth is much faster on etched nickel (electropol-
ished and then etched for 60 sec in 5% HNO;) than on
electropolished nickel.

Discussion

Previous electrochemical and Auger results suggest
that the conversion oxide has a porous structure, and
that the porosity is on too fine a scale to be detected
by electron microscopy (25). It is difficult to explain
the conversion charge kinetic curves (Fig. 2-5), where
the rate slows and then increases dramatically, on
the basis of growth processes of the porous oxide
alone. A more reasonable model of the oxidation
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ing at 80 uA cm—2 at 25°C for electropolished nickel (—O—)
and etched nickel (—A—). Etching was in 5% HNOj3 for 60 sec.

mechanism would involve the presence of a compact
oxide film beneath the outer porous film. It is sug-
gested that the compact film is the 9-12A passive film
of NiO as illustrated schematically in Fig. 6. It is
known from previous work that the passive oxide has
a defect character and the local breakdown of the
film, in the passive potential region, generates Ni2+
in solution. In the oxygen evolution potential region,
the Ni2+ arising from passive film breakdown could
be oxidized to a higher oxide of nickel and this would
give rise to the porous film, perhaps by the reaction

Ni2+ 4 2H,0 - NiOOH + 3H* + e
An alternative reaction would be
2Ni2+ 4 3Hs0 - NipO3 + 6H* + 2e

which has a reversible potential of 0.2V (vs. HgoClz).
In the proposed model for porous film formation,
growth would be controlled solcly by the frequency of
breakdown events in the passive film which would
depend on the stability of the passive film as well as

LI e
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Fig. 6. Schematic illustration of the growth of the thick porous
film on top of the compact passive flim of NiO. The reaction se-
quence indicates the possible mechanisms for growth and conver-
sion of the porous film.
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the electrolyte environment. It is known that the state
of perfection of the passive film increases and the
anodic corrosion current (due mainly to Ni » Ni2+
+ 2e) decreases with time of anodization after a po-
tential step into the passive region, the decrease being
rapid at first and then quite slow (24). It may be that
the initial rapid decrease of anodic current with time
correlates with the initial slowing down of the oxide
growth kinetics in the oxygen plateau region (Fig.
2-4). That is, as the passive film becomes more perfect,
less Ni2*+ is generated so less porous film can form.
The linear-type kinetics (cf. Fig. 5, E. Pol.) could be
associated with the passive film reaching a virtual
steady state of perfection and therefore having a con-
stant breakdown frequency, after some time of anodi-
zation in the oxygen region. This would correlate
with the almost constant corrosion current in the
passive potential region after long times of potentio-
static holding. The results then suggest that the
changes in the corrosion current with time of potentio-
static holding in the passive potential region are
similar to the changes in the nickel dissolution current
in the oxygen plateau region during galvanostatic
oxidation.

The breakaway kinetics (Fig. 4 and 5), observed
after the porous film has reached a significant thick-
ness, can be explained by a localized pH decrease at
the base of the porous film, i.e., in the vicinity of the
passive film, This arises because the oxidation reac-
tion generates protons which must diffuse out from
the body of the porous film for pH equilibration. When
the porous film is too thick, the protons are not able to
diffuse out rapidly enough for pH equilibration, so that
a local decrease in pH occurs [cf. (32)-(35)]. The
frequency of breakdown events at the passive film is
highly dependent on the solution pH with the result
that a decrease in pH causes this frequency to increase.
This results in more rapid generation of Ni2+ and con-
sequently a more rapid growth of the porous film.
Growth kinetics at 4, 80, and 200 xA cm—2 support this
interpretation (Fig. 4), breakdown occurring at a
lower porous film thickness at 200 xA cm~2 since the
higher charging current is generating a more rapid,
local pH change. At 4 uA cm—2, a much thicker oxide
film is required before breakaway-type kinetics are
observed.

This model of porous oxide film growth readily ex-
plains the previously noted thickness anisotropy! from
grain to grain on polycrystalline nickel electrodes
(25). It has been established in a number of earlier
papers that the defect character of the passive oxide
film is highly dependent on the crystal orientation
of the substrate (23), the passive film on some grains
being more defective than on others. Thus, with a
polycrystalline sample, those grains with the most
defective passive film will have the highest growth
rates for the porous film. The rate of the porous film
growth on a particular metal grain is therefore a
monitor of the stability of the passive film on that
grain,

The proposed model also explains the observations
regarding temperature, anodic charging rate, and the
influence of surface pretreatment on porous oxide
growth kinetics. With increasing temperature, the
porous film growth rate increases dramatically (Fig.
2 and 3). To quantify this increase with increasing
electrolyte temperature, the extensive linear-type
growth region can be used (cf. for example, Fig. 5).
Growth kinetics for the porous film in this region are
(charging rate 80 wA ecm=—2): 0.6A hr—! at 25°C and
5,5A hr—! at 45°C. This compares with an increase
of the corrosion current in the passive potential re-
gion from 0.01 A cm~2 at 25°C to 0.1 A cm~2 at

1This thickness anisotropy is also evident during cathodic

charging of a thick, dark porous film; the oxide on some grains
becomes transparent long before that on other grains.
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45°C. Thus, the increase in the porous film growth rate
with temperature follows the increase in current mea-
sured in the passive potential region, a result to be
expected if the dual oxide model is correct. The ob-
servation that the anodic charging rate has little in-
fluence on the growth kinetics of the porous film is
also to be expected since the anodic charging current
should have little or no influence on the defect char-
acter of the underlying passive film. With increased
anodic current, the oxygen plateau potential shifts in
the anodic direction and the extra charge is consumed
by oxygen evolution. The influence of surface pretreat-
ment on the growth rate of porous films (Fig. 5) is
understandable in terms of the much less stable
prior oxide film on etched nickel (36). Since the prior
oxide is less stable, the anodic corrosion current is
higher with more Ni2* available for incorporation into
(and therefore growth of) the porous film. In the
proposed model where the passive film persists be-
neath the porous oxide, any factor which increases the
corrosion rate of the passive film also increases the
growth rate of the porous film.

Summary

Anodic galvanostatic charging of nickel in pH 7.65
borate buffer solution produces a finely porous oxide
film whose thickness is dependent on the time of
charging and the electrolyte temperature. The anodi-
cally formed porous film is probably g-NiOOH which
undergoes a facile cathodic reduction to a lower oxi-
dation state, likely Ni(OH)j,. The conversion from the
higher to lower oxide, and vice versa, gives a distinct
galvanostatic arrest structure; the arrest charge is
related to the quantity of porous oxide and can thus
be used to study the kinetics of porous film growth.
The kinetics are explained by a model which suggests
that the compact passive film persists beneath the
porous film and controls the latter’s growth. Factors
which increase the corrosion rate of the passive film
(e.g., increasing temperature and different surface
pretreatment) also increase the growth rate of the
porous film, suggesting that breakdown and repair
events in the underlying passive film provide Ni2+
which is anodically incorporated into the porous film. In
fact, the measured corrosion current of the passive
film appears to directly determine the growth rate
of the porous film,

Manuscript submitted Feb. 23, 1981; revised manu-
script received ca. June 5, 1981,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
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Effect of Surface Etching and Morphology
on the Stability of CdSe/S.
Photoelectrochemical Cells
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ABSTRACT

The stability of single crystal CdSe photoelectrodes in polysulfide electro-
lyte is shown to be a function of the etching treatment used. This is explained
by changes in real electrode surface area caused by different etchants, lead-
ing to a variation in real photocurrent density. The effect of photocurrent
density on stability is measured, and used to semiquantitatively explain the
observed variation in stability with etching. The effect is shown to be con-
sistent for three different crystal faces, and is extended to polycrystalline

electrodes.

Since the earliest reports showing that polychalco-
genide electrolytes can stabilize n-Cd-chalcogenides
as photoanodes in a photoelectrochemical cell, PEC,
(1-3), it has becomes apparent that this stability is very
ill defined. For example, the stability of the CdSe/poly-
sulfide system has been reported to vary between min-
utes (4) to months (5). The variables which have been
shown to affect the degree of stability are: electrode
crystal structure and exposed crystal face, electrolyte
composition, stirring, and photocurrent density (5-8).

In the CdSe/S,= system it has been shown that sta-
bilization of the photoanodes is connected with the
exchange of Se from the CdSe by S from the electro-
lyte leading to a polycrystalline CdS layer on top of
the CdSe (1,4-6, 9-11). Under favorable circumstances

1

Key words: CdSe odes, trode surface area,

photoetching.
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cell output is stable because the CdS layer stops grow-
ing after reaching a certain thickness (probably less
than ~100A), at which point Se/S exchange is re-
placed by S/S exchange. If, however, Se/S exchange
continues, even at a much reduced rate, the CdS layer
continues to grow. This thicker layer will start to
impede the transfer of minority carriers from the bulk
solid to the solution phase, leading to increased deac-
tivation. The resistance to the transfer of the minority
carriers can be due to blocking by the higher bandgap
CdS layer and/or reduced electrical conductivity of
this layer. However, the similar stability behavior of
CdS, where such a blocking layer is not expected, sug-
gests that the degradation in output is due primarily to
the increased polycrystallinity of the surface CdS layer,
leading either to trapping and recombination of holes
at the grain boundaries (8, 10, 11) or if the surface layer
is porous and inactive, impeding the dissolution of
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photogenerated S [which is the rate-determining step
(12)] away from the active surface through the porous
CdS layer (8,9).

Therefore photocorrosion is related to the competi-
tion between several possible reactions by the photo-
generated holes: oxidation of polysulfide from the
solution (the desired reaction); oxidation of the freshly
formed CdS layer, which renews the solid/solution in-
terface; or oxidation of the CdSe itself, which is the
photocorrosion reaction and leads to increased S/Se
substitution, and eventually, degradation of the out-
put. Any change in conditions which facilitates the
overall electrochemical oxidation of polysulfide and re-
moval of the reaction photoproducts from the surface,
should change the balance of the competitive reactions
in favor of decreasing exchange, and thus increasing
stability. We have shown that polycrystalline electrodes
are more stable than single crystal ones, and explain
this by the higher real surface area of the less smooth
polycrystalline electrodes, leading to a lower real
photocurrent density (5) which has previously been
shown to cause increased stability (6). This follows
from the competitive nature of the possible reactions
(13); if the photocurrent density is not too high, the
oxidation of polysulfide (actually the dissolution of S
from the surface) can occur as fast as (or faster than)
the hole flux to the surface. At higher photocurrent
densities (i.e., greater hole fluxes), if the overall poly-
sulfide oxidation step cannot keep up with the arrival
of holes at the surface, we expect degradation accord-
ing to the principles previously discussed.

This picture is, however, too simple, and the purpose
of the work reported here is to investigate more fully
than previously the effect of real surface area of CdSe
photoelectrodes, together with the influence of several
etching treatments, on the output stability of these
electrodes in polysulfide electrolyte. By trying to
achieve a picture, that is as complete as possible, of
the various factors influencing the output stability of
such PEC’s, it may become feasible to manipulate the
variables influencing these factors in such a way so as
to achieve stable PEC’s with output stability under nor-
mal day/night conditions, that is constant for years.

Experimental

All the CdSe crystals were cut from the same boule,
which was “as-grown” (from Dr. W. Giriat, IVIC,
Caracas), with an approximate resistivity of 15 Qcm.
Crystals were cut along the (0001), (1010), and (1120)
faces. All orientations were checked by x-ray diffrac-
tion. Using the anomalous dispersion factors the (0001)
face was shown to be the Cd-one (14). Polycrystalline
CdSe electrodes were prepared by painting an aqueous
slurry of CdSe (Alfa 99.999% ) mixed with a ZnCl; flux
onto a Ti substrate. and annealing 10 min at 630°C in
argon (15). Single crystal electrodes were all polished
to a mirror finish using alumina polishing suspension
down to 0.3 um. The different etching treatments on
these polished electrodes were, all at room tempera-
ture:

1. Dip in 4% Br; in MeOH for 5 sec; rinse with poly-
sulfide (S:=) and then with water. Repeat. Bra/MeOH.

2. Dip in CrOs: HC1:H20 in 6:10:4 w/w ratio, for §
sec; rinse with S;= and then with water. Repeat.
"C]'Os."

3. Dip in fresh aqua regia, 15 sec; rinse with S,=,
then with water. Repeat. AR.

4. AR followed by “CrOs,” i.e., as 3, followed by 2.

5. AR followed by photoetch, i.e., as 3, followed by
illumination in HNOg: HC1: HoO (0.3:9.7:90) electrolyte,
short circuited to a carbon counterelectrode in the
same electrolyte, under AMI illumination for 4-5 sec;
then rinsing in S,2— and HyO (16). The polycrystalline
electrode was etched for 4-5 sec in 3% HNO; in HC1
(aqua regia was too vigorous an etchant for these thin
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layers), rinsed in S,2~ and water, and photoetched as
above.

The electrolyte in all cases was 1M each KOH, Na,S,
and S in deionized water. The experiments were all
carried out using the same bulk solution stored under
argon. Each stability run was obtained using a fresh
quantity of this solution. The stability runs were carried
out potentiostatically under essentially short-circuit
conditions using Pt counter and reference electrodes.
The cell was thermostated in a water bath at 35°C,
and no stirring was employed. Illumination was by a
stabilized quartz-iodine lamp, and illumination was
controlled to give the required photocurrent density in
all cases. In some cases, where the photocurrent den-
sity initially increased with time for constant illumina-
tion, which often happens in this system, the illumina-
tion intensity was reduced slightly to maintain the
initial current, (otherwise a meaningful comparison
could not be made).

Results and Discussion

It has been shown previously (6) that the (0001) face
of a CdSe crystal is less stable as a photoanode in S,2—
than the (1120) face. Since we wished to compare the
effect of change in surface roughness by use of different
etchants, which could preferentially expose planes
other than that initially chosen, we had to verify that
the various etchants did not expose any crystal face (s)
preferentially. Therefore, we investigated three differ-
ent faces, namely (0001), (1010), and (1120), assuming
that, if preferential exposure of a more stable face did
occur upon etching, the dependence on etchant of these
three faces would be different. Figures 1 and 2 show
the photocurrent densities of these faces after the vari-
ous etching treatments, as a function of time, plotted
on a logarithmic scale. The (0001) and (1010) faces
behaved identically (within experimental error). The
interesting result is that, in spite of entirely different
stabilities of the (1120) face on the one hand and the
(0001) and (1010) faces on the other hand, they re-
spond very similarly to the various etching treatments.
Stabilization by a factor of ~50 is obtained when going
from the entirely smooth surface to one that has been
photoetched. This behavior indicates that we are not
dealing with preferential exposure of more or less
stable faces by the different etchants used.

To correlate these results with the effects of the
various etchants on the real surface area, we show in
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Fig. 1. Output stability of the (1010) face of a CdSe crystal in
a polysulfide electrolyte (IM each KOH, NagS, and S) at 35°C.
—+—+—- Polished and Bra/MeOH (for (0001) face) or “CrO3" (for
(1010) face) etched; . . . ... aqua regia (AR) etch followed by
“CrO3"” etch; - - ---- AR etch; AR etch followed by photo-
etch. An essentially identical picture was obtained for the (0001)
(Cd) face.
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Fig. 2. As Fig. 1, but for the (1120) face

Fig. 3-11 SEM pictures of the surfaces of the 3 faces,
each after 3 different etching treatments. (SEM pic-
tures of the Bro/MeOH or “CrO;3” only, etches are not
shown, since these surfaces were all mirror-smooth, and
featureless under the SEM.)

Figures 3, 4, and 5 show AR + Bry/MeOH, AR, and
AR + photoetch for the (0001) face of CdSe. We can
see an increase in surface roughness going from Fig. 3

to 5. Figures 6, 7, and 8 [for the (1010) face] and 9, 10,

Fig. 3. SEM micrograph (10,000 times magnification) of the
(0001) face after AR followed by Bro/MeOH etch.

Fig. 4. SEM micrograph of (0001) face after AR etch

SURFACE ETCHING AND MORPHOLOGY

Fig. 7. SEM micrograph of (1010) face after AR etch

and 11 [for the (1120) face] show precisely the same
trend, although the etch patterns vary from one face
to another. Figure 12 shows a photograph of the (1120)
crystal face with 3 differently etched regions. Even such
a visual observation of the surface shows the strikingly
different effects of different etchants.

Thus, the increase in stability in going from left to
right in Fig. 1 and 2 correlates with an increase in sur-
face area, in agreement with our reasoning given previ-
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Fig. 10. SEM micrograph of (1120) face after AR etch

ously on the basis of the difference between single
crystal and polycrystalline CdSe.

Although we have not yet developed a method,
reliable enough to measure these variations in surface
area quantitatively (but diffuse reflectance together
with photoacoustic measurements do show some prom-
ise in this respect), and in any case, such measurements
would be of limited value, since an increase in real
surface area by a certain factor need not reflect an in-
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Fig. 11. SEM micrograph of (1120) face after AR -}- photoetch

crease in the active surface area by the same factor,
it is of interest to see if such variation is sufficient to
explain the effect of stability. Figure 13A shows the
effect of photocurrent density on stability for the
smooth, Bra/MeOH etched, (0001) face (we have given
the x-axis in time, and not coulombs, in order to facili-
tate comparison with other figures). In Fig. 13B these
and similar data are used to show directly the depen-
dence of the amount of photocharge that can be passed,
as a function of initial photocurrent density.

Because of the long measuring times at lower cur-
rent densities, the curve could not be extended in this
direction. But based on general experience we expect
the curve to straighten out and to give a practically in-
finite lifetime at some finite lower (<10 mA/cm?) cur-
rent density. The strong dependence of stability on the
initial photocurrent density, also described in Ref. (6),

Fig. 12. Photograph (10X magnification) of a (1120) face of a
CdSe crystal. The three different regions are obtained after: AR
followed by “CrO3"” etch (lightest region); AR etch alone (middle
region); and AR followed by photoetch (darker region).
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Fig. 13A. Effect of photocurrent density variation (by varying
illumination intensity) on stability of polished, and subszquently
Bro/MeOH etched, (0001) CdSe crystal at 35°C.

can be seen clearly. Using Fig. 13A we can understand
the results shown in Fig. 1 and 2. Those were obtained
at an initial current density of 25 mA/cm2 We see from
Fig. 13A that a roughness factor of ~1.6 (24.5 mA/15
mA), which would decrease real current density to
~15 mA/cm?, would increase the lifetime by a factor
of about fifty. The SEM pictures in Fig. 3-11 show that
the range of roughness factors resulting from the dif-
ferent treatments are probably much higher and the
most logical explanation for the increased stability is
therefore this increase in surface area with concurrent
decrease in real current density.

As mentioned earlier, the increase in active surface
area need not be the same as the increase in real sur-
face area, and will probably be smaller, since the pres-
ence of small pores of other surface irregularities may
lead to transport problems which could partially offset
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Fig. 13B. Dependence of the of photocharge, that can be
passed through a CdSe electrode (as in 13A) until destabilization,
on the initial photocurrent density. The data are from Fig. 13A
(@, A) and similar ones obtained with crystals cut from the same
boule (X, O). @, X, [J: Only photocharge passed until the
current density decreases to 5 mA/cm?2 is taken into account, be-
cause of varying behavior and long measuring times at lower
current densities. A: As @, but for the photocharge passed at
constant current density (= initial current density), i.e., while the
electrode is 100% stable.
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the gain due to increased surface area. This makes it
very difficult to treat the above effect in any more
quantitative detail.

Since our original reasoning for the effect of surface
area on stability came from the comparison between
single crystal and thin layer polycrystalline CdSe (5),
it is of interest to see how the most stable form of a
single crystal photoetched (1120) face compares in
stability with photoetched thin layer electrodes. This
is shown in Fig. 14. Note the high photocurrent den-
sities used here (50 mA/cm?2) in order to measure a
degradation in a reasonably short period of time. While
there is a definite difference in stability between the
two electrodes, the difference is considerably less than
that noted earlier in comparing polycrystalline CdSe
with the AR-etched (0001) face of CdSe, for what are
now obvious reasons. The main difference is in the slow
and diminishing rate of deactivation of the polycrystal-
line electrode, compared with the single crystal. This
slow rate of deactivation is characteristic of our poly-
crystalline electrodes. It may be due to the very large
degree of surface irregularity of these electrodes (see
Fig. 15). Some areas will be photoelectrochemically
more active than others. Thus, the more active ones
may deactivate first, since the local current density at
them will be relatively high. As the photocurrent falls,
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Fig. 14. Comparison of stability of thin layer polycrystalline
painted CdSe (3% HNO3z in HCl etch followed by photoetch)
(broken line), and (1120) face of single crystal CdSe (AR followed
by photoetch) (solid line).

Fig. 15. SEM micrograph (10,000 X magnification) of a painted
polycrystalline CdSe electrode after 3% HNO3 in HCI etch and use
in ;= solution.
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the previously less active areas now become (relatively
speaking) the most active, but at a lower current den-
sity, hence a slower rate of deactivation. While this ex-
planation is admittedly rather simplistic, it can serve
as a basis for explaining the slow and decreasing rate
of deactivation of polycrystalline electrodes.

It should be noted that the electrolyte used here (1M
each OH—, S2—, S) is far from being the most stabiliz-
ing electrolyte for this system. Therefore, the stability
results shown here should not be interpreted as reflect-
ing the maximum attainable stability of this system.
In a more stabilizing electrolyte, the stability will in
fact be much greater (8).

Although not the main point of this study, it is of in-
terest to attempt to understand the difference in sta-
bility of the various faces. A possible reason may be
found by considering the number of bonds that have to
be broken to free a Cd2+ ion from the surface. In the
(1120) plane there are two in-plane bonds and one into
the bulk phase. The (1010) plane has only one in-plane
bond and one or two into the bulk phase, while the
(0001) plane has no in-plane bonds but one or three
into the bulk phase. Thus, one could argue that the
(1120) plane is more stable since always three bonds
need to be broken in order to free a Cd ion. If this is
so, then the decomposition potential of a semiconductor
photoelectrode must be dependent on the crystal face
exposed. The different bonding at the surface may also
influence the electrochemical reaction through different
surface-solute interaction, and thus change the relative
energetics of the two competing processes. In this case,
the decomposition potential need not necessarily
change. Finally, if photocorrosion is connected with the
diffusion of Cd2+ through the bulk to the surface, such
as has been reported to occur for CdTe photoanodes
(17), then the varying stability of different faces may
be due to varying rates of diffusion (or migration in
the space charge layer) of the Cd2+ in the different
crystal directions.

According to the strong dependence of lifetime on
current density, we might expect the electrode at con-
stant illumination to be less stable at short circuit than
at maximum power, because of the higher current den-
sity passed. But according to our experience this is not
true and we find that at constant illumination, most of
our electrodes are more stable at short circuit than at
maximum power. We shall deal with this interesting
phenomenon in a subsequent publication. Suffice here
to note that apparently, current density is not the
only parameter influencing stability, but the electrode
potential under the actual working conditions plays a
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role as well. In view of the rate-determining dissolution
of sulfur, it is likely that changes in electrode potential
influence the stability through variations in surface po-
tential (or changes in the Helmholtz layer), rather than
simply by a change in band bending.
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The Relationship of Transport Properties and
'HNMR Spectra to the Structure of Molten
Methylpyridinium Halides
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ABSTRACT

The equivalent conductance, viscosity, and THNMR spectra of several
molten symmetric and asymmetric methylpyridinium halides were measured as
a function of temperature. From these measurements, correlations between
structure, spectra, and transport properties were made. From these correlations
conclusions about the dynamics of motion in these and in other organic melts

were drawn.

Molten pyridinium salts alone or in combination with
molten aluminum halides are of considerable impor-
tance as the electrolyte in batteries and as the solvent
for synthetic and mechanistic studies of organic and in-
organic compounds. In recent years they have also be-
come important as a possible heat storing media in solar
heating and air conditioning systems as well as solvents
for coal solubilization and decomposition reactions (1).
In addition to these practical considerations, molten
pyridinium salts offer a convenient vehicle for under-
standing the nature of the molten state because their
relatively low melting points make them accessible to
NMR techniques as well as to conventional transport
measurements. This, combined with the myriad differ-
ent pyridinium salts that are easily synthesized, makes
it possible to observe the effects of small structural
changes, such as moving a methyl group from the 4 to
the 3 position on the pyridine ring, on both transport
and spectral properties. From these effects a qualita-
tive understanding of molecular motion in these and
probably other molten organic liquids can be obtained.

In an earlier study (2) we reported the equivalent
conductance, A, of 4-methylpyridinium bromide to be
about 8% lower than the conductance of N-methyl-
pyridinium bromide over approximately the same
temperature range. We attributed this surprising re-
sult to complex formation in the 4-methyl salt which
reduces the number of charge carriers per unit volume
relative to the N-methyl salt. The complex probably
forms by means of hydrogen bonding between the
nitrogen proton and the bromide ion and this, of
course, cannot occur in the N-methyl salt (3-5). The
1HNMR spectrum of 4-methylpyridinium bromide
showed no line width broadening greater than 0.02
ppm, over a nearly 50° temperature range, indicating
the barrier to complex formation is less than about
40 kJ/mol (1). There is, however, a change in proton
chemical shift, as the anion changed from Br— to Cl—,
that correlates well with the conductance data and
this is discussed later. Herein we extend our investiga-
tion to include other symmetrical methylpyridinium
salts as well as the asymmetrical methylpyridinium
halides. We also assess the nature of the complex spe-
cies in 4-methylpyridinium chloride and in 4-methyl-
pyridinium bromide and estimate the magnitude of
their association constants. In addition, we comment
on the mechanism of molecular motion in methyl-
pyridinium melts.

Experimental Details
All transfer operations were carried out in a dry
box in which Ny gas was circulated over molecular

* Electrochemical Society Active Member.
Key words: molten pyridinium salts, transport properties,
HNMR spectra.

sieves to remove water. A fiber optic light pipe was
used to conduct light into the Dow Corning 710 oil
which served as the heat bath. The flexible light pipe
greatly facilitated the density and viscosity measure-
ments. The bath was held constant to = 0.1°C. A
Varian CFT-20 NMR machine with variable tempera-
ture capability was used to obtain the THNMR spectra.

The preparation of the salts, conductivity measure-
ments, density measurements, viscosity measurements,
and 1HNMR techniques are all described in detail
elsewhere (6-9).

Results

The density, p, the specific conductance, «, the vis-
cosity, n, and the THNMR spectra of molten 2-methyl-
pyridinium chloride (2-mepyr/HC1), 2-methylpyridin-
jum bromide (2-mepyr/HBr), 3-methylpyridinium
chloride (3-mepyr/HCl), and 3-methylpyridinium
bromide (3-mepyr/HBr) were measured as a function
of temperature over an approximately 50°C tempera-
ture range. These salts, together with their melting
points, are shown in Fig. 1. The n’s of 4-methylpyridin-
jium bromide and chloride as well as the n of N-
methylpyridinium chloride (N-mepyr/Cl) were mea-
sured as a function of temperature. The « of molten
4-mepyr/HCI was also measured as a function of tem-~
perature, The values of p used to compute n and A
for the symmetric salts were taken from an earlier
study (7). The 'HNMR spectra of the three molten
4-methylpyridinium halides were obtained relative to
an external standard of either (CHj) 2SO or (CHj)2SOs.
Figure 2 shows the spectrum of 4-mepyr/HI at 172°C
relative to (CHj)2S0s. Figures 3 and 4 show the spec-
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N N
CHy
HY X~ HY%"
X"=CI", Ty =89°C X"=CI™, Ty =96°C
X" =Br, TM =78°C X" =Br7, TM =96°C
Fig. 1. The asymmetric methylpyridinium halides, their melting

points, and the numbering system used in this study.
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Fig. 2. The HNMR spectrum of 4-mepyr/HI relative to (CH3)2SO5
at 172°C.

CH, DMSO

by

iy

Fig. 3. The HNMR spectrum of 2-mepyr/HCI relative to DMSO
at 100°C.
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Fig. 4. The HNMR spectrum of 3-mepyr/HCI relative to DMSO
at 100°C.

tra of 2-mepyr/HCI and 3-mepyr/HC], respectively, at
100°C relative to DMSO. There was no discernable
peak narrowing or chemical shift change as a func-
tion of temperature greater than 0.02 ppm in any of
the melts so only one spectrum of each cation need be
shown.

Table I lists the chemical shifts, §, for the several
asymmetric methylpyridinium salts studied, relative
to a standard of DMSO. Table II lists the &’s for the
symmetric methylpyridinium salts relative to an ex-
ternal standard of (CHj3)2SOs. The (CHj)2SO: peak
is 0.45 ppm downfield from DMSO. Table III lists the
densities of the asymmetrical melts.

Figure 5 is a graph of In n vs. T—1 for the four asym-
metric salt melts and it should be noted that there is
a slight, but distinct, curvature in the plots. Figure 6
shows the In n vs T—1! behavior of the symmetric melts
and here the graphs are linear over the temperature
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Table I. The proton chemical shifts of the asymmetric pyridinium
halides relative to DMSO

Salt —CHs o v B N-H
2-mepyr/HCl 0.42 6.43 5.5 6.21 13.62
2-mepyr/HBr 0.63 6.51 5.76 6.43 13.28
3-mepyr/HC1 0.09 6.54 5.68 6.15 13.87
3-mepyr-HBr 0.28 6.71 5.90 6.34 13.30

Table I1. Proton chemical shifts, 8, of 4-methylpyridinium halides
in ppm relative to an external standard of CH3SO>CH3

Melt 3 B CHs N-H AH-a) A(a - B)
4-mepyr C1 625 528 —0.18 13.68 7.43 0.97
4-mepyr Br 6.42 5.44 0.03 12.66 6.24 0.98
4-mepyr I 6.62 5.67 0.19 11.66 5.04 0.95

Table 111, Density of asymmetric pyridinium salts as a function of
temperature p (g/cm3) = a + bT(K)

Temperature
Salt a —(b x 10%) range (K)
2-mepyr/HCl 1.334 0.5657 363-408
2-mepyr/HBr 1.711 0.7279 350-395
3-mepyr/HCl 1.329 0.5525 374-419
3-mepyr/HBr 1.690 0.6890 370-415

range studied. Figure 7 shows In A vs. T-1 for the four
methylchlorides while Fig. 8 is a plot of In A ws. T-1
for the four methyl bromide isomers. It is obvious
from Fig. 7 that N-mepyr/Cl is a much better conduc-
tor than the 4-methyl salt and that this unexpected
phenomenon first observed in the bromide melts is
even more pronounced in the chloride melts.

Discussion

To validly compare properties of one melt with
those of another, the melts must be in the same state.
In order to ensure they are in the same state, a refer-
ence state must be agreed upon. Historically, most
authors, including us, have used the salt’s normal melt-
ing point, Ty, as the reference state and compared
properties at a convenient multiple of Twm. This is
tantamount to saying that each salt is in the same
state if it is the same relative distance into its liquid
range on a p vs. T plane. This, of course, assumes that
the start of the liquid range is T'w, but recent evidence
has called this assumption into question, especially for
complicated salts like the methylpyridinium halides
(10).

v 3-mepyr/HBr
o 2-mepyr/HBr
3B~ o 2-mepyr/HCI )
= 3-mepyr/HCI

30 i
E‘ 25| .
20+ ]
15| :
T T | T

1000/ T(K)

Fig. 5. Log of the viscosity (in cp) vs. 1000/T for each of the
asymmetric methylpyridinium halides.
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Fig. 6. Log of the viscosity (in cp) vs. 1000/T for each of the
symmetric methylpyridinium halides.
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Fig. 7. Log of the equivalent conductance vs. 1000/T for the
four methylpyridinium chlorides.
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Fig. 8. Log of the equivalent conductance vs. 1000/T for the four
methylpyridinium bromides.

For these systems, a more appropriate standard state
is either the boiling point, Ty, or the glass transition
temperature, T Since we do not know the T.’s for our
salts and many of them dissociate before they boil, we
have selected a “common temperature” of 425 K as the
reference state.
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Table IV lists viscosities, densities, equivalent con-
ductances, and Walden products of the eight salts at
425 K. This choice of reference implies that all of the
compounds have the same liquid range and, mutatis
mutandis, that Tg is a more reliable approximation to
the start of the liquid state than is Ty

Enough evidence from measurements of the liquid
ranges of disubstituted benzenes exists to support our
choice of reference state. To site one example, the o-,
m-, and p-fluorotoluenes boil at 388, 387, and 385 K,
respectively, have Tg’s of 120, 122, and 123 K, respec-
tively, but have Ty’s of 211, 185, and 216 K, respec-
tively (10).

Evidence for the existence of complex species.—
Comparing the equivalent conductance of an N-methyl
salt with the equivalent conductance of the corre-
sponding 4-methyl salt, over the entire temperature
range, indicates that the N-methyl salt is the better
conductor. Because isomers are being compared, and
the N-methyl melts are slightly more dense than the
4-methyl melts, suggesting motion is relatively more
restricted, the most plausible explanation for this
difference in A is that there are fewer charge carriers
per unit volume in the 4-methyl salts than in the
corresponding N-methyl salts because complex species
are present. The alternative explanation, that there
are the same number of charge carriers per unit
volume, but they move slower, is still possible, but
based on the spectroscopic data and observed viscos-
ities is far less likely. The formation of a complex
almost certainly involves hydrogen bonding between
the nitrogenic proton and the halide ion, which means
we should obtain further evidence for the existence
of a complex from the 'HNMR spectra of the three
4-methylpyridinium ions (Fig. 2 and Table II). In
these melts the ring and methyl protons are deshielded
more by the I= than by Br—, and more by Br— than
by Cl-, so that there is actually a sign reversal of &
for CHj relative to the dimethylsulfone external stan-
dard. On the contrary, the nitrogenic proton is de-
shielded more by the Cl- than by the Br— and more
by the Br— than the I-. This dramatic change in
chemical shift order correlates very well with the con-
ductivity data and is compelling evidience for believ-
ing that the N-H* forms a stronger hydrogen bond
with Cl— than it does with Br—. It probably does not
hydrogen bond to I— at all (5). In an isolated methyl-
pyridinium ion, the proton is well shielded by the
nitrogen’s lone pair of electrons, presumably located
in an sp? orbital. The halide ion strongly attracts
this proton, partially dislodging it from the protec-
tion of its shielding electrons, and causes it to resonate
at a lower frequency. This phenomenon is more pro-
nounced in the Cl— melts than in the Br— melts due
to the larger charge to volume ratio in Cl— than in
Br—. This same trend is present in the asymmetric
chlorides and bromides as well. The reasons why the
ring protons respond to the halide differently are still
not perfectly clear, but it is very likely that hydrogen
bonding is not the major factor. Probably exigencies
of packing are responsible for the observed chemical

Table V. Transport properties, densities, and Walden products of
the four isomers of methylpyridinium chloride and the four isomers
of methylpyridinium bromide at 425 K

A(em2(Q »

Isomer equiv.)-1) n(cp) (g/cm?) Aq
2-mepyr/HCl 6.68 3.90 1,093 26.1
3-mepyr/HCl 8.58 3.87 1.094 33.2
4-mepyr/HCl 6.61 5.06 1.094 33.5
N-mepyr/Cl 10.5 6.24 1.137 65.5
2-mepyr/HBr 7.76 4.78 1.401 37.1
3-mepyr/HBr 8.41 6.65 1.397 55.9
4-mepyr/HBr 6.55 5.41 1.405 354
N-mepyr/Cl 9.00 7.27 1.445 65.4
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shifts. The crystal structure of pyridinium iodide indi-
cates the I~ is sandwiched between the x clouds of
two pyridinium rings (11) and it is not unlikely that
this sort of structure would tend to persist in molten
4-mepyr/HI. On the other hand, the Cl— ion, by
virtue of its strong tendency to form hydrogen bonds
with the nitrogenic proton, will reside much of the
time at the N-H* end of the molecule, as it does in
solid pyridinium/HCL (12). The Br— will occupy an
intermediate position, on the average. This means the
I~ ion perturbs the pyridine ring current more than
the Br— and the Br— perturbs it more than the Cl-.
The ring current, which diamagnetically shields pro-
tons, will be least effective in the iodide, next least
effective in the Br— melts, and most effective in the
Cl— melts at shielding protons on neighboring mole-
cules; hence the observed order of deshielding of the
ring protons and CHjz groups (13). These phenomena
taken together, account for the observed chemical
shifts in a qualitative way and when correlated with
the conductivity data yield fairly decent evidence for
the existence of some sort of complex species in these
melts.

The N-H* contribution to the conductivity.—Before
discussing the nature of the complex, we comment on
the protonic contribution to the conductivity. It is
obvious that the 2- and 3-methylpyridinium chlorides
have about the same viscosities, but the 3-methyl
salt’s equivalent conductance is 22% greater. The most
likely reason for this, since the molecular dimensions,
densities, and molecular geometry are so similar, is
that there is a greater protonic contribution to the
conductivity of the 3-methyl salt, than to the conduc-
tivity of the 2-methyl salt (3, 4, 14). The 3-methyl-
pyridine is less basic than the 2-methylpyridine (15), so
its proton is held less tightly and can make a greater
contribution to the conductivity. The —CH; group at
the 2 position of the ring would also interfere with
facile proton transfer (or complex formation for that
matter) thus further reducing the proton’s contribu-
tion to the 2-methyl salt’s conductivity. A similar
protonic contribution is probably occurring in the
bromide melts, as well, though here it seems less pro-
nounced. At this point it is unclear if an actual Grott-
huss mechanism occurs (Fig. 9b), in which there is a
transfer of charge or virtual movement without an ac-
tual proton diffusion, or a hopping mechanism occurs,
in which a given proton hops from site to site, and
during one of its excursions reaches an electrode.
Nevertheless, there is almost certainly some protonic
contribution to the conductance and this contribution
seems to be greater in the chloride melts than in the
bromide melts.

The nature of the complex species and equilibria in
the melts—The spectroscopic and conductivity data
suggest that in melts containing N-H+, an equilibrium
of the sort

mepyr/H+ 4+ X~ = mepyrH+X~ = mepyr + HX [1]

is present with the proton oscillating within its double
minimum potential well. This sort of equilibrium has
been suggested by Shuppert and Angell to exist in
pyridinium HCl melts (4). Since neither spectral
measurements nor chemical analysis has turned up any
evidence of free methylpyridine or HX, we think
these species are present in very low concentration and
consequently the principal equilibrium is simply

mepyr-H*+ 4+ X- = mepyrH* ...X~ [2]

A rough estimate of the association constant, Ka, for
4-mepyrH+ , . . X~ can be made using the following
line of reasoning. If there were no complex formation
in the 4-methyl melts, their conductivities would be
similar to those of the corresponding N-methyl melts
because the respective molecular sizes, densities, and
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symmetries are similar. We therefore assume that to
a first approximation the measured A’s for the
N-methyl salts are the A’s the corresponding 4-methyl
salts would have if they were completely dissociated.
We next attribute the lower conductance of the
4-methyl salts to formation of the complex species de-
scribed by Eq. [2]. The degree of dissociation can be
approximated, as it is in the case of weak electrolyte
solutions, by the Arrhenius notion.

a =~ (Asmeth/ AN-meth) 425 K [3]
K4 is then given by the expression

4-my H e R 1—
Ky [ €PYT. ] — a 4]
[4-mepyr-H+][X~] Ca?

where c¢ is the average concentration in moles per
liter at 425 K. It is possible to further correct the
Ag4metn for protonic contribution by assuming this
protonic contribution is roughly the same as it is in
the 3-methyl melt. The protonic contribution to the
3-methyl melt’s conductance is estimated in the fol-
lowing manner. If the difference in conductivity be-
tween the 3-mepyr melts and the corresponding
2-mepyr salts is mostly due to the protonic contri-
bution, and if this contribution is negligible in the
2-methyl salts for the reasons mentioned earlier, then
at T, the protons contribute 1.90 (Qequiv.)~1 em? to
the 3-mepyr/HCl conductance and 0.65 (Qequiv.)—1
cm? to the 3-mepyr/HBr conductance. Subtracting
these values from the appropriate A4metn’s gives a
corrected conductance A's4metn which contains only
contributions from the methylpyridinium ion and the
halide ion. The value of A’ for the chloride is 4.71
cm? (Qequiv.) ! and for the bromide it is 590 cm?2
(o equiv.) —1, Values for Ka, «, and AG, the free en-
ergy of complex formation, are listed in Table V.
Although the method for estimating the Ka’s is
somewhat convoluted, the values obtained give at
least correct order of magnitude association con-
stants. The greater basicity of the 4-methylpyridine
than the 3-methylpyridine almost certainly reduces
the protonic contribution to the 4-methyl melt’s con-
ductivity, but this is compensated for because if there

Table V. Association constants for 4-mepyr/HCl and 4-mepyr/HBr

AG

Salt o Ka (kJ/mol)
4-mepyr/HCl 0.448 3.81 x 10 34
4-mepyr/HBr 0.655 9.9 x 10-7 8.2
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were no labile protons and no hydrogen bonding the
conductance of the 4-methyl salt should be a bit
higher than that of the N-methyl salt (which serves as
the A, in the Arrhenius equation) because of lower
density. Moreover, the Ks of the Br— melt is smaller
than that of the C1— melt, as is expected based on the
differences in charge density of the halide. These Kj’s
represent a significant complex ion contribution to
the structure of the 4-methyl chloride and bromide
melts and certainly will influence transport properties.

Comparison between asymmetric and symmetric
salts.—The most obvious difference between the sym-
metric and asymmetric isomers of a given salt is the
melting point; the symmetric salts melting consider-
ably higher than the corresponding asymmetric salts
(this difference also persists in the iodide melts) (16).
A second difference is that the In n vs. T—! graphs
for the asymmetric salts exhibit some curvature
while the In n vs. T—1 graphs for the symmetric melts
are linear.

In contrast to these differences, both symmetric and
asymmetric salts of a particular halide ion have simi-
lar viscosities at a common temperature. For example,
at the standard temperature, 425 K, which is just
above the high temperature end of the asymmetrical
salt’s liquid range, and just below the symmetrical
salts’ melting point, 4-mepyr/HCl has an extrapo-
lated n of about 4.5 cp whereas the 2- and 3-mepyr/
HCI have s equal to about 4.6 cp. The conductivities
of the salts are also relatively unaffected by sym-
metry per se. For instance, the conductances of 2-
and 4-methylpyridinium chloride lie on essentially the
same curve. Taking these data in the aggregate, we
conclude that symmetry, per se, has relatively little
effect on transport properties or spectral properties,
but manifests itself mainly through differences in ob-
served melting points and protonic contributions to
the melt’s conductivity. Far and away, a more sig-
nificant factor in determining relative values of trans-
port properties is the presence or absence of hydro-
gen bonding. This conclusion is in sharp contrast to
one reached earlier (8,9) where we suggested sym-
metry, rather than H-bonding, was the most impor-
tant factor in determining transport properties in
pyridinium melts. Our earlier conclusion was ar-
rived at using a melting point reference state, and the
difference between the two conclusions dramatically
illustrates the importance of the particular reference
state used.

The role of hydrogen bonding—We can now as-
semble the diverse results of our experiments into a
fairly coherent pattern and assess the contribution of
hydrogen bonding to structure and to ionic motion.

The equivalent conductance of the symmetrical
chloride and bromide melts decreases 37% and
27%, respectively, when the methyl group is moved
from the nitrogen to the 4 position of the ring. At the
same time m decreases 19% and 25%, respectively.
The only plausible explanation for these results is
the one we suggested earlier and that is that com-
plex formation reduces the number of charge carriers
per unit volume thereby lowering the conductivity.
These same complexes reduce the melt’s viscosity by,
in effect, lowering interionic friction and shortening
the length of the hydrogen-bonded species along the
C4-N-H+-X~ axis relative to the separated ions (17,
18). Therefore, the H-bonded salts are poorer con-
ductors, but less viscous than the N-methyl melts.

Undoubtably, additional factors are also contribut-
ing to the differences in transport properties between
the two types of melt. For example, within the time
frame of diffusional motion, the N-methyl melt may
still have vestiges of its crystal structure in which the
halide ion is above and to one side of the ring (as it is
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in the N-mepyr/I crystal (19). This fluctuating asym-
metry will increase the interionic friction due to one
melt layer interfering with another and consequently
increase the viscosity relative to the hydrogen bonded
melts. However, these factors are difficult to isolate
and seem much less important than hydrogen bond-
ing itself.

We think the fact that the corresponding N-H+
containing chlorides and bromides have such similar
A’s is one more indication of the importance of hy-
drogen bonding. The Cl- ion forms stronger hydro-
gen bonds than the Br— ion, and consequently has its
mobility considerably reduced. What might be con-
sidered “normal” behavior is exhibited by the
N-methyl salts, in which there is a 14% decrease in
A between the Cl— and the Br— melts and a 13%
decrease between the Br— and I- melts (2, 16).

Details of ionic motion and melt structure—The
principal charge carrier in all of the pyridinium melts
studied is the halide ion. This is consistent with our
earlier results and those of King and co-workers (20,
14, 2). Attractive forces and steric factors dominate,
hence the relatively low ratio of about 1.1 for E;, to
E, and the likely, very little if any, expansion upon
melting. Bloom and Reinsborough (21) found Pyr/
HCI expands only 2% on melting and preliminary re-
sults in our laboratory indicate 3-methylpyridinium
chloride actually contracts when it melts. This should
be contrasted with typical inorganic salts which ex-
pand 15-25% on melting and have E,/E, ratios of be-
tween 2 and 5 (22, 23).

It is difficult to identify particular modes of motion
that are favored over others because there is no spe-
cial difference between symmetrical and asymmetrical
salts with regard to their transport properties and
relatively little difference between viscosity and con-
ductivity with regard to energies of activation. The
best one can say is it looks as if inplane rotation, or
rocking back and forth about an axis perpendicular to
the plane of the molecule, may be favored over out of
plane rotation (Fig. 9¢c). In other words, the cations
translate as rotating or rocking weighted disks rather
than rotating weighted cylinders. The reason for ar=-
riving at this conclusion is that all of the cations
sweep out about the same area, but the asymmetric
cations sweep out considerably larger cylindrical vol-
umes, rotating out of plane (9c), than do the sym-
metric cations. Since the asymmetric ions require
greater volumes, and space is at a premium, they
should have higher viscosities and higher energies of
activation. This is contrary to our experimental re-
sults. Because the planar area of the disklike cation is
considerably greater than half the area of an edge,
and because only one end is charged, the ion is pre-
vented from freely rotating. Consequently it is un-
likely that the cations are translating as rotating
spheres as are the halide ions.

The E,/E, ratio of ~1.1 further implies that viscosity
and conductivity meet with the same sort of barriers.
(24). Tons are moving past each other, Fig. 9a, and it
matters little whether two cations pass each other or a
cation and anion pass each other, the energies required
are quite similar.

Errors and comparison with other workers.—Com-
paring our proton chemical shifts in the 2-mepyr/HCl
melt with the chemical shifts in the same melt re-
ported by Angell and Shuppert (25) we agree within
experimental error on the location of the «, 8, v, and
methyl peaks, but differ by —0.85 ppm on the N-H+
chemical shift, ours being 16.2 ppm and theirs being
17.05 corrected to TMS. One possible reason for this
discrepancy is that a trace of water may still be pres-
ent in our melts, but not in theirs. This water molecule
would tend to lie on, or near, the N-H+ and shield it
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from the magnetic field. On the other hand, they used
an internal standard of (CHj)4NCl which exchanges
with H* and with other CHs+ groups (25), but also
increases the Cl— concentration which would deshield
the N-H+ proton and cause it to resonate at lower
frequencies. There does not seem to be any other melt
spectra in the literature to compare our data with.
Our melting point of 89°C for 2-methylpyridinium chlo-
ride is identical to the one reported by Angell, Hodge,
and Cheeseman for the same compound and our spe-
cific conductances are within +2% of theirs (3). Our
conductivity data for the N-mepyr/Cl is within +2%
of the values reported by King and co-workers (20).

Overall, we estimate our equivalent conductance
data to be correct to 2% and our viscosity data to
be accurate to +3%. Our analyses of the pyridinium
salts were in all cases 99+ %.

Perhaps the largest error in this study is the as-
sumption that all the melts have the same liquid range,
but since no conclusion depends on an exact knowl-
edge of Tg or Tp, this error should not seriously
affect our conclusions

Conclusion

By systematically varying the structure of the
methylpyridinium cation and changing the anion, cor-
relations between structure, spectra, and transport
properties in molten pyridinium salts can be made
in a relatively simple and straightforward manner.
From these correlations, several conclusions can be
reached about the structure of the melt and its
relation to transport properties. The conclusions drawn
are the following:

1. Hydrogen bonding exerts a strong influence on
transport properties, species present, and melt struc-
ture.

2. Symmetry of the cation, per se, has little influence
on either melt structure or transport properties.

3. The anion is the principal charge carrier in the
methylpyridinium melts.

4. There are complex species in the 2-, 3-, and
4-methylpyridinium chloride and bromides.

5. There is probably a protonic contribution to the
conductivity of those melts in which the N-H+ is
present. The protons move either through a Grotthuss
mechanism or through a hopping mechanism.

6. In the molten pyridinium halides, and probably
in molten organic salts generally, attractive forces
dominate over repulsive forces, and there is very
little free space, hence the E,/E, ratio of 1.1.
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ABSTRACT

Polarographic studies of the electroreduction of sulfur dioxide in dimethyl-
formamide containing 0.1M tetraethylammonium perchlorate have shown that
at 20°C, the mechanism of electroreduction is given by the reactions

SO0z + e= S0~ 1]
SOz 4+ SOz~ = 8204~ Ks [2]
28053~ = SO + SOs?~ K3 [13]

The standard rate constant for the electron transfer reaction [1] has been
found to be 1.0 = 0.2 cm/sec. This rate of electron transfer is very fast, being
of the same order of magnitude as that observed for reduction of aromatic
hydrocarbons (21). The association constant, K, for reaction [2] has been
found to be 8400 =+ 2000 dm3 mol-1. This is an order of magnitude larger
than the association constant measured in bulk solution using ESR spectros-
copy (20). In addition to formation of the complex, S;04~, the results show
that a second follow-on reaction is also important. Evidence is presented that
this follow-on reaction is the disproportionation of SO;~ to form SO and
S0;2~. The equilibrium constant for this reaction has been found to 0.6 = 0.4.
The dimerization of SO;~ to form dithionite is not important during the
initial stages of reduction at room temperature and over the range of SOs
concentration (1 X 10~4-5 X 10—3) used in these experiments. However, at
low temperatures, the formation of dithionite is favored.

In recent years considerable effort has gone into
the development and commercialization of the lithium-
sulfur dioxide battery. While these efforts have re-
sulted in successful exploitation of this battery system,
there remain a number of environmental (1) and
safety (2) problems to be solved.

By contrast, work reported on the basic chemistry
and electrochemistry of the reduction of sulfur dioxide
has been limited. While it is generally agreed that the
major product formed during the discharge of the
lithium-sulfur dioxide battery is lithium dithionite,
previous work has indicated that the reduction mech-
anism is influenced by the choice of solvent and elec-
trolyte.

It is generally agreed that the initial one-electron

transfer step
SO, + e=80:~ E;° [11

is followed by one or more follow-on reactions. In
N,N-dimethylformamide (DMF'), a stable, blue para-
magnetic product is formed (3-7) which has been
ascribed to a complex of the form

SOz~ + xS0z = (802):50:~ Ko [2]

The number, z, of neutral SO, molecules in the com-
plex has been the subject of some controversy. Thus,

* Electrochemical Society Active Member.
Key words: high energy density batteries.

Dinse and Mobius (5) concluded that * = 2 by mea-
suring the ratio of the concentrations of (S02),S0z~
and SO,~ using ESR spectroscopy. On the other hand,
Rinker and Lynn (4) concluded that x = 1. The recent
work of Kastening and Gostisa-Mihelcic (6) which was
based on ESR measurement of the [(SO2),S0:~1/
[SO;—] ratio coupled with direct electrochemical mea-
surement of the SO; concentration has shown that the
complex has the stoichiometry S;04~ (ie, x = 1).
This is also in agreement with kinetic measurements
made by the same authors (8). K; was determined to
be 230 dm3 mol—1! at 25°C. The larger value of x = 2
obtained by Dinse and Mobius appears to be the
result of their failing to correct for the change in the
bulk SO concentrations after electrolysis. However,
since details of the experiments are not given in their
paper this cannot be confirmed.

In addition to the formation of the complex species,
S204—, dimerization of the SOz~ to form dithionite
has also been shown to be important (9)

2S0;~ = 85:04= K3 [3]

Reaction [3] is the major follow-on reaction in di-
methylsulfoxide solution, the value of K3 being 103
dm3 mol—1 at 55°C.

In view of the potential importance of studies of the
basic electrochemistry and chemistry of the reduct@on
process in helping to resolve some of the remaining
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problems of the primary lithium-sulfur dioxide bat-
tery and in indicating directions for further improve-
ment of the system (e.g., the development of a re-
chargeable Li/SO; battery), we have recently under-
taken a systematic study of the effect of solution com-
position on the kinetics and mechanism of the electro-
reduction of sulfur dioxide in nonaqueous media. In
this paper, we describe results that we have obtained
for the electroreduction of SOz in solutions of 0.1M
tetraethylammonium perchlorate (TEAP) in DMF.
Additional work on the effect of solvent and electrolyte
on the kinetics and mechanism of the electroreduction
of SO; will be described in another paper as will
results of simultaneous electrochemical-electron spin
resonance measurements.

Experimental

Current-potential data were obtained using a PAR
Model 170 Electrochemistry System. All measurements
were made in a jacketed 3-electrode glass cell. The
working electrode was normally a dropping mercury
electrode except in the cyclic voltammetric experi-
ments where a hanging mercury drop electrode was
used. The counterelectrode was a platinum cylinder
and the reference electrode a silver wire in a solution
of 0.05M AgNO; and 0.05M TEAP in DMF. This solu-
tion was changed daily because of photoreduction of
the Agt. The solution in the reference electrode com-
partment was isolated from the working solution by
fritted glass disks.

Kinetic data for the electron transfer process were
obtained using the phase sensitive a-c admittance
method described previously (10). Admittance data
were obtained as a function of d-c potential in the
vicinity of the d-c half-wave potential over the fre-
quency range from 160 to 1050 Hz using a 10 mV
(peak-to-peak) a-c signal. Pulse polarographic mea-
surements were also made for many of the systems. In
these experiments, a potential pulse is applied for 45
msec at the end of the drop life, the average current
being measured during the final 5 msec.

The procedures followed for purifying and drying
the DMF (Aldrich Spectrophotometric grade) and
TEAP (Eastman) have been described previously (10-
12). Anhydrous SO; was used as received from Mathe-
son. A stock SO, solution was prepared by bubbling
SO, in DMF. The concentration of the stock SOz solu-
tion (~0.5M) was determined by titration. All solvents,
salts, and stock solutions were stored in a controlled
atmosphere glove box (Vacuum Atmospheres Limited)
where the argon atmosphere was continually purged of
oxygen and water. Further dilution of the stock SOg
solution to prepare the working solutions (0.1-5
mM) was carried out in the glove box and all solu-
tions were bubbled with argon to remove traces of
oxygen, The experiments were conducted in the same
glove box. The temperature of the cell was main-
tained constant by passing methanol, controlled at the
desired temperature, through an outer jacket sur-
rounding the working compartment of the cell.

Results

Cyclic voltammetry.—Reduction of sulfur dioxide in
a 0.1M TEAP/DMF solution gives a well-defined cyclic
voltammogram as shown in Fig. 1. The presence of a
follow-on reaction is indicated by the appearance of
more than one oxidation peak on the reverse sweep
and the ratio of the peak anodic to the peak cathodic
currents for the reduction reaction which is less than
one (13). These results are in qualitative agreement
with those reported earlier by Martin and Sawyer (3).

D-C polarography.—In order to study the reduction
process in more detail, d-c polarographic measure-
ments were made as a function of both SO; concentra-
tion and temperature. These polarograms are broader
than is expected for a simple one-electron transfer
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Fig. 1. Cyclic voltammogram for the reduction (forward sweep)
of 10-2M SOz at a hanging mercury drop electrode in N,N-di-
methylformamide containing 0.1M tetraethylammonium perchlorate
with varying sweep rates as indicated.

reaction, plots of log (i/ia — i) having nonlinear slopes
greater than 59 mV per decade. In addition, the half-
wave potential is dependent both on SO; concentration
and temperature.

The effect of concentration on the half-wave poten-
tial is shown in Fig. 2 and on the plots of log (i/iq — i)
vs. E in Fig. 3. It is seen that, as the concentration is
increased, there is a positive shift of the half-wave
potential and a marked increase in the curvature of the
log (i/ig — i) plots. There is also a linear variation of
the limiting current, ig, with concentration. The half-
wave potential and shape of the polarograms were
found to be independent of drop time in the range
from 1 to 5 sec.

Figure 2 also shows that decreasing the temperature
causes a positive shift of the half-wave potential. As
one might expect, there is also a marked decrease in
the limiting current. The plots of log (i/ia — i) vs. E
(Fig. 4) show that the polarograms are sharpened as
the temperature is decreased.

A-C polarography.—A-C admittance measurements
were made on each of the SO; solutions in order to
measure the rate of electron transfer (10). Above 0°C,
the a-c admittance data give good Randle’s plots
(Fig. 5). At lower temperatures deviation from lin-
earity is observed. Analysis of the a-c data allows (10)
both the standard rate constant for the electron trans-
fer reaction and the diffusion coefficient to be deter-
mined (see Table I). In calculating these parameters,
allowance has been made for the fact that, at the
standard electrode potential, E;°, the SOg concentra-
tion is less than half the bulk SO; concentration as a
result of the follow-on reaction. The actual concentra-
tion was determined from the d-c polarograms.

The a-c peak potential (as measured from the peak
of the out-of-phase component of the a-c admittance)
was found to be 20-50 mV negative with respect to the
half-wave potentials from d-c polarography and inde-
pendent of concentration and temperature, having a
constant value of —1.30V against the Ag/Ag* refer-
ence electrode.

Pulse polarography.—Pulse polarography was used
to study the reduction process for times intermediate
between those used for the d-c and a-c measurements.

Table I. A-C polarography analysis

Temp ks D (cm?
C) (cm sec) sec-l) x 108

30 12 8.68

25 1.0 6.76

20 0.9 5.23

10 0.7 3.03

0 0.5 1.69
-10 04 0.90
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More specifically, the current was sampled at the end
of a 45 msec pulse. This can be compared with times
in the 1-6 msec range used in the a-c measurements
and the 2 sec drop time used for most of the d-¢ mea-
surements. Pulse polarography measurements were
made using both cathodic and anodic sweeps.

Pulse polarograms obtained for solutions of SOz in
0.IM TEAP/DMF using a negative sweep give half-
wave potentials which are negative with respect to the
d-c¢ half-wave potentials. In addition, the plots of

HEer

log [!

43 N L L
=1 =2 -3 -4
Potential vs Ag/Ag*(v)

Fig. 3. Plots of log [i/ig — i] against electrode potential on
the basis of d-c polarographic data for the electroreduction of SOz
:ith varying concentration of SOz as indicated. Electrolyte as in
ig. 1.

i
20 30

log (i/ig — i) vs. E (Fig. 6) are more linear and have
slopes closer to 59 mV per decade.

‘When the potential is swept positively from a point
on the reduction wave, the pulse polarogram has two
distinct waves (Fig. 7): one at —1.3V and one at
—0.7V. The relative heights of the two waves depend
both on concentration and initial potential. Table II
gives the heights of the two waves as a function of
initial potential for several different concentrations of
SO.. At the higher concentrations (=10—3M) a slight

2
-24°C
+10°C
+25°C
15
alk
>
2
ofF
s
-2 1 1 1
Bl -2 EE} -4

Potentialvs Ag/Ag* (V)

Fig. 4. Plots of log [i/iq — i] against electrode potential on
the basis of d-c polarographic data for the electroreduction of SO2
with varying temperature of the electrochemical cell as indicated.
Electrolyte as in Fig. 1.
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Fig. 5. Randle’s plot of a-c admittance data for the electroreduc-
tion of 10—3M SO, in the same system as Fig. 1.

maximum is observed in the wave at —0.7V suggesting
that weak adsorption is taking place (14).

Discussion

As discussed earlier, previous work has shown that
the SO;~ produced in the primary electron transfer
step can undergo the two follow-on reactions [2] and
[3]. In the discussion that follows, the experimental re-
sults are discussed initially in terms of reactions [1]
to [3] assuming x = 1 (i.e., the complex is assumed to
have the stoichiometry S;04~).

Information regarding the mechanism of the electro-
reduction of SQ; in TEAP/DMF solutions can be ob-
tained by comparing the experimental polarograms
with theoretical predictions based on the proposed
mechanism. In our description of the shape of the d-c
polarograms, we assume that reactions [2] and [3] are

Fig. 7. Pulse polarogram for
the oxidation of the reduction
products of a 10—3M SO solu-
tion with an initial potential for
the positive sweep of —1.6V vs.
the reference electrode. Other
conditions as in Fig. 1.
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Fig. 6. Plots of log [i/ia — i] against potential for pulse polaro-
graphic data obtained with varying SO: concentrations as indi-
cated. Other conditions as in Fig. 1.

at equilibrium.! This assumption is supported by the
observation that the measured half-wave potentials are
independent of drop time. The present approach differs
from that of Bonneterre and Cauquis (9) who have
described their cyclic voltammetric and rotating disk
studies of the reduction of SO, in dimethylsulfoxide
in terms of dimerization of SOz~ using a reaction layer
approximation. If it is assumed that the Nernst and
Ilkovic¢ equations hold, then the following general ex-
pression can be derived (see Appendix) which de-
scribes the shape of the d-c polarogram

s-ne=n{ 3(2F)
{(1+m(2F)) #[(em(==))
+4Ijz ]/}} 4]

1This assumption is not valid on the time scale used for the
a-c, pulse polarographic, and cyclic voltammetric measurements,

]2,;\

1 1 1 1 1 1 1 1 1

12 -10 -08 -06 ~04
POTENTIAL VS Ag/Ag" (V)
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where iq is the limiting current and g the Ilkovi\é con-
stant.

It is of interest to consider the simpler situations
where either reaction [2] or [3] predominates.

When Kg = 0 (i.e.,, complex formation is the domi-
nant follow-on reaction), Eq. [4] can be simplified to
give

e B (5 [1(552)] )

[5]

In this case it can be shown that the follow-on
reaction [2] causes a shift of the polarogram to posi-
tive potentials and broadens the wave so that plots of
log (i/iqa — i) vs. E have slopes greater than 59 mV
per decade.

If, on the other hand, it is assumed that dimeriza-
tion of SO;~ according to [3] is the major follow-on
reaction (i.e., K3 = 0), then Eq. [4] can be simplified
to give

RT 1 /ig—1 4Kgi
E—-Er=—In — - 14+ S——
F 2 i g

[61

In this case, a positive shift of the polarograms is
also predicted, but the polarographic waves are sharp-
ened so that slopes of less than 59 mV per decade are
obtained from plots of log (i/iq — i) vs. E.

It follows that the qualitative behavior of the d-c
polarograms (Fig. 3) obtained for the reduction of SOz
in 0.IM TEAP/DMF solutions at room temperature
corresponds to the predictions based on Eq. [5].

The experimental shift of the half-wave potential
with respect to the standard potential for the SO2/SO02~
couple can be compared with theoretical predictions.
Thus substituting the relationships that, at the half-

wave potential
. da g[S0.]°

- 7
Y= 2 P

then, from Eq. [5], the dependence of the half-wave
potential on SO, concentration can be written

K»[S0;]° )
2

Thus, a plot of exp ((E1/2 — E1°)F/RT) against [SOy]°
should be linear with a slope of K3/2 and unit inter-
cept. A value of E1° = —1.30V is obtained?3 from the
peak potential of the out-of-phase component of the
a-c admittance. Figure 8 shows values of exp ((Ey/2 —
E°)F/RT) plotted against [SO.]°. From the slope, a
value of K; = 8400 = 2000 dm?3 mol~! is obtained for
the association constant for reaction [2]. On the other
hand, the intercept is found to be 2.5 = 0.8, that is, not
unity as predicted by Eq. [8]. The large value of the
intercept suggests that some other reaction is con-
tributing to the shift of the half-wave potential.

Some support for this conclusion is obtained from the
pulse polarographic experiments. Regarding the two
distinct waves observed on the positive sweep, the first
at —1.3V is ascribed to the oxidation of SOs~. The
second wave at —0.7V has been ascribed previously
by Martin and Sawyer (3) and ourselves (15) to oxi-
dation of the complex species S:04~. As mentioned
previously, the relative heights of these two waves are
dependent on both SO: concentration and initial po-
tential (Table II). From these results it is seen that

RT
Ei/2 — Ey° =—F——~1n<1+ [8l

2The assumption is made that the diffusion coefficients for SOz
and SO:- are equal.

3 As discussed later in the paper, on the time scale used for
the a-c measurements, the follow-on reaction is sufficiently slow
that the reaction can be considered as a simple one-electron
transfer reaction. In this case, the peak of the out-of-phase com-
ponent of the a-c admittance will occur when the surface concen-
trations of (SO2] and [SO:-]1 are equal. The situation in this case
is similar to that described by Fawcett and Lasia (10).
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Table I1. Pulse polarography—anodic sweeps

[S0:1 wave 2
mol dm-? Initial potential
X 10-3 volts vs. Ag/Ag+ wave 1
5.0 -14 0.31
1.67 -16 0.54
1.0 -16 0.61
0.70 -16 0.77
0.58 -16 0.56
0.5 -16 0.60
-1.36 0.58
-1.24 10
-1.20 1.83
0.20 -16 0.93
0.167 -1.6 0.79
0.10 -14 118

the relative intensity of wave 2 with respect to wave 1
decreases with increasing SOg concentration instead of
increasing linearly with increasing SOg concentration
as one would anticipate on the basis of S;04~ being
formed by reaction [2]. In addition, an estimate of
the standard potential E;° for S;04~ oxidation can be
obtained from the association constant Ks. On the basis
of fundamental thermodynamics, the standard poten-
tial for the reaction

2S0; + e= S04~ Ep° [91
is given by

E Ei* = In K.
A 3 —_— “
2 1 F 2

Assuming Ky = 8400 dm3 mol—1, it is found that stan-
dard potential for the 2S02/S204~ couple is 226 mV
more positive than that for the SO0/SO;~ couple
whereas a 600 mV difference is observed between the
two oxidation waves in the pulse polarogram.

For these reasons it is concluded that the assign-
ment of the wave at —0.7V to oxidation of Sy04~ is
incorrect. The failure to observe an oxidation wave
for S204~ can be explained by reaction [2] being suf-
ficiently labile that the S04~ is completely removed
during the 45 msec pulse due to oxidation of the SO~
(reaction [2]).

The wave at —0.7V must therefore be ascribed to the
oxidation of another product produced during the re-
duction of sulfur dioxide. Since this reaction causes a
potential shift that is independent of SOz concentra-
tion, it is concluded that the reaction is first or pseudo-
first order. The following suggestions can be made:

(a) Formation of a cation complex

TEA+ + SO~ = TEA - SO, [10]
(b) Formation of an anion complex
ClOs~ + SO~ = (ClOq4 + SO3)2~ [11]
(c) Formation of a solvent complex
DMF + SO;~ = (DMF - SO3) ~ {12]
(d) Disproportionation
2803~ =80 + SO32~ Kis [13]

The formation of a complex between SO~ and either
the cation or the anion of the supporting electrolyte
(reactions [10] and [11]) can be eliminated since the
ratio of the two waves in the anodic pulse polarogram
has been found to be independent of the concentration
of the supporting electrolyte. The two waves were also
observed at the same potential in hexamethylphosphor-
amide indicating that the reaction does not involve for-
mation of a complex with the solvent. However, the
results are consistent with a disproportionation of the
SO, according to reaction [13]. In this scheme the
wave at —0.7V can be attributed to the oxidation of
SO0g2—. If it is assumed that the equilibrium for this
reaction is established slowly compared to the 45 msec
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Fig. 8. Graphical determina-

tion of the association constant —
K2 and the disproportionation =
constant Kj3 according to Eq. q
[15] from plots of the exponent ‘——'
of the shift in half-wave poten- o
tial from the standard potential w

against the bulk SOz concen-
tration.
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pulse then it is clear that two oxidation waves corre-
sponding to oxidation of SOy~ and SO32~ will be ob-
served. In addition, at low SO, concentrations where
the formation of the S204~ complex is negligible, the
ratio of the SOz2— wave to the SO;~ wave should be
constant.

As the SO, concentration is increased, the ratio of
the SO32— wave to the SOz~ wave should decrease be-
cause the contribution that the complex makes to the
SO.~ wave will increase. This is observed experimen-
tally where the ratio of the two waves goes from 1.2
in a 10~4M SO; solution to 0.3 in a 5 X 1073M SO
solution. Using data for the free energy of formation
of Li2SO3 and SOg, it has been estimated (16) that E°
for the system 2Li 4 SOj — LiSO3 is ~3.7V. The cor-
responding value for 2Li 4+ 2SO; — LisS204 is about
3.0V. This indicates that the oxidation wave for SO32~
should occur approximately 700 mV more positive than
the oxidation wave for SOp~. This is in reasonable
agreement with the experimentally observed potential
shift (600 mV).

The SO formed in reaction [13] is expected to fur-
ther disproportionate (17) to form elemental sulfur
and SOs. This mechanism is supported by the work of
Rinker and Lynn (18) who have shown that both
sulfite and elemental sulfur are formed during the
reduction of SO; in DMF at sodium amalgam. Similar
reactions have been postulated for the decomposition
of dithionite in aqueous media (19). Experiments to
measure the oxidation potential of SO32~ directly were
unsuccessful because of the low solubility of the avail-
able sulfite salts.

It is easily shown that, when the disproportionation
reaction is included in the reaction scheme, the shape
of the d-c polarogram is given by the expression

T o
E—Ex“:—ln[(zd_ ’)
F i

ig—1
(1 + 2K13’/'+K2( p ))] [14]

06 08

| 12 14 16 18 2
[s0,] (mot 1 x103)

and the corresponding shift in half-wave potential by
the relationship

[S0.]° )

RT
Eis —E° = Tln 1+ 2Ki3% + Ko 2

[15]

Equation [15] is of the same general form as Eq. [8];
however, in this case a plot of exp (Ey/2 — E;°)F/RT)
against [SOz]° should give a linear plot with intercept
1 + 2Ki3*% and a slope equal to K»/2 as before. From
the experimental intercept (Fig. 8) of 2.5 = 038, a
value of Ki3 = 0.6 = 0.4 is obtained. At low concentra-
tion the ratio of the two waves in the anodic pulse
polarogram should be approximately 1/Ki3%. Using the
value of Kj3 = 0.6 obtained above, it is seen that the
ratio of the two waves should be about 1.3 at low SOz
concentrations. Experimentally, a ratio of 1.2 is ob-
served for a 10—4M solution, the lowest concentration
measured.

An estimate of K, can also be obtained by measur-
ing the surface concentration of SO; at the equilibrium
potential. As a result of the follow-on reactions, the
surface concentrations of SOz and SOz~ are less than
half of the bulk concentration at the standard potential.
It can be shown (Appendix) that the following rela-
tionship holds

o _ Y% T T
Ky [SO0:] 2(1 4 K13%) [SO2]e=E1 [16]
[SO2]12e=E1°

It follows that a plot of [SO2]°/[SO:z]le=g, against
[SOz]E=g, should give a straight line with slope equal
to K» and intercept 2(1 + Ki3*%). A plot of these data
are shown in Fig. 9 from which the estimates K; =
2400 =+ 2000 and Kij3 = 0.4 += 0.1 are obtained. The
value for Kj3 is in agreement with the potential shift
analysis, but the K value does not agree with the pre-
vious estimate. On the whole, however, we feel the
potential shift analysis is more reliable as it is less
affected by distortions which occur on the upper part
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Fig. 9. Graphical determina-
tion of the association constant
K2 and the disproportionation
constant K3 from a plot of the
ratio of the bulk SOz concen-
tration [SO2]° to the SO2 con-
centration at the electrode sur-
face at the standard potential
[$O21E=Eo against [SO2]E=Fo
according to Eq. [16].
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of the wave and which become more significant as the
SO; concentration is increased. This distortion is prob-
ably due to a second reduction process.

The values of Ky obtained from these measurements
are at least an order of magnitude higher than the
value of 600 dm? mol-! determined by Laman et al.
(20) in TEAP solutions and of 230 dm3 mol—! deter-
mined by Kastening et al. (6) in tetraethylammonium
bromide solution using ESR spectroscopy.

The reason for the large difference in the value of
K> obtained by the two methods is not clear. It is in-
teresting to note, however, that ESR transients mea-
sured using a constant current pulse (20) can only be
simulated if the larger (i.e., electrochemical) value of
K, is used. This suggests that the ESR measurement
underestimates the value of K, for some reason.

As the temperature is decreased, considerable
changes occur in the reaction mechanism. Positive
shifts in the half-wave potential along with a sharp-
ening of the d-c polarogram all point to an increasing
contribution of the dimerization reaction (reaction
[3]) to the reduction mechanism as the temperature
is lowered. This suggestion is confirmed by the ob-
servation that the intense ESR signal due to the para-
magnetic complex S:0;~ in a partially reduced 0.05M
SO, solution completely disappears when the sample is
cooled to 77 K. At room temperature, our own results
as well as those of Kastening and Gostisa-Michelcic
(6) indicate that the contribution of the dimerization
reaction is not significant. From Ref. (6) it can be
shown from the ratio of the two paramagnetic species
and the SOs concentration measured after electrolysis
that very little if any of the SO2~ formed during the
initial stages of the electroreduction of SO, dimerizes
to form S»04= at room temperature.

Dithionite is, of course, the major product when the
electroreduction is carried to completion (i.e., one
electron per SO, molecule). In addition, other complex
species such as S30¢2~ have been observed by Martin
and Sawyer (3) during the later stages of the electro-
reduction.

03 04
[50g) E=Eo (mol 1-1xi0")

Analysis of the d-c polarographic limiting current
data yields a diffusion coefficient of 1.52 X 10~5 cm?
sec™! at 20°C. A least squares fit of the limiting current
data as a function of temperature yields an activation
energy of 8.5 + 0.3 kJ mol~! for the diffusion process.

Analysis of the pulse polarograms recorded using a
cathodic sweep (Fig. 6) show clearly that the follow-on
reactions have much less influence on the shape of the
pulse polarogram than on the d-c polarogram. Thus,
the half-wave potentials are closer to the standard
electrode potential and plots of log (i/iq — i) against
E are much more linear and have slopes closer to 59
mV. Systematic deviations remain, however, indicating
that one or more of the follow-on reactions are fast
enough to influence the shape of the pulse polarograms.

In order to obtain information on the Kkinetics of
the electron transfer reaction, phase sensitive a-c
admittance measurements were made. For tempera-
tures above 0°C, the a-c admittance data give linear
Randle’s plots as shown in Fig. 5. These results indi-
cate that, under these conditions, the follow-on reac-
tion is sufficiently slow that the reaction can be con-
sidered as a simple one-electron transfer reaction on
the time scale used for these measurements. In addition,
the half-wave potentials are considerably more nega-
tive than those determined from d-c polarography and
are independent of concentration. These results indi-
cate that, by using a-c polarography, the primary elec-
tron transfer step can be studied without interference
from follow-on reactions. The observation that devia-
tions from linearity are observed in the Randle’s plots
for frequencies less than about 160 Hz in the 10—3M
solution provides a crude estimate of the half-life of
the SO,~ radical which must be about 10 msec under
these conditions. The influence of the SO; concentra-
tion on the rate of conversion of SO;~ into S;04~ can
be seen by the fact that deviations from linearity are
observed at higher frequencies as the concentration
of the SO is increased.

The results indicate that the electron transfer rate is
very fast. At 25°C, ks = 1.0 = 0.2 cm/sec. The uncer-
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tainty in determining ks is high as rates of this order of
magnitude are at the limit of the a-c admittance tech-
nique. Analysis of the effect of temperature on the rate
of electron transfer allows an activation energy of 20.4
kJ/mol to be determined. Electron transfer rates for
the electroreduction of aromatic hydrocarbons are of
the same order of magnitude (21) as those measured
for the reduction of SOa.
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APPENDIX

Shape of the d-c Polarogram

In describing the shape of the d-c polarogram it is
assumed initialiy that: L
(a) The mechanism of reaction is as follows

A + e=A— electron transfer [A-1]
A4+ A-=A;- K complex formation [A-2]
2A- = A2— K3 dimerization [A-3]

(b) That reactions [A-2] and [A-3] are in equilib-
rium; therefore

[A2~]
Ky = ————— A-4
= TaTAn) (A-4]

and [A8]
8= AT [A-5]

(¢) That the A/A~ couple determines the electrode
potential and that the Nernst equation holds

[4] (E — E\)F
mﬂ—e""{ —RT—} [A-6]

(d) That the Ilkovi?:/ equation holds; it follows that

i=g ([A]° — [A]® [A-T]

ia = g[A]° [A-8]

where [A]° is the bulk SO; concentration and [A]o,
the concentration at the surface.

(e) That the system is at steady state (i.e., flux in =
flux out); thus

ga{[A]° — [Alo} = galA~ 10
+ 24— [A27Jo + 29452 [A272]o

and assuming

and

[A-9]

ga=ga— =20a- = 2gay-2=¢ [A-10]

we then find that

%: [A1° = [Alo + [A~To + [A2~] + [42-]

[A-11]
Substituting [A-4] to [A-10] into [A-11] we find that
iqg  (ig—1) (ig — 1) (ig —1)2 (ig — )2
s 5 + K> 3
9 g gP g%P g°P?
[A-12]

The equation for P is
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p=_1_{idfi}{ (1+K2_(_id;i)_)

2 1 g

ia— 1) \2 i %

(‘Ld t)) +4K31] } [A-13]
g g

RT
E—E)y=—mhP
F

Gem

From [A-6]
[A-14]

The above expression describes the shape of the po-
larogram in the general case where both reactions
[A-2) and [A-3] are important. It is also of interest
to consider the special cases where:

(a) K3 = 0 (i.e., complex formation is the dominant
follow-on reaction). In this case, Eq. [A-4] can be sim-
plified to give

E—Eozﬂln[(td._l)(l.l.xz_(i__i)]
F i g

[A-15]

At the half-wave potential i = i4/2. Substitution of this
relationship into |A-15] allows the following relation-
ship to be obtained for the shift of the half-wave po-
tential with respect to the standard potential

Kz[;ﬂ“ )

RT
Eyp—Ep = Tln ( 14 [A-16]

Measurement of the shift of the half-wave potential
thus allows K> to be determined.

An estimate of K; can also be obtained from the
concentration of A at Ey which can be obtained from
the d-c polarogram using the Ilkovi¥ equation at E =
Eo, P = 1 and [A]g, = [A~1g, Substitution into
[A-11] thus yields

[A2~1go = [A]° — 2[Alg, [A-17]
therefore FAg=] B -
2™ ° — Eg
Kp = = l
T TAT A [Al%, e8]

(b) Ky = 0 (i.e,, dimerization is the major follow-on
reaction). In this case Eq. [14] can be simplified to
give

RT 1/ ig—1i
E=E=riln _("’ ‘)
F 2\

[14 (1 +/4Ksi/g)] }

[A-19]
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The Kinetics and Mechanism of the
Electroreduction of Sulfur Dioxide in
Nonaqueous Media

I1, Effects of Electrolyte and Solvent on the Mechanism of Reduction
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ABSTRACT

The effect of solvent and supporting electrolyte on the mechanism of the
electroreduction of SO, has been studied using polarography. It has been
found that both the solvent and the electrolyte have a strong influence on the
course of the reduction process. The reduction proceeds via the free radical
intermediate S04~ in systems containing large cations but leads directly to
S204= when the system contains small cations. In addition, it has been shown
that the stability of the S;04— decreases with increasing basicity of the sol-
vent. These effects have been interpreted in terms of ion pairing in the system.

The reduction of sulfur dioxide is industrially im-
portant for both the operation of the newly developed
(1) high energy density lithium/sulfur dioxide battery
and for the manufacture of dithionite salts (2) which
are used in large quantities as an industrial reducing
agent. In a previous paper (3), polarographic studies
of the electroreduction of SOz in 0.1 mol dm—3 solu-
tions of tetraethylammonium perchlorate (TEAP) in
N,N-dimethylformamide (DMF) have been described.
In agreement with earlier work (4-8) it was found
that, in this medium, the reduction process proceeds
via a stable, blue paramagnetic complex of SO» and
SOz~ having a 1:1 stoichiometry. Both ESR (9) and
Raman (10) spectroscopic studies indicate that this
species is a loosely bonded charge transfer complex.
The polarographic studies have shown that the initial
stages of the electroreduction process in 0.1 mol dm—3
TEAP/DMF can be explained in terms of the following
reactions

(a) Electron transfer
SOz + e = SOz~ [1]
(b) Complex formation
SOz + SOz~ = S04~ Ka1 = 8400 dm3 mol—1  [2]
and

* Electrochemical Society Active Member.
Key words: sulfur dioxide, high energy density batteries.

(c¢) Disproportionation
280;~ = SO + SO0z2~ Kqg = 0.6 [3]

At later stages of the reduction process a red com-
plex that has been ascribed (4) to the complex species
SO; - S2042~ and finally dithionite are formed (10).
There are indications, however, that the choice of
solvent and electrolyte has an important effect on the
reduction mechanism. For example, Bonneterre and
Cauquis (11) concluded that the major follow-on
reaction in dimethylsulfoxide solution is the dimeriza-
tion of SOz~ to form dithionite according to the re-

action
2502~ = 82042~ Kaz [4]

In the present paper, we report results of studies
that we have carried out to examine the effects that
both the solvent and the electrolyte have on the
mechanism of the electroreduction of sulfur dioxide
in nonaqueous media.

Experimental

The electroreduction of dilute solutions (~10—3 mol
dm~—3) of sulfur dioxide has been studied using three
different solvents and six different supporting electro-
lytes. The solvents, which were chosen for their dif-
ferent solvating abilities, included N, N-dimethyl
formamide (DMF) (Aldrich Spectrophotometric grade),
acetonitrile (AN) (Aldrich Spectrophotometric grade),
and hexamethylphosphoramide, HMPA, (Sigma). The
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supporting electrolytes, which were chosen for varia-
tion of cation size, included tetraethylammonium per-
chlorate (TEAP) (Eastman), tetrabutylammonium
perchlorate (TBAP) (Eastman), potassium perchlo-
rate (Fisher), sodium perchlorate (Analar), and lith-
ium perchlorate (Research Inorganic Chemical Com-
pany). The procedures followed for purifying and dry-
ing the solvents and salts have been described pre-
viously (12-14).

All potential measurements given in this paper were
measured against a reference electrode that consisted
of a silver wire in a solution of 0.05 mol dm—3 AgNO;3
and 0.05 mol dm—3 TEAP in the solvent being used
for the experiment. The reference electrode solution
was changed daily due to photodecomposition of Ag+
in DMF. Other details of the electrochemical methods
used to make the electrochemical measurements have
been described in the first part of this study (3). Elec-
tron spin resonance measurements were made using a
Varian E-Line spectrometer. The electrochemical ESR
cell used for these measurements was similar to that
designed by Goldberg and Bard (15). This cell was
filled and sealed in the glove box to exclude moisture
and air and ESR measurements were then made after
partial electrolysis of the solution.

Results and Discussion

Effects of cation on the mechanism of reduction in
DMF .—The results to be described in this section show
that the mechanism of reduction of SO; becomes more
complex when supporting electrolytes other than TEAP
or TBAP are used in DMF solvent.

A comparison of the cyclic voltammograms in dif-
ferent electrolytes shows a transition from a quasi-
reversible reduction in TBAP and TEAP to an irrevers-
ible reduction when a small cation such as Li+* is used.
The cyclic voltammograms of SO, in TBAP are almost
identical to those presented earlier for TEAP (3).
These voltammograms show a quasi-reversible peak at
—1.3V and a minor oxidation peak at about —0.7V, the
latter being ascribed (3) to the oxidation of SO32—
produced from reaction [3]. When LiClO4 is used as
electrolyte (Fig. 1), the reduction reaction is essen-
tially irreversible, the SO; being removed rapidly by
a follow-on reaction. In this case, there is evidence for
the formation of an additional major product which is
oxidized at more positive potentials (—1.0V). Only a
small oxidation peak is observed at —0.7V. In TEAP
and LiClOy solutions, a linear relationship is observed
between ip, the peak current of the reduction wave,
and % where y is the sweep rate.

200mV/s
e k

//_—'»

-04 -06 08 0 )
POTENTIAL VS Ag/Ag® (V)

Fig. 1. Cyclic voltammograms for the reduction (forward sweep)
of 10-3 mol dm—3 SO, at a hanging mercury drop electrode
(HMDE) in N,N-dimethyl formamide (DMF) containing 0.1 mol
dm—3 LiClO4 with varying sweep speeds as indicated.
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The cyclic voltammograms of SOz in 0.1 mol dm—3
KClO4 and NaClO4 (Fig. 2 and 3) are more complex.
The distinct prewave and large oxidation wave on the
reverse sweep seen in KClOy4 solution is characteristic
(16) of product adsorption.

For both NaClO4 and KClOs, ip/v% decreases with
increasing . This behavior is ascribed to product ad-
sorption in both electrolytes. This suggestion is con-
firmed by d-c and pulse polarographic measurements
as discussed later. Because of product adsorption, inter-
pretation of the number and position of the oxidation
peaks observed in KCl04 and NaClOy is difficult. Quali-
tatively, however, it appears that the cyclic voltam-
mogram of SO, in KClO4 most closely resembles that
in TEAP while the voltammogram in NaClOs more
closely resembles that in LiClOs.

In order to study the reduction process in more de-
tail, d-c polarographic measurements were also made
on all of the solutions. Both the shape and the half-
wave potential were dependent on the nature of the
base electrolyte. This is illustrated in Fig. 4 where
plots of log (i/iq — i) vs. E are presented. The half-
wave potentials and limiting current constants, based
on maximum currents, are given in Table I.

The d-c polarogram of SO in TBAP is virtually
identical with that in TEAP which has been described
in detail previously (3). The d-c polarographic data
are consistent (3) with the reduction proceeding via
reactions [1]-[3] in both electrolytes.

The shape of the d-c polarogram for SO; in LiClO4
or LiBr is quite different (Fig. 4) from that de-
scribed above for SO; in TEAP. In this case, the
follow-on reaction causes the polarogram to be sharp-
ened so that plots of log (i/iq — i) vs. E have a slope
of about 45 mV per decade, the half-wave potential

50 mv/S

=

04 + -06 * »0.8 * ~\‘0 * YKIZ -+4
POTENTIAL VS Aq/Aq‘(V)
Fig. 2. Cyclic voltammograms for the reduction of 10—3 mol
dm—3 SOz at an HMDE in DMF containing 0.1 mol dm—3 KCIO4
with varying sweep speeds as indicated.

. L L
o5 % o6 o8 30 Siz BE
POTENTIAL VS Ag/ag* (V)

Fig. 3. Cyclic voltammogram for the reduction of 10—3 mol
dm—3 SOz at an HMDE in DMF containing 0.1 mol dm—3 NaClO,4
with varying sweep speeds as indicated.
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Fig. 4. Plots log (i/ia — i) against electrode potential on the
basis of d-c polarographic data for the electroreduction of SO, in
DMF containing different electrolytes as indicated.

being —1.18V. The effects of temperature on the half-
wave potential and limiting current constant are
shown in Table II.

This behavior is consistent (3) with a change of
mechanism so that dimerization of the SO;— to form
dithionite (reaction [4]) becomes the major follow-on
reaction, i.e.

2802~ = 52042~ Kaz [4]

Dithionite is known (17) to be the major product in
the discharge of the lithium/sulfur dioxide battery.

If it is assumed that reaction [4] is at equilibrium
on the time scale used to make the d-c polarographic
measurements and that the Nernst and Ilkovic equa-
tions hold then the shape of the d-c polarogram is
described (3) by the equation

RT 1/ dg—1i
E—E=—In —-( a= ) (1+\/ﬁ’;)
F 2 i g
[5]
where E° is the standard electrode potential for the
SO2/80;~ couple, iq is the limiting current, and g is

the Ilkovi® coefficient. At the half-wave potential,
Eq. [5] reduces to

Table I. D-C polarographic data. Reduction of SOz in DMF using
various supporting electrolytes

TEAP KCl0« NaClO« LiClO¢
Half-wave potential (volts
vs, Ag/Ag+) -1.263 —-1.212 —-1.187 -1.183
Limiting current constant
(ia/cm?/31/8) 2.532 2.576 2.509 2.873

Table Il. D-C polarographic data. Reduction of SO in 0.1m
LiClO4/DMF at various temperatures

Temp Half-wave potential Limiting current con-
(°C) (volts vs. Ag/Ag+) stant (ia/cm?/3t1/0)
-10 -1.22 2.135

[] -1.21 2.322

20 —1.195 2.873

NONAQUEOUS MEDIA
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. .. RT 1 —
E% —E =-F-ln{?(1+V2Kﬂ[s°2])} 161

Taking the value of E° = —1.30V estimated from a-c
polarographic measurements as described later, then
from the half-wave potential of —1.18V at 24°C a
value of 23.3 x 108 dm3 mol—1! is obtained for Kas.
ESR measurements support this change in reduc-
tion mechanism in changing from TEAP to LiClO4
solutions. In LiClO4 solutions no paramagnetic inter-
mediates are detected even at relatively high SO
concentrations (~10—-2m). Under similar conditions an
intense ESR signal is detected (6, 7, 9) for the polaro-
graphic complex S;04~ in TEAP solutions. The mea-
surement of diffusion-limited currents for the reduc-
tion of SOz in TEAP and LiClO4 also reflects the dif-
ference in reduction mechanism. In TEAP the limit-
ing currents (and hence the apparent diffusion co-
efficient of SOz) are significantly lower (Fig. 5) than
the LiClOy4 solutions. This is undoubtedly caused by
the scavenging of SO; by SOz~ to form S04~
Interpretation of the d-c¢ polarograms for SO; in
KClO4 and NaClOy4 solutions is more difficult. In both
systems distinct adsorption prewaves are observed.
This is in agreement with the cyclic voltammogram
for SOz in KCIlO4 solutions which also showed effects
due to product adsorption (Fig. 1). At 53°C, the
polarogram for the reduction in NaClO4 solution shows
a distinet kinetic maximum. From the cyclic voltam-
metric and d-c polarographic data, it appears that
the situation in KCl04 and NaClOy solutions is inter-
mediate between that in TEAP and LiClOy. It is thus
probable that both S;04~ and S;04= are formed by
reactions [2] and [4] in these solutions. Pulse polaro-

58 T

5.6

In T

5.2

5-0F

1 1 1 1
30 32 34 36
Uy K™Y

1 1
3-8 4-0

Fig. 5. Effect of temperature on the limiting current constant for
the reduction of SOz in DMF containing TEAP and LiClO4 as in-
dicated.
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graphic measurements support this conclusion. Using
a negative potential sweep, the pulse polarogram for
SO: in all of the electrolytes consists of a single wave
that gives a linear plot of log (i/iq — i) vs. E (Fig. 6).
It is seen that there is a regular increase in slope of
these curves from 68 to 46 mV per decade in going
from TEAP to LiClO4 This change of slope can be
attributed to the shift in mechanism from formation of
the free radical complex S204~ in TEAP to the forma-
tion of dithionite in LiClO4 The theoretical descrip-
tion of the shape of the d-c polarogram when both
reactions [2] and [4] contribute has been given pre-
viously (3). It can be shown that this gradual change
of slope is consistent with the transition from one
product to the other (i.e., S204~ to S2042-).

The pulse polarographic data obtained using a posi-
tive potential sweep from various points on the reduc-
tion wave provide some information regarding the
reaction mechanism. As has been discussed in detail
previously (3), the pulse polarogram of SOp in TEAP
solutions obtained using a positive potential sweep
shows two distinct waves, one wave at —1.3V that
is attributed to the oxidation of SO;—, and a second
wave at —0.7V that is attributed to oxidation of SO32—.
The failure to detect a wave due to oxidation of
S204~ was attributed to the labile equilibrium that
exists between SOz~ and Sp04~. It is believed that
this equilibrium is sufficiently rapid that all of the
S204~ is depleted through oxidation of SOz~ before
the current is sampled at the end of the 45 msec pulse.

The anodic pulse polarograms of SOz in KCIO4 (Fig.
7) and NaClO4 are more complex, the polarograms
exhibiting large maxima. This behavior has been
described by Flanagan and co-workers (18) who have
shown that this effect is caused by product adsorption.
This is in agreement with the d-c polarographic and
cyclic voltammetric results which have also indicated
that product adsorption is taking place as discussed
previously. It is interesting to note that, when the
initial potential is set just at the foot of the d-c¢ po-
larogram, a small wave at —0.7V is observed. This
indicates that the disproportionation of SO~ to form
S0s2— takes place in these solutions as well.

LICIO4 TERE
NaClOg
Kci0g
ik
=
at|
£
2
of
-
-2 I L !
- -2 -3 -4

POTENTIAL vs Ag/Ag* (V)

Fig. 6. Plots of log (i/ia — i) against electrode potential on the
basis of pulse polarographic data for the electroreduction of SO
in DMF containing different electrolytes as indicated.
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Fig. 7. Pulse polarogram for the oxidation of the reduction
products of a 1073 mol dm—3 SO, in DMF containing 0.1 mol
dm—3 KCIO4 with initial potential as indicated.

In LiClOs solutions (Fig. 8), the anodic pulse
polarogram shows three distinct waves at —1.3, —1.0,
and —0.7V. At —1.3V the net current flowing is cath~
odic indicating that the SO, produced in the primary
reduction is completely removed during the 45 msec
pulse. The major oxidation wave occurs at —1.0V
and probably results from oxidation of dithionite
which is thought to be the major product from the
follow-on reactions. A small wave is also observed
at —0.7V indicating that some SO32~ is also produced.

The experiments described above indicate that the
electrolyte cation has a strong influence on the course
of the electroreduction process. Thus, in TEAP solu-
tions, the reduction process proceeds via the free
radical complex S04~ as well as a red complex thaf
has been ascribed to SOs * S2042~ on route to dithio-
nite on complete electrolysis. In LiClO4 solutions, on
the other hand, dithionite is formed directly by dimer-
ization of SO,~. The influence of electrolyte cation
on the mechanism of reduction can be explained in
terms of the effect of ion pairing on the position of
the various equilibria (19). It appears that the forma-
tion of dithionite is favored when strong ion pairing
occurs in solutions containing a small cation such as
lithium. On the other hand when a large cation such
as TEA+ is used and ion pairing is expected to be
weak, the formation of the complex species is fav-
ored. With Na* and K+ in solution, the degree of
ion pairing is expected to be intermediate between
these two extremes.
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Fig. 8. Pulse polarogram for the oxidation of the reduction
products of 10=3 mol dm—3 in DMF containing 0.1 mol dm—3
LiClO4 with initial potential as indicated.
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Effects of solvent on the mechanism of reduction.—
As mentioned previously, the electroreduction of sul-
fur dioxide has been studied in three different sol-
vents (DMF, HMPA, and AN) of varying solvating
ability to examine the effect of solvent on the mecha-
nism of reaction. Measurements have been made in
each of these solvents using TEAP, NaClO4 and
LiClOy as electrolyte.

The d-c polarographic data for the reduction of
SOz in 0.1 mol dm~—3 solutions of TEAP in each of
the three solvents are shown in Fig. 9. The shapes
of the log (i/ig — i) plots are very similar in HMPA
and DMF. On the other hand, in AN a marked broad-
ening of the curve occurs at negative potentials similar
to that seen at high SO, concentrations in DMF (3).
It is possible that this broadening is due to a second
reduction process such as the direct reduction of
S204~. It was also noted that there is a fairly large
variation in limiting current which can be related
to the variation in diffusion coefficient due to a cor-
responding variation in solvent viscosity.

The general features of the polarograms in all sol-
vents with TEAP as electrolyte suggest that the
reduction of SO, in these systems proceeds via re-
actions [1]-[3]. In this case the shift in the half-wave
potential can be related (3) to the equilibrium con-
stants Ka1 and K4 by the relationship

RT Ka1
E% — E° = F1:;{ 14+ 2Keh + —= [SO]° } M

where [SO;]° is the bulk SO, concentration.

Using the method described earlier (3), the dispro-
portionation constant K4 was determined to be 1.5 in
HMPA. The pulse polarogram for SO in AN (Fig.
10) obtained using a positive potential sweep is quite
different than that obtained in DMF or HMPA. In
AN, a fairly weak broad wave is observed at about
—0.85V which is absent when the initial potential is
held at the foot of the reduction wave. This indicates
that SO32— is not produced in this reaction and that
Kq = 0.0 in AN. The broad wave at —0.85V is tenta-
tively assigned to the oxidation of S;04~.

An estimate of the standard potential for the pro-
cess SO; + e = SO;~ was obtained from the peak

AN
HMPA
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Fig. 9. Plots of log (i/ia — i) against electrode potential on the
basis of d-c polarographic data for the electroreduction of SO in
various solvents as indicated containing 0.1 mol dm—3 TEAP.
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Fig. 10. Pulse polarogram for the oxidation of the reduction
products of 10=3 mol dm=3 SO in AN containing 0.1 mol dm~3
TEAP with initial potential as indicated.

potential of the out-of-phase component of the a-c
admittance. Using the measured d-c polarographic
half-wave potentials and Eq. [7], values of Ka =
0, 8400, and 17,000 dm? mol—1! are obtained in HMPA,
DMF, and AN, respectively. From these results, it is
seen that the solvent has an important effect on the
stability of the complex and thus the reaction mecha-
nism. These results provide further evidence of the
importance of ion pairing in determining the position
of equilibrium among the various components of the
reacting system. As the basicity of the solvent de-
creases (20) (HMPA > DMF > AN) the ability of
the cation in the system to interact with negatively
charged components of the reaction system increases;
thus, it appears that the negatively charged complex
8204~ is most stable in AN where it can most strongly
interact with the cation, in this case, TEA*,

The electroreduction of SO; was also studied in 0.1
mol dm~—3 solutions of LiClO; and NaClO4 using each
of the three solvents. In these electrolytes, the ex-
perimental results are complicated by the apparent
kinetically limited reduction in HMPA and extremely
strong adsorption of product in AN. Because of these
complications, very few conclusions regarding the
effect of solvent on the reaction mechanism could be
reached. Perhaps the most revealing results are the
data obtained by pulse polarography recorded using a
negative sweep with 0.1 mol dm—3 LiClO4 electrolyte
(Fig. 11). From these curves it is concluded that the
formation of dithionite is the major follow-on reac-
tion in AN and DMF. In HMPA (Fig. 11) the slope of
the log (i/iq — i) plot is much larger (~ 91 mV per
decade) and the half-wave potential is considerably
more positive than that measured using d-c polarog-
raphy. It is suggested that this behavior is the result
of a kinetic limitation of the reduction of SO; in this
system.

The very strong product adsorption that occurs in
AN leads to some curious results, In LiClO4 or NaClO4
solutions, it is not possible to record a d-c polaro-
gram because the electrode becomes blocked by the
adsorbed product. As shown in Fig. 12, the normal
pulse polarogram recorded in 0.1 mol dm—3 solution
of LiClO4 in AN using an anodic sweep also shows
dramatically the effects of adsorption. In this case a
large adsorption peak is observed at very positive
potentials rather than the normal oxidation waves
seen when HMPA or DMF are used as the solvent
(Fig. 12). This gives the normal pulse polarogram a
very unusual appearance.

Conclusions
These studies have indicated that the choice of
solvent and electrolyte has a major effect on the
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Fig. 11. Plots of log (i/ia — i) against electrode potential on
the basis of pulse polarographic data for the electroreduction of
SO> in various solvents as indicated containing 0.1 mol dm—3
LiClO4.
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Fig. 12. Pulse polarogram for the oxidation of the reduction
products of 10=23 mol dm—3 SO; in various solvents as indicated
containing 0.1 mol dm—3 LiClO4.

mechanism of reduction of sulfur dioxide in nonaque-
ous media. The influence of solvent and electrolyte
on the reaction mechanism can be interpreted in
terms of ion pairing in the system.

In DMF solution, it has been shown that, in solu-
tions containing a large cation such as TEA+ which
leads to relatively weak ion-pairing, the reduction

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

November 1981

process proceeds via the free radical complex SyO4—
during the initial stages of electrolysis. When a small
cation such as Lit is used, on the other hand,
dithionite is formed directly by dimerization of the
primary reduction product SO;~. In addition, it has
been shown that the stability of S;04~ decreases with
increasing basicity of the solvent.

Manuscript submitted Feb. 9, 1981; revised manu-
script received May 29, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by the
Defence Research Establishment Ottawa. This article
was issued as DREO Report No. 849.
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Electrocatalysis for Chlorine Electrode Reaction
on RuO. Electrode in NaAICIl, Melt

I. Uchida,* H. Urushibata, and S. Toshima
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ABSTRACT

In molten AlCl3-NaCl with near equimolar compositions, electrocatalysis
of the chlorine electrode reaction (2C1- = Cl; + 2e~) on RuO; electrodes has
been investigated at 175°C. Melt-stable RuO; electrodes were prepared by a
thermal decomposition method on semiconductive SnO. films deposited on
Pyrex substrates. Tafel relationships for chlorine evolution and reduction were
studied as functions of pCl(= —log ac)-) and partial pressure of Cl;, and
several kinetic parameters including reaction orders with respect to C1— and
Cl; were determined. The mechanistic analysis based on the theoretical kinetic
derivatives revealed that the chlorine electrode reaction on RuO: obeys a
Volmer-Tafel type mechanism under the activated Temkin condition: Cl— =
Clag + e~ (fast), Clag + Clag @ Cly (slow). The exchange current density at
the standard condition (pCl = 1.1, P¢j, = 1 atm) was 132 * 22 uA/cm?2, and
this figure was found to be 15-20 times larger than that on glassy carbon
electrodes. The difference of this electrocatalytic activity was ascribed to the
mechanistic difference between the two electrode materials and not to the
difference of electrode roughness. Capacity data to check this viewpoint were

also presented.

Electrocatalysis of the chlorine electrode reaction in
molten salt systems is of special interest from the
viewpoint of developing molten salt batteries and
electrolytic metal winning processes. The only anode
material available so far is carbon, which is not suf-
ficiently stable in chloroaluminate melts, showing con-
siderable swelling and disintegration (1, 2). In previ-
ous works (3, 4), we have shown that Sb-doped tin
oxide acts as stable working electrodes for chlorine
evolution. Highly doped SnO; having carrier densities
of the order of 102 cm—2% behaves as an electron-
tunneling electrode which allows the electron to pass
through the space charge layer formed at the semi-
conductor/melt interface (5). The comparative study
carried out on SnO; and glassy carbon (GC) electrodes
showed that the polarization behavior for chlorine
evolution on SnO; increasingly approached that on
GC with increasing carrier density (4). In this case,
however, electrocatalytic activity would not be ex-
pected for SnO; electrodes because the electron tun-
neling process governs the chlorine evolution. Con-
sidering that SnO; can be utilized as a catalyst sup-
port and a current collector, we have proposed the
possibility of developing DSA-type, SnO:-based elec-
trocatalysts usable in melts by applying the oxide-
1c)oating techniques employed in the production of

SA.

DSA-type electrodes used for the electrolysis of
brine have a multilayer structure consisting of the
upper layer of electrocatalyzers such as RuO; and
the intermediate layer of titanium dioxide acting as
the catalyst support which is formed on the under-
lying titanium substrate (6), and their physicochemi-
cal properties and electrochemical behavior have been
studied extensively (7-12). Specially for chlorine
evolution, a number of studies have been carried out
with various electrochemical techniques (13-17).
Iwakura et al. studied the reaction mechanism and
catalytic activity for chlorine evolution on several
kinds of metal oxides (RuOz, IrOs, MnO; etc.) on the
basis of crystal field theory (18, 19). Kazarinov et al.
reported the double layer structure on Ru-Ti oxide
anodes in various electrolyte solutions (20), and Roli-
son et al. investigated the electrochemical behavior of

* Electrochemical Society Active Member.
Key words: fused salts, Tafel slope, electrocatalysis, anode.

RuO, electrodes in organic solvents (21). Although
there are so many works concerning ruthenium oxide
anodes, no workers have reported the electrocatalytic
effect of ruthenium oxide on chlorine evolution in
molten salt systems.

One of the problems for the use of so-called DSA-
type anodes in chloride melts is the instability of Ti
substrates. If the oxide anode has a pinhole or a crack
and Ti metal comes into contact with melt, anodic
dissolution of Ti will take place vigorously. To avoid
this problem, ruthenium oxide used in this work was
prepared on SnO, films on Pyrex substrates. With
the electrodes thus prepared, we examined the elec-
trocatalytic effect for chlorine evolution and the re-
duction in this melt system at 175°C and carried out
the mechanistic study using kinetic parameters col-
lected under various conditions. In comparison with
the kinetic behavior of the chlorine electrode reac-
tion on glassy carbon electrodes in the same melt
system (22), the salient feature of ruthenium oxide
as the electrocatalyzer has been demonstrated.

Experimental

Melt preparation.—The AR grade NaCl and AICI;
which was rendered iron free by sublimation were
mixed under a dry nitrogen atmosphere. After melt-
ing the mixture, a sequence of purification procedures
(HCI gas treatment, Al displacement, and preelectrol-
ysis) was performed as described previously (23, 24).

Electrodes—Ruthenium oxide was prepared on Sb-
doped tin oxide films with thermal decomposition of
RuCls. The SnO; films were prepared on rectangular
Pyrex glass plates by a spray method using tin(IV)
chloride solution containing 5 mol percent (m/o)
SbCl; (23). A dilute n-propanol solution of RuCls -
3H,O (0.02M) was applied to the thin SnO; film by
the dip coating method, and then the liquid film of
RuCl; on the SnO; substrate was dried in an oven
at 120°C for 30 min and heated in air at 500°C for
20 min. This procedure was repeated 20 times to
attain uniform coating of the oxide film, and finally
the electrode thus prepared was annealed for 10 hr at
500°C in air.

Visual inspection showed that the SnO; film was
covered with a blue-black, compact layer with satis-
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factory uniformity. SEM observation revealed a pore-
free structure, and x-ray analysis showed the presence
of all the principal RuOg peaks in comparison with
those of ASTM cards (File No. 21-1171). The under-
lying SnO; film acts as a catalyst support as well as
a current collector. The adhesion of RuO; to SnO; was
proved quite satisfactory. No damage was observed
when the electrode was subjected to gentle scraping
or thermal shocks.

The electrical contact with the electrode was made
through a gold layer which was printed on the SnO»
film by using a gold paint (C-5040, Sumitomo Mining
Company). The unnecessary part of the oxide surface
and the gold contact were insulated with a thick layer
of Teflon coating (30-J, Mitsui Fluorochemical Com-
pany). These techniques were described in previous
paper (23). Details of the electrode construction are
shown in Fig. 1. Hereafter this type of electrode is
called the SnOs-based RuO; electrode.

Prior to experiments, the electrode surface was
slightly polished with fine alumina powder (0.3 um,
Buehler Limited) and degreased with a methanol solu-
tion of NaOH. Then, it was soaked in a mixed acid
of concentrated HNO3z and HoSO4 for 1 hr and washed
thoroughly with distilled water. After the above. sur-
face conditioning, the electrode was dried in an oven
(120°C) for 12 hr.

Glassy carbon electrodes (GC) were sealed into
Pyrex tubes as described previously (25). Their sur-
face conditioning was similar to that of the RuO;
electrode. The counterelectrode was a W sheet with a
large area.

Two types of reference electrodes, whose construc-
tions were described previously (22), were used: the
Al reference electrode confined in a Pyrex bulb (mem-
brane type) and the chlorine electrode on a large area
GC rod under an atmospheric pressure of chlorine (gas
electrode type). The melt composition of the refer-
ence room was an NaCl-saturated NaAlCl, melt. All
the potentials quoted without description are given
with respect to the gas electrode.

Apparatus and procedures.—Experiments were per-
formed in a Pyrex vessel at 175°C. The electrochemical
cell assembly equipped with gas delivering systems
(N3 and Cly) and a temperature control system were
essentially the same as that in previous works (22,

\/J
<
Fig. 1. Electrode construction of the SnO2-based RuO2 electrode.

a, Au lead; b, printed Au layer; ¢, Pyrex; d, SnO2-based RuO:
covered with Teflon; e, SnO2-based RuQ2 electrode surface.
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23). Nitrogen gas was rendered oxygen free by pass-
ing it through heated copper fibers and drying it with
anhydrous Mg(ClO4)s and POs. Chlorine gas was
dried by passing it through concentrated H,SO4 and
anhydrous Mg (ClO4)9. The gas delivering system had
a gas mixing chamber where Ny and Cl; were mixed
at a desired ratio. The gas mixture was blown into
the melt for 1 hr and allowed to flow over the melt
during the experiments. The gases sampled from the
mixing chamber were subjected to iodometry for
determination of the partial pressure of chlorine (22).

The concentration of chloride ion depends on the
melt composition (NaCl 4 AlCl3). At the equimolar
composition, chloride ion activity determined by the
acid-base equilibrium of Eq. [3] is 10—25¢ (—log
aci— = 2.54 = pCl) (29). The highest activity of Cl1—
(pCl = 1.1) is attained in the melt saturated with
NaCl (49.75 m/o AlCl3) which is used as the standard
state in this melt (29). All the measurements carried
out in this work were, therefore, started with this
standard condition, and then pCl was changed by
partial electrolysis. Part of chloride ion in the cell
compartment which was separated from a counter-
electrode with a fritted disk was removed coulo-
metrically by chlorine evolution, and the exact pCl
value was determined from the shift of chlorine elec-
trode potential. The use of the off-gas reaction to
change pCl and of the gas electrode as a pCl indica-
tor electrode were described previously (22).

Measurements of voltammograms and differential
capacities were carried out as described previously
(22-24). For measurements of Tafel relationships, a
logarithmic amplifier (Philbrick Nexas, 4350) was
used for curve tracing. Tafel plots were always started
from the rest potentials with a scan rate of 1 mV/sec
and were recorded on an X-Y recorder (Watanabe
Denki, WX 4401).

Results and Discussion

Electrode roughness.—Many workers observed large
background current levels of the order of several
mA/cm? in aqueous systems with their RuO, electrodes
prepared on Ti substrate (8-12), ascribing the
anomaly to electrode roughness. The surface roughness
is an important factor in calculation of the exchange
current density, which is a measure of the electro-
catalytic activity to be examined in this study. In
order to check the roughness of our RuO: electrodes
prepared on SnO;, the differential capacity and back-
ground cyclic voltammograms were measured and
compared with those of metal electrodes as shown in
Fig. 2 and 3. The anodic limit of the melt is chlorine
evolution taking place at potentials positive to ca.
2.1V wvs. Al, and we have the double layer region at
less noble potentials. The capacity value of the SnOs-
based RuO; electrode in the double layer region was
25-30 uF/cm?2 on the basis of geometric area, which is
comparable to those of Pt and W electrodes, while
the GC showed large discrepancy. Fellner et al. re-
ported that the double layer capacity on Hg electrodes
in the melt at 160°C is 14-20 xF/cm?2 at a potential
range from 0.1 td 0.7V vs. Al (26). Adopting Fellners’
value as a true capacity of the double layer, we may
conclude that the roughness factor of our RuO; elec-
trode is 1.5-2.0, while that of GC is 6-8. This feature
was confirmed by the background voltammograms
shown in Fig. 3.

The background current levels for GC observed in
the double layer region were several times as large
as those for the RuO; electrode, whereas the anodic
current due to chlorine evolution increased more
rapidly on the RuQ; electrode. than on GC despite its
lower roughness, indicating the marked catalytic ac-
tivity of the RuO; electrode. It is widely accepted that
the roughness of Ti-supported RuO; electrodes largely
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Fig. 2. Capacity vs. potential curves for different electrode ma-
terials in the melt of pCl = 1.1 at f = 1 kHz. g, GC; b, W; ¢,
Pt; d, SnOz-based RuOo.

depends on coating methods and annealing conditions
(7-12). The estimated values of their roughness factor
show large scattering; below 10 (21) and 8-20 (10)
for compact RuO: electrodes and 60-200 (10) and
above 200 (9) for porous RuO; electrodes. Rolison
et al. prepared Ti-supported RuO, electrodes with low
roughness factors below 10 and observed low back-
ground current levels less than 100 uwA/cm?2 (21),
which are comparable to the background -current
levels obtained in this work. Similarly low current
levels were also observed in aqueous solutions with
SnO;-based RuO; electrodes (27). All the evidence col-
lected with SEM observation, capacity measurements,
and background voltammograms, therefore, indicates

e
0
2
Oh
12 14 16 18 20 22
E/V s Al
Fig. 3. Background cyclic traces in the melt of pCl = 1.1 at

v ? 50 mV sec—1, (a) SnOz-based RuOy electrode, (b) GC elec-
trode.
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that the real surface area of our RuO; electrode is
not considerably different from the geometric area, the
ratio of the real to the geometric area being estimated
to be two at most. The causes of the low roughness
can be attributed partly to the optically flat surface of
the Pyrex substrate, the use of dilute coating solutions
(0.02M RuCl;3), and the relatively long annealing
time (10 hr at 500°C).

Comparison of Tafel plots between SnOjz-based
RuO2 and GC electrodes—Figure 4 shows the Tafel
plots for chlorine evolution and reduction in the melt
of pCl = 1.1 on (a) GC and (b) RuO; electrodes. At
low overpotentials chlorine evolves from free chloride
ions whose activity is specified by the pCl value, and
the current plateau is ascribed to the diffusion process
of Cl— (28), because the limiting value depends on
pCl, irrespective of electrode materials. The cath-
odic limiting current is due to the diffusion of Cly
(22), depending on the partial pressure of Cls.

There are two overall reactions concerning chlorine
evolution

Clp + 2e~ = 2Cl1— [1]

2A1,Cl;~ 4 Clp + 2e~ = 4A1Cl [2]

The standard potential of reaction [2] is located at
0.62V positive to the potential of reaction [1] (pCl =
1.1, pciy = 1 atm) according to the thermodynamic
calculation using the equilibrium constant (K = 1.06
X 10~7) of the following acid-base reaction (29)

2AI1CL~ = ALCl;~ + Cl— [3]

In the present study, we are concerned with reaction
[1], which is the primary reaction taking place at low
pCl and low overpotentials.

The polarization behavior obtained during reverse
scanning is not shown in Fig. 4 for simplicity. Deep
scanning (n ~ 500 mV) resulted in so-called hysteresis
curves and subsequent scanning showed different
results. However, those changes in the polarization
easily recovered to the original one by agitating the
bulk melt, and irreversible changes indicating surface
degradation were not observed. The hysteresis effect
is ascribed to the change in pCl at the electrode sur-
face.

The chlorine evolution on semiconductive SnO,
electrodes is less reversible than that on GC as re-
ported previously (4). Hence, the reversible be-

] ~4 -3 -2
log(i/Acm?)
Fig. 4. Comparison of Tafel plots between SnOz-based RuO: and
GC electrodes in the melt of pCl = 1.1 under an atmospheric

pressure of Clz. (a) GC electrode, (b) SnOs-based RuOz electrode,
(c) curve (b) corrected for concentration overvoltages.
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havior of curve (b) is obviously ascribed to the ac-
tivity of the electrocatalyzer prepared on SnQO,. Be-
cause of the improved reversibility, the Tafel region
of the RuO; electrode is narrow and largely curved,
showing a great participation of the diffusion process.
In order to obtain kinetic parameters, the concentra-
tion overvoltage was corrected with the conventional
method described by Vetter (30). The dotted line in
Fig. 4 shows the corrected Tafel plots. The anodic
(b+) and cathodic (b-) Tafel slopes were 72 =+ 8
and —105 = 8 mV/decade, respectively, and the ex-
change current density (i,) based on the geometric
area was 132 = 22 uA/cm? for several experiments.
The i, value on GC was 8.9 xA/cm? based on the geo-
metric area, being in good agreement with the previous
result, 8.6 = 0.8 uA/cm? (22). Comparing the two io’s
it is seen that the former value is 15 times larger
than the latter value, or more if taking into account
the higher roughness of GC electrodes. The electro-
catalytic activity of the RuO; electrode is therefore
quite noticeable,

The reaction mechanism on RuO: electrode.—For
the overall reaction [1], the following elementary re-
actions have been proposed (1, 22,31-33)

overall
2Cl~ = Clz + 2e~
Clm =Clag + e~ [4]
Clagga 4+ Cl- =Clp 4+ e~ [5]
Clag + Clag = Clp [6]

Using the stoichiometric number (,) defined by re-
action [7], one can specify possible combinations of
the above elementary reactions

. nFi, (%?) o

RT

Near-equilibrium polarization behavior (i vs. E) ob-
tained in the melt of pCl = 1.1 is shown in Fig. 5, the
so-called polarization resistance, (aE/ai)E_w, being

easily determined. The p value calculated from the
i, and the n (= 2) values was 0.94, being close to
unity. Therefore, the reaction mechanisms correspond-
ing to the fact that » = 1 are three combinations of
them

401

i ILACm?

‘6(% i

E/mV

Fig. 5. Micropolarization behavior of $nOg-based RuOz electrode
in the melt of pCl = 1.1 under Pcj, = 1 atm.
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(A) fast, reaction [4] + slow, reaction [5]
(B) fast, reaction [4] -+ slow, reaction [6]
(C) fast, reaction [5] 4 slow, reaction [4]

The rate equations for the above reaction schemes
have to involve some adsorption isotherm which the
adsorbed intermediate obeys. Langmuir, nonactivated
Temkin, and activated Temkin isotherms are applied in
formulating the rate equations, and then the theoretical
kinetic parameters are subjected to comparison with
the experimental values to determine which reaction
scheme is the most probable. Mechanistic analysis based
only on Tafel slopes, however, would fail in the deter-
mination because some of the isotherms yield the same
Tafel slope for the different schemes. In connection
with this, kinetic analyses based on reaction orders are
quite informative. In a previous study (22), the re-
action orders with respect to Cl- and Cly played de-
cisive roles in determining the reaction mechanism of
chlorine electrode reaction on GC electrode in the
melt,

Figures 6 and 7 show the dependence of Tafel plots
on pCl and Pcj, (partial pressure of Cly), where the
concentration overvoltages are corrected for each plot.
Cathodic Tafel plots showed slightly curved features
which were presumably due to experimental uncer-
tainty of the cathodic diffusion current (iq.). The cor-
rection term (1 — i/ig;) is very sensitive to the ig.
value because available i values are limited only to one
order range below the i4.. Using those data, we can
obtain six kinetic parameters; three reaction orders of
10, 12y and i, with respect to Cl1—, and also similar three
parameters with respect to Cl,. The former three pa-
rameters were calculated from Fig. 8, where anodic
current values (i,) at E = 0.105V, cathodic current
values (i.) at E = —0.030V, and i, values are plotted
against —pCl (=logaci—-) at a constant Pci, (=1
atm). The latter ones were obtained from Fig. 9
where i, and i, at E = =0.080V and i, were plotted
against partial pressures of Clp at a constant pCl
(= 1.1). The reaction orders thus collected are sum-
marized in Table I.
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Fig. 6. pCl dependence of Tafel plot for chlorine electrode on
SnO:z-based RuOz in NaAICly melts under an atmospheric pressure

of Clz at 175°C. () pCl = 1.1, (@) pCl = 1.58, (m) pCl =
178, (A) pCl = 2.02.
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Fig. 8. pCl dependence of current (i) under a constant Pcj, (= 1
atm). a, Anodic current densities at E = 105 mV; b, cathodic cur-
rent densities at E = —30 mV; ¢, exchange current densities.

The data shown in Table I were inspected first from
the viewpoint of the i, derivatives, which must be
the most reliable parameters because their definition
does not involve any arbitrary choice of electrode po-
tential. The theoretical i, derivatives with respect to
pCl and Pcj, are tabulated in Table II for the mecha-
nism (A), (B), and (C) with the three adsorption

Table 1. Experimental reaction orders with respect to Ci— and
Clz on a RuO; electrode in NgAICly melt at 175°C

(0 log i0/d log acr)rc,z 0
(0 log i0/9 log Pc1y)po1 0.6
(9 log ia/d log ac1-) e, Peiy 1.2
(9 1og ic/0 log aci-) &, pg,, =11
(9 10g ia/d log Pciy) k. o1 0
(0 10g ic/3 log Pci,)E. »ci 1.0
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Fig. 9. Pc1, dependence of current (i) at a constant pCl (= 1.1).
a, Anodic current densities at E = 80 mV; b, cathodic current
densities at E = —80 mV; ¢, exchange current densities.

isotherms. The table was constructed on the bases of
our calculations described previously (22) and litera-
ture (34). Since the experimental i, derivatives are 0
with respect to Cl— and 0.6 with respect to Cl, it is
seen at first glance that mechanism (B) under the
activated Temkin isotherm is the most probable
scheme.

The validity of the Temkin condition can be seen
in the anodic and cathodic reaction orders with re-
spect to Cl—. Table III shows both theoretical reac-
tion orders for mechanism (B) with the different iso-
therms (22, 35). Apparently, only the activated Temkin
isotherm gives a tendency consistent with the results
shown in Table I. This mechanistic conclusion was
also confirmed by comparison between the theoretical
and experimental reaction orders with respect to Cl.
As shown in Table IV, the former values for the anodic
and cathodic processes are 0 and 1, being in excellent
agreement with the experimental values.

For mechanism (B) under activated Temkin con-
dition, the following rate equation is derived (22, 36),
assuming a quasi-equilibrium state for the fast pro-
cess, reaction [4]

ks
fast, Cl- = Clag + e~
k-4

ks
Clag + Clag 2 Clp
k-s
i= 2er(K4)2(l_B)ac1-‘2(l_B) exp [2(1 — ﬂ)fE]
—2Fk -¢(K4) ~28ac|— ~2Pcjy exp (—28fE) [81

where Ky = ki/k—4, f = F/RT, g is the symmetric
factor of the adsorption process, and E is the potential
difference from the reference electrode. Neglecting the
backward reaction, we obtain Tafel relationships
for the anodic and cathodic processes

Ini, = In (2Fkg) 4 2(1 — B) In (Ky)

+2(1—8)In (ec-) +2(1 - B)FE [9]
Ini, =1n (2Fk_5) — 281n (Ky)

—281In (aci~) + In (Pc) — 26fE [10]

The kinetic derivatives shown in Table IV are easily
obtained from reactions [9] and [10]. Some of the
reaction orders involve the parameter g, which is usu-

slow,
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Table 11. The theoretical reaction orders (i, derivatives) with respect to CI— and Cly in the chlorine electrode reaction

Langmuir
Nonactivated Activated
Q=0 9=1 Temkin Temkin
Mechanism x Y x Y x Yy x Yy
(A) 0.5 0.75 0.5 0.25 0.5 0.75 0.5 0.5
(B) 0 1 0 0 0 28 0 0.5
(C) 0.5 0.25 5 -0.25 0.5 0.25 5 0

In calculations, symmetry factor of electron transfer step (a) and adsorption step (8) were assumed as 0.5. x =

a01")Pg, ¥ = (0 log i0/3 log Poig)sci.

Table I1l. The theoretical reaction orders with respect to Cl— for
mechanism (B) under different adsorption isotherms

Langmuir Nonacti- Acti-
vated vated
Reaction order 6=0 0=1 Temkin Temxin*
(9 log ia/9 log aci-) &, Pg1y 2 0 2 I
(9 log ic/d log aci-) =, Peiy [ -2 [} -1

*8 =05

Table 1V. Theoretical Tafel slopes and reaction orders for
mechanism (B) under activated Temkin condition

(0 log i0/5 log m::x-}Pm2 0

(8 108 i0/0 log Po1,)pc1 1-8

(8 log ia/d log aci-) k. Pg, 2(1 ~ B8)

(9 log ic/d log aci) £ £y, —28

(9 log ia/3 log Pciy) s, o1 0

(8 log ic/d log Pei,) B w1 1

(3E/d log ia) 121 - p)f*
(9E/d log ic) —1/28f"

* f' = F/23RT.

ally regarded as 0.5 as assumed in the foregoing sec-
tions, Thus the g value, which can be calculated with
the data shown in Table I, may be used to evaluate
the consistency of our conclusion. The calculated g
was 0.4 from the i, derivative, and 0.4 and 0.55
from the reaction orders with respect to Cl—. Using
the average value of 8 (= 0.45), we can also calculate
the theoretical Tafel slopes; b+ = 80.9 mV and b~ =
—98.9 mV, being in good agreement with the ex-
perimental results (b+ = 72 = 8 mV and b- = —105
=+ 8 mV). Thus there is no inconsistency in our mech-
anistic analysis.

The polarization behavior of the RuO: electrode
shown in Fig. 4 is again represented in a different
manner, taking into account the presented reaction
mechanism. The rate equation [8] can be rewritten
as follows

i/[1 — exp (—2fn)] =ioexp [2(1 — g)fn] [11]

where 7 is the overvoltage, In this case the reference
electrode is the reversible chlorine electrode (pCl =
1.1, Pci, = 1 atm), hence n = E for the condition of
Fig. 4. Since the backward reaction is not omitted in
reaction [11], the plot of log {i/[1 — exp (—2fn)1} vs.
n describes the polarization behavior corrected for
the backward reaction rate over a broad range of
current density (37) and gives a straight line with
the slope of 2(1 — B)F/23RT. Figure 10 shows this
relationship in a potential range where the concentra-
tion overvoltage can be negligible. The g value

(8 log i0/d log

(= 0.45) obtained from the slope and the i, value
at n = 0 again coincided with the above values.
Consequently, the chlorine electrode reaction on
RuO; in NaAlCly; melt with near equimolar composi-
tions occurs according to a Volmer-Tafel mechanism,
where the Tafel reaction (atom-atom recombination)
is a rate-determining step for both anodic and cath-
odic reactions. This mechanism is in contrast with
that ecn GC, which obeys a Volmer-Heyrovsky type
mechanism involving the Heyrovsky reaction (atom-
ion recombination) as a rate-determining step, i.e.,
mechanism (A) as revealed previously (22). Mecha-
nisms (A), (B), and (C) are analogous to the
mechanism of hydrogen electrode in aqueous systems.
It is widely accepted that in acidic solutions the hy-
drogen evolution on highly catalytic substrates such
as Pt obeys the Volmer-Tafel mechanism, while the
Volmer-Heyrovsky mechanism prevails on other met-
als such as Au and Ni, giving smaller exchange cur-
rent densities (38). Similar kinetic correlation seems
to be applied to chlorine evolution in aqueous systems.
Several authors suggested that the rate-determining
step of the chlorine evolution is the Tafel reaction on
RuO; electrodes (6, 16, 39) and the Heyrovsky reaction
on vitreous (39) and graphite electrodes (40). The
electrocatalytic activity of RuOs electrodes in the
melt, which is associated with the Tafel reaction, may
be understandable from this phenomenological aspect.

Conclusions

Ruthenium oxide electrodes have a noticeable elec-
trocatalytic effect on the chlorine electrode reaction in
molten NaAlCl,. The exchange current density at the
standard conditions (pCl = 1.1, Pc, = 1 atm, at
175°C) is 132 = 22 uA/cm?, while the corresponding i,
on GC is 89 pA/cm2 The chlorine evolution obeys
a Volmer-Tafel type mechanism under the activated
Temkin condition

Cl~= == Clyg b0~ (fast)
Clag + Clag=2Cly (slow)
lg _3'0_ = T T T T T
<
E »
:g- -3.5¢ /./u/ B
= -
() —°
! o -
= -40F 8 4
= |t
o

|
»
(9]
7
|

. oo L " |
-10 0 10 20 30
n/mVv
Fig. 10. Polarization behavior of SnOs-based RuOs electrode
corresponding to the data of Fig. 4. The data were plotted accard-
ing to Eq. [11].
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The rate-determining step is the combination (Tafel)
reaction. The chlorine reduction also obeys the same
mechanism in the reverse direction.
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Electrochemical Photovoltaic Cells Based

on n-GaAs in Propylene Carbonate

M. E. Langmuir,* P. Hoenig, and R. D. Rauh*
EIC Laboratories, Incorporated, Newton, Massachusetts 02158

ABSTRACT

Electrochemical photovoltaic cells (EPC’s) have been characterized based
on n-GaAs and propylene carbonate electrolytes. Photovoltages are limited to
~0.7V due to electrode corrosion and lack of specific adsorption by the redox
systems studied. Polarization of photo and counterelectrodes, resulting from
low redox solubilities and electrolyte conductivities, are responsible for lower
fill factors and short-circuit photocurrents for nonaqueous compared to aque~
ous EPC’s. Potentially, these losses can be offset by higher voltages and long-
term stabilities, particularly if specifically adsorbing redox couples can be

found.

Nonaqueous electrolytes hold the promise of en-
hancing long-term stability in electrochemical photo-
voltaic cells (EPC’s). In this paper we characterize

* Electrochemical Society Active Member.
Key words: photoelectrochemistry, propylene carbonate, gal-
lium arsenide.

n-GaAs, propylene carbonate (PC) based EPC’s with
regard to limitations on photovoltage and photocur-
rent.

Propylene carbonate has been chosen as a represen-
tative solvent for its wide anodic and cathodic stability
range, and because we have established procedures for
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its effective drying and purification (1). In addition,
PC supports a stable Lit/Li reference electrode (2)
which is simple to use and which can be employed
without danger of solution contamination. We note,
however, that the low conductivity of PC electrolytes
(relative to HoO) probably prevents its use in practical
devices as currently conceptualized. Nevertheless, the
aspects of photoelectrochemical operation discovered
in PC can be generalized to other nonaqueous systems.
We will first ask: What are the limits to the photo-
voltage in such a cell? In the ideal two-electrode EPC,
the counterelectrode senses the rest potential of the
solution and is thus equivalent t0 Vieqox. The photo-
electrode has a maximum onset voltage corresponding
to its flatband potential, Vg, leading to the relation

Voe = Vrs — Vredox [1]

This simple relation is fundamental to EPC opera-
tion. The relation is meaningless, however, if the redox
couple in the cell is not oxidized or reduced by the
photoelectrode so as to stabilize it against photocorro-
sion. Thus, we further specify the limiting photovolt-
age in a stable cell by

Voe (max) = Vrp — Ve [2]

where V. is the anodic or cathodic corrosion potential
of the photoanode or photocathode, respectively. One
of the potential advantages of nonaqueous solvents is
to allow the maximization of Eq. [1] through the max-
imization of Eq. [2] assuming that corrosion reactions
are rendered more difficult than in H,O.

Two factors appear to complicate the use of Eq. [1]
as a simple predictor for cell design. The first is that
Ve is influenced by the redox couple when specific
adsorption occurs. For example, in the aqueous-based
CdX/X,~2 X~2cells (X = S, Se, or Te), Vg is shifted
negative by such adsorption (3). Most documented
cases of this kind of influence on Vg occur in protic
media due to acid-base equilibria involving surface
OH or XH groups (4). Thus, we might be able to test
Eq. [1] in aprotic media like PC without this addi-
tional variable.

The other complicating factor involves the observa-
tion that half-cell photovoltages equivalent to Vg are
often unattainable. In solid-state Schottky barrier de-
vices, this is often ascribed to the intermediacy of
“surface states” (5). The latter may be viewed as sur-
face-bound redox centers which act as very efficient
captors of electrons or holes. As a result, such centers
“pin” the Fermi level, thus restricting the photovolt-
age. It may be possible to modify, chemically, such
states. Improvements in cell operation due to certain
semiconductor etching treatment, oxidation, hydro-
genation, or treatment with Ru*3 have been ascribed
to such surface-state modification (6-9). Recent ob-
servations by Wrighton, Bard and co-workers suggest
Fermi level pinning at some semiconductor liquid
junctions (10).

The other major question regarding cell operation
concerns the factors which influence the photocurrent.
The effects on photocurrent yields of redox potential,
interaction of the electrolyte with the electrode sur-
face states, and the doping, orientation, and crystalline
quality of the photoelectrode are little understood.
Surface states can, for example, influence the voltage
onset and sharpness of the rise of photocurrent-voltage
curves. Recombination via the surface has been used
to explain the so-called “foot problem” in EPC i-V
curves, characteristic of inefficient electrodes with low
fill factor (3, 11).

Experimental

Materials preparation and handling.—Several differ-
ent redox couples were employed in this study. Acetyl
ferrocene (acFc), ferrocene (Fc¢), and NN’-tetra-
methyl-p-phenylenediamine (TMPD) were sublimed
before use. Iy was also sublimed in vacuo before use.
Both KI and tetrabutylammonium bromide (Eastman)

November 1981

were dried in vacuo over P;Os;. Bromine (Ventron,
ultrapure) was used as received. The propylene car-
bonate (PC), LiAsFg electrolyte preparation and puri-
fication were described previously (1).

All manipulations were carried out in an Ar-filled
glove box containing <10 ppm H,O. The acFc*, Fe+,
and TMPD+ were produced by electrolysis of acFe,
Fc, and TMPD solutions at constant current. Concen-
trations were verified spectrophotometrically.

Electrochemical cell and reference electrode.—Most
experiments were carried out in a demountable thin
layer photoelectrochemical research cell shown in Fig.
1. The cell has a liquid path length of ~0.4 mm.
Irradiation occurs through an optically transparent
electrode of tin oxide (NESA) or indium-tin oxide
(NESATRON).

The electrodes are mounted in a Macor machinable
glass block, Filling was carried out in the glove box
(<10 ppm H.0, Ar atmosphere) through the holes
containing the demountable Pt electrodes. The photo-
electrode is provided with an ohmic contact and a Ni
lead wire and is sealed into the block using an epoxy
cement previously tested for solvent compatibility. All
the desired electrochemical and photoelectrochemical
measurements can be made in this cell. Typically, one
of the Pt electrodes served as a reference electrode,
placing Vyeqox at 0 volts in each cell.

As the supporting electrolyte in the cells was LiAsFs,
we were able to calibrate the internal reference elec-
trode vs. Lit/Li (in a separate measurement), since
PC is compatible with Li metal. The Li*/Li potential
is known vs. aqueous SCE in a variety of nonaqueous
solvents. The liquid-junction corrected value of
E°(Li+/Li) is —2.94V vs. (SCE),q in PC (12). The
potentials of some of the specific redox solutions in PC
which we have employed are listed in Table I.

Electrode materials.—All investigations were carried
out on the <100> face of an n-GaAs crystal (0.11 Q-
cm, partially Zn compensated) of 0.07 cm? area. Usually
the n-GaAs surface was etched prior to each experi-
ment according to the procedures of Kohl and Bard
(13), which produced a shiny surface with a nonuni-
form distribution of etch pits (etch A). In several ex-
periments on the effects of surface preparaticn on
n-GaAs photoelectrodes, the matte etching procedure
of Parkinson, Heller, and Miller was employed, which
produced a high area, nonreflective surface (etch B).
Etch B followed by treatment for 30 sec in a 0.01M
RuClj, 0.1M HNOj; solution is denoted as etch C.

Photoelectrochemical measurements.—Illumination
of the working electrode was achieved with a 150W
xenon lamp, the output of which was passed through a
water filter with Pyrex windows. Light intensity was
measured using an EG&G Model 450 Radiometer/

ote v

Fig. 1. Demountable thin layer photoelectrochemical research
cell. The crystal (c) is mounted in a Macor block (b), which also
contains holes (f) for filling and auxiliary wire electrodes. The
optically transparent counterelectrode (OTE) is separated by a
Teflon spacer (t), and has an Ag epoxy reinforced electrode con-
tact (a). The package is confined using Viton rubber spacers (v)
and stainless steel front and back plates (ss) with holes for elec-
trodes (e). The plates are secured with bolts and wing nuts
through the four corner holes.
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Table I. Measured redox potentials for couples in propylene

carbonate
Vredox
Couple* (vs. SCEua) **

Brz/Br- (0.01M/0.05M) +0.96
acFc+/acFe (0.007M/0.03M) +0.59
Fc+/Fe (0.007M/0.063M) +0.34
I2/1- (0.01M/0.05M) +0.16
TMPD+/TMPD  (0.01M/0.09M) —0.01
Li+/Li —2.94

* acFe: acetyl ferrocene. Fc: ferrocene. TMPD: tetramethyl-
phenylenediamine.
** Liquid junction corrected values.

Photometer at a constant distance from the source.
The cell was then always placed at that distance. The
intensity was adjusted using various neutral density
filters. Although the Xe source yields an imperfect
representation of the solar spectrum, it is a convenient
white light source and is used here to compare results
under typical broad band radiation.

Current-voltage curves were obtained with a
Wenking LT73 potentiostat. A function generator
specially designed for voltammetry provided a
linear voltage scan with a preset starting voltage and
adjustable scan rate. The current-voltage curves were
measured on an X-Y recorder,

Half-cell measurements were made with respect to
one of the Pt internal reference electrodes, using the
window OTE as the counterelectrode. For solar cell
measurements, the OTE was either shorted to the Pt
reference electrode, or was used as both the counter
and reference electrode. Both configurations gave
equivalent results.

Linear sweep voltammograms of the redox couple on
n-GaAs were obtained for different light intensities
using a Pyrex filter to eliminate the u.v. component
below 320 nm of the 150W Xe arc spectrum. The scan
rate was 20 mV/sec for all cases. The reported data
are not corrected for reflection or light absorption by
the OTE or the solution and therefore give a true pic-
ture of the efficiency of the cell operated as a solar cell.
Measurements of output stability of the solar cells
were made at the potential yielding the maximum
power on the cell’s figure of merit i-V curve,

Results and Discussion
Factors influencing the photovoltage—A typical
series of current-voltage curves are shown in’Fig. 2
for the cell

PC, 0.01M LiAsFg optically

n-GaAs | g /Fe (0.007/0.063M) transparent electrode

-0.05¢ -

Dark

0. 26mi/cn——— |
z 0,86
= 0.05} 1,5 et
2
g
3 2,5 —
0.1 ¢
0.5
TAY 1
16'61 1 1 4 ']
+0,1 0 -0.2 -0.4 -0.6 -0.8
CELL VOLTAGE (VOLTS)

Fig. 2. Current vs. voltage at various light intensities for the
photoelectrochemical cell n-GaAs (0.07 cm2)|Fct (0.007M), Fc
(0.063M), LiAsF¢(0.1M), PC/NESATRON OTE. Light source is an Xe
arc, Pyrex filter.
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In this cell, which contains a rather dilute redox elec-
trolyte, the mechanisms of current and voltage con-
trol are evident. In the dark, no anodic current flows.
However, a dark cathodic current is observed with an
onset of around —0.2V! vs, Pt/redox. The magnitude
of this current is proportional to the concentration of
oxidized species. Its onset is considerably positive of
the flatband potential of n-GaAs (see below).

The positive onset of dark current with respect to
Ve is indicative of a process involving the tunneling
of electrons from the conduction band through the
space charge region. We have measured this onset as a
function of Vyeqox. In Fig. 3, the voltage onset of dark
current (Vgarx) is plotted vs. Vieqox, both on the aque-
ous SCE scale. In the region from 0 to 41V ws. SCE,
Vaark is directly proportional to Vyedox. This result
would be consistent with a surface-state controlled
barrier potential, which would render Vg — Vriedox
independent of Viyedox. It is also possible that the dark
reaction occurs via a few metal-like areas on the
crystal surface.

Returning to Fig. 2, we see next that, on irradiation,
an anodic photocurrent is produced. The onset of
photocurrent at each intensity corresponds to the open-
circuit voltage, V,. It occurs at the voltage where
dark and photocurrents are exactly equal. Thus, the
dark current-voltage behavior of the photoelectrode is
important in determining the open-circuit voltage of
the cell. If Vg, always occurred at the same potential,
we might hope to adjust Viegox to minimize the dark
current effect. This is, however, not the case, as seen in
Fig. 3.

Even though a dark current always opposes the
photocurrent, regardless of Vyegox, cells studied here
with large separations between Vyeqox and the apparent
flatband voltage (see below) still have larger open-
circuit voltages. In Fig. 4, the open-circuit photovolt-
ages of these cells are plotted vs. Vieqox. Note that
these are photovoltages of two-electrode cells in which
the counterelectrode is the OTE. The measurements
were made at a high light intensity, where the photo-
voltage exhibits saturation, For the couples studied,
the variation of V,. at saturation is quite linear with
Vredox for any given crystal and surface preparation.
For crystals cut from the same slice, but for different
runs of the same polishing/etching regime, photovolt-
ages are reproducible to about =10%.

1 Electr 1 measur ts were made in both two- and
three-electrode configurations. For the cell featured in Fig. 2, the
counterelectrode has been shown to be more polarizable than the
n-GaAs, and due to its larger area has a negligible contribution
to the total cell polarization at the current levels employed. In

other systems where the redox reactions have kinetic limitations,
such as in Is-/I- cells, this is not always the case.

-0.8 T T T T T T
- o

-0.6 -
= @ Bry/Br- |
2 @ acFct/acFe
2-0.4fF -
vg . i
B-0.2] ®1/s .
»
2 |F ® Fc'/rc T
Eot -
= o/

~0.2 |-

THPD*/TMPD @ 7]

1 I ] 'S L
1.2 1.0 0.8 0.6 0.4 0.2 0 -0.2
Vredox VS+ SCEqq (VOLTS)

Fig. 3. Variation of voltage onset of cathodic dark current (Vqarik)
with redox potential (Vyeqox) for the half-cell n-GaAs|redox
couple, 0.1M LiAsFg, PC.
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Fig. 4. Variation of open-circuit voltage (Voc) with redox poten-
tial (Vredox) for the photoelectrochemical cell n-GaAs|redox couple,
0.1M LiAsFg, PC/NESA OTE. Illumination is 'ISOW Xe source, 55
mW/cm2.

An important point concerning photovoltages in
photoelectrochemical cells is illustrated by the case of
the Bro/Br— couple, which is an exception to the above
discussion, With Bry present, GaAs corrodes even in
the dark according to the reaction

2GaAs 4+ 3Bry; »> 2Ga*3 4 6Br— [3]

Hence, the redox couple is ineffective in stabilizing the
semiconductor. In these cases, the cell exhibits a volt-
age in the dark, approximately given by the difference
Vredox — V. This bucking voltage acts in series with
the photovoltage, which is now Veg — V.. The differ-
ence Vs — Vredox Can be made large by choosing any
redox couple, but the resulting photovoltages cannot
be related to the band bending in the photoelectrode
unless it is established that the redox couple is indeed
photoelectrochemically oxidized or reduced.

In Fig. 5, Vo and Vaarx of the semiconductor are
summarized along with Vyiedox, but with all potentials
presented on the aqueous SCE scale. It is seen that V.
under high light intensities is about —0.2V for the
n-GaAs half-cell regardless of the redox couple in
solution. This either represents the flatband potential
of n-GaAs, or is the effective potential of a surface
level which, when reduced at more negative potentials,
is totally effective in quenching the photocurrent.

Also shown in Fig. 5 are the values of V. for each
cell at the lowest light intensity used, 0.26 mW/cm2.

- Vaark  Voc(0:26 mH/en®) Vg (5 mi/cn2)
i I A P, A ;

Bry/Br-

- ( L acFc*/acFe
— 1 .\ L g \ . Fet/Fe
e il L 2 \.' 1\‘ '\V 1 13/1°

THPD* /THPD

+1.0 0.8 0.6 0.4 0.2 0 -0.2 -0.4
Vs, SCEqq (VOLTS)

Fig. 5. Diagram showing variations of Vgarx and Vo at low and
high light intensity, with redox couple potential for n-GaAs photo-
electrochemical cells in PC.
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Except for the case of Bry/Br—, these are close to the
voltage onsets of cathodic dark current. The trend is
toward a larger difference between high and low in-
tensity Vo.'s with increasingly positive Vyeqox (dis-
counting, again, Bro/Br—). The slopes dV/d(log I) in
the linear region of these plots are revealed in Table
II. In a classical photodiode, this slope is 59 mV, but in
these cells it is usually somewhat larger. This phenom-
enon has been noted recently by Sakata et al. (14) for
some other photoelectrochemical cells. They assign a
value of § to the ratio 59 mV/(dV/d(log I)). A small
value of & means that the photocurrent is effective in
overcoming the dark current, as is certainly expected
under conditions of large band bending. In general,
the onset of dark current is more likely to determine
the onset of photocurrent at low intensity. However,
the onset of photocurrent tends toward Vgg at satura-
tion. Hence, measurements made at low intensity are
more likely to show “Fermi level pinning,” since Vgaux
is proportional to Viyegox (Fig. 3).

One major issue to be resolved in these and other
n-GaAs cells is the true position of the flatband poten-
tial. Capacitance-voltage analysis obtained in the dark
indicates a flatband potential for n-GaAs in PC of
—1.1 = 0.2V wvs. SCE, in agreement with Kohl and
Bard in acetonitrile (13), although considerable fre-
quency dependence characterizes the slope of the
Mott-Schottky plots, However, other estimates of Vg
can be made by observing the intersection of dark and
light i-V curves (cf. Fig. 2) or by measuring the bias
voltage at which the instantaneous photovoltage, ob-
tained using a pulsed dye laser, is zero (Fig. 6). Both
methods give a Vg of about —0.2V vs, SCE. In addi-
tion, the plot of Vo, vs. Vriedox Shown in Fig, 4 extrap-
olates to the same value of Vyp. Comparison with
Table II indicates that, if the more positive values of
Vs are accepted, then the redox couples employed all
have potentials lying within the n-GaAs gap. If the
value of —1V is accepted, then several of the couples
lie beneath the valence bandedge, and it would be sur-
prising if they could react with photogenerated holes.

We have tested the stability of the n-GaAs cell with
all the couples and found over several hours operation
at 1 mA/cm? that only the Bro/Br— cell shows signifi-
cant degradation of photocurrent or change in elec-
trode surface morphology as determined by micro-
scopic examination. Furthermore, in all cases except
Bry/Br—, the photoelectrochemlcal oxidation of the
redox species can be observed visually at the n-GaAs
surface. Although this does not prove total stabiliza-
tion, it does indicate that hole transfer to the reduced
redox species is by far the dominant process except
with Br—. Experiments with just Br— in the electrolyte
show no vlsual evidence of Brs production at the ir-
radiated n-GaAs surface.

Therefore, the accumulated results cast doubt on the
validity of C-V measurements for predicting Vpg in
this case. It is possible that surface states accessible
only at potentials <—0.2V vs. SCE influence the ca-
pacitance at cathodic voltages, leadmg to anomalously
negative values for Vrp determined in this manner.

Photocurrents, fill factors, and cell efficiencies.—The
other important features of Fig. 2 are related to the
photocurrents. For light intensities of up to 2.5 mW/

Table 1. Variations of photovoltage with light intensity for the cell
n-GaAs | PC, redox, 0.1M LiAsFs | NESA OTE

dav/d 59 mV
Vredox (logl) = —_—
Solution (meas) (mV) dav/d(logI)
Brz/Br- (0.01/0.05M ) 0.96 50 13
acFe+/acFe (0.007/0.03M) 0.59 170 0.35
Fet/Fe (0.0607/0.063M ) 0.34 125 0.47
/1~ (0.01/0.05M) 0.16 88 0.67
TMPD+/TMPD (0. 101/0. 09M) -0.01 55 > %4
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Fig. 6. Instantaneous photovoltage as a function of electrode bias
on internal reference scale.

cm?, the photocurrents are limited by the number of
photons absorbed by the n-GaAs and thus by the num-
ber of holes produced. At the higher intensities, the
photocurrents become limited by the supply of ferro-
cene to the electrode surface. An approximation of the
steady-state diffusional current is given by Eq. [4]
(16)
1000nFCD

d

where d is the electrode separation (~0.04 cm), C is
the concentration (in mols/cm?3), and D the diffusion
coefficient. In the present case, C = 6.3 X 10—5 mols
em~—3 and 10-5 is a reasonable value for D (15). The
resulting limiting current is ~1.5 mA/cm2 Experi-
mental results of the limiting photocurrents observed
for oxidation of 0.05M I— and 0.032M acFc at n-GaAs
are plotted as a function of light intensity in Fig. 7.

i(mA/cm2?) =

[4]
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Fig. 7. Limiting photocurrent as a function of light intensity for
n-GoAs in PC, 0.1M LiAsFg, redox couple, NESA counterelectrode.
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The diffusion-limited current density in both cases is
~1.4 mA/cm?, attained at light intensities >5 mW/
cm? for these concentrations, close to that predicted by
Eq. [4].

The fill factor or “squareness” of the current-voltage
curves in the region between 0 volts and Vo is an im-
portant variable in determining cell efficiencies. As
shown in Fig. 8, contributions to the final curve arise
from polarizations at the photoelectrode and counter-
electrode, as well as from solution resistance. The
production of photocurrent is also sensitive to the effi-
ciency of light absorption and to lifetime of minority
carriers. Cells based on n-GaAs/propylene carbonate,
Fet/Fe (0.007/0.063M) have been tested in which we
have varied the counterelectrode, the concentration of
supporting electrolyte, and the surface treatment of
the n-GaAs, Some of the results are summarized in
Table III, and indicate some of the limitations of the
present system.

All cells listed in Table III exhibited diffusionally
limited currents at high light intensities. Efficiencies in
the range where currents were limited only by the hole
flux, i.e., 0-2 mW/cm? white light, were 4-8% while
efficiencies at solar intensities were <1%. Kohl and
Bard (13) have reported the same type of decrease in
efficiency with increasing intensity for n-GaAs/
acetonitrile-based systems. Short-circuit photocur-
rents were enhanced by 25-30% by employing a black
matte etched GaAs surface rather than a reflective
shiny surface. Another increase in photocurrents was
observed by decreasing the sheet resistance of the opti-
cally transparent counterelectrode. NESA glass (SnO,,
150 Q-cm) gave short-circuit currents which were
about 50% less than the more conductive, though ~20%
less transmissive, NESATRON (SnO; - InsO3—,, 5 Q-
cm). Fill factors and efficiencies were also enhanced in
the NESATRON cells, despite a reduction in voltage
which may relate to NESATRON’s higher optical ab-
sorption. An attempt to decrease the surface recombi-
nation velocity by adsorbing Ru+?2 on the n-GaAs sur-
face proved unsuccessful (surface treatment C, in the
table). In the original work by Heller and co-workers,
a pretreatment in Se—2/Se,~2 aqueous electrolyte was
employed (6, 7). We have demonstrated in other work
that such pretreatment is also necessary for observa-
tion of the Ru+3 effect in nonaqueous electrolytes (17).

At high light intensity, concentration polarization
develops for all these cells over the first minute of cell
operation. This effect is demonstrated in Fig. 9 for a
cell based on 0.007M Fc*, 0.063M Fec, and is due, at
least in part, to the limiting concentration of Fc achiev-
able in PC. The wavelength of the incoming light has a
significant effect on the cell efficiency. This is due to
the wavelength dependence on solution and semicon-
ductor absorbances, as well as that of photocurrent
production due to differences in light penetration
depth into the semiconductor. For the GaAs cell, sev-

Table I11. Effects of n-GaAs surface treatments on performance
of the EPC n-GaAs|Fc * (0.007M), Fe(0.053M), LiAsFg(0.1M),
PC|NESA OTE. Figures in parentheses are for NESATRON OTE.

Source intensity (mW/cm?2)
(150W Xe arc, 300-1200 nm)

0.9 6.7 53

Etch A

Voe (V) 0.53 0.55 0.59

isc (MA/cm?) 0.17 1.7 17

Pmax (mMW/cm?) 0.04 0.23 0.28

n (%) 44 34 05
Etch B

Voe (V) 0.55 (0.46) 0.58 0.59 (0.54)

ise (MA/cm?) 0.23 (0.40) 17 2.1 (2.91)

Pmax (mW/cm?) 0.06 (0.07) 0.26 0.44 (0.7)

7 (%) 6.9 (7.8) 3.9 0.8 (1.32)
Etch C

Voe (V) 0.52 — 0.54

isc (MA/cm?) 0.14 - 1.65

Pmax (MW/cm?) 0.04 —_ 0.24

1 (%) 44 — 0.45
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Fig. 9. Output and stability of photoelectrochemical cell n-GaAs
(0.07 cm2)|Fc* (0.007M), Fc (0.063M), LiAsFs (0.5M) PC|
NESATRON OTE under high intensity white light illumination.

eral experiments were done with monochromatic light
using a 765 nm interference filter and a power of 0.9
mW/cm2. At this wavelength, absorbance by Fct is
small, and the cell action spectrum is nearly maxi-
mized. As shown in Fig. 10, instantaneous conversion
efficiencies of 14% were obtained, followed by relaxa-
tion to a somewhat lower steady-state value of 9% due
to electrode polarization. These values are comparable
with those reported by Kohl and Bard for GaAs in
acetonitrile using red light. White light from the Xe
source of the same intensity gave ~6.6% conversion
efficiency.
Conclusions

Measurements of n-GaAs photoelectrodes with a
variety of redox couples in PC electrolytes have in-
dicated several limiting factors in EPC devices. Photo-
voltages were sensitive to the position of Vieaox, but
were limited to <~0.7V by decomposition of the semi-
conductor. Redox couples which lie too positive of Vyg,
are likely to act as etchants; indeed, Brs is a common
etchant for GaAs. Furthermore, the redox couples ex-
plored in this work appear not to have adsorptive ef-
fects on the onset of photocurrent, which occurred at a
common potential of ~—0.2V vs. SCE in all the PC-
based systems. In aqueous solutions, negative shifts of
Vg due to adsorption of redox species can provide an
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Fig. 10. Output and stability of photoelectrochemical cell n-GaAs
(0.07 cm?)|Fct (0.007M), Fc (0.063M), LiAsFs (0.5M) PC|
NESATRON OTE under white light (——) and monochromatic
(---) illumination of 0.9 mW/cm2. Cells operated at voltages
(Veen) yielding maximum power.

increased range of photovoltages, e.g., n-GaAs/aque-
ous Ses—2, Se—2 devices. Although more positive-lying
redox couples can stabilize GaAs in PC than in water
(e.g., ferrocene, I3—), photovoltages are no greater in
the nonaqueous systems due to the lack of such ad-
sorptive effects. Nevertheless, nonaqueous systems do
have the advantage of allowing a wider variety of
stabilizing redox couples than aqueous solutions. We
anticipate that less noxious electrolytes than alkaline
Sep—2/Se~2 can be developed in nonaqueous systems.

We have shown that efficiencies degrade seriously
with increasing light intensity in PC-based electro-
lytes. We assume these losses to be related to limited
redox electrolyte solubility and low electrolyte con-
ductivity. Such losses are accumulated at both cell
electrodes and are manifested as reductions in short-
circuit currents and fill factors. We note that even the
most conductive nonaqueous electrolytes, such as those
based on acetonitrile, are still at least ten times more
resistive than their aqueous counterparts., Neverthe-
less, if high photovoltages can be achieved in nonaque-
ous systems because of their increased stabilizing
range, then high efficiencies can be achieved even with
reduced currents, i.e., Pmay = 10 mA/cm2 x 1V, rather
than Ppax = 20 mA/cm2? x 0.5V. However, surface ad-
sorbed redox couples in nonaqueous electrolytes or
other semiconductor surface modifications may be
necessary to achieve such high voltages.
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Photoelectrochemical Evaluation of the
n-CdSe/Methanol/Ferro-Ferricyanide System

Rommel Noufi,*! Dennis Tench,* and Leslie F .Warren*

Rockwell International, Microelectronics Research and Development Center, Thousand Oaks, California 91360

ABSTRACT

Factors limiting the short-circuit photocurrent for the n-CdSe/methanol/
ferro-ferricyanide system to 17.5 mA/cm?2 have been identified. The principal
limiting factor is apparently specific adsorption of hexacyanoferrate species
on the electrode surface, which occurs at higher redox couple concentrations
and slows the overall charge transfer process. Ion pairing also occurs, re-
sulting in a low mass transport rate (smaller diffusion coefficients and in-
creased solution viscosity), and probably enhances the degree of specific

adsorption.

In a previous publication (1), the systematic de-
velopment of a nonaqueous ferro-ferricyanide elec-
trolyte for stabilization of n-CdSe photoanodes was
described. Selection of the solvent was discussed in
terms of inherent stability provided, the rate of the
redox reaction, the tendency toward specific adsorp-
tion of the redox species, and the equilibrium po-
tential of the redox couple with respect to the flatband
potential (attainable open-circuit voltage). Results
were presented for cells of the type n-CdSe/methanol,
Fe(CN)g?~/4=/Pt which had been operated for up to
700 hr at 6 mA/cm? with no detectable degradation
in either the electrode surface or the photoresponse.

Although the Fe(CN)g¥~/4~/methanol system itself
was subsequently found to be photolytically unstable
(substitution for cyanide slowly occurs), additional
work was warranted since this system serves as a
prototype for stabilizing nonaqueous redox electro-
Iytes. In the present paper, the factors limiting the
attainable photocurrent for n-CdSe in this system
are discussed.

Electrolyte Preparation

Tetraethylammonium ferricyanide was prepared by
the metathesis of Ags;Fe(CN)¢ with Et;NBr (where
Et = ethyl) in methanol (2), recrystallized twice from
an acetonitrile-acetone mixture, and then subjected to
high vacuum to remove traces of solvent. Tetraethyl-
ammonium ferrocyanide was prepared as an off-white
crystalline powder by anaerobic neutralization of
H,Fe(CN)g (3) with excess Et;NOH (Southwestern
Analytical Chemicals) in water, treated in vacuo to
remove the solvent, and recrystallized from an i-pro-
panol/acetone mixture in an inert atmosphere. This
chemical procedure for preparing the air-sensitive

* Electrochemical Society Active Member.

' Present address: Solar Energy Research Institute, Golden,
Colorado 80401,

Key words: semicondL{ctor photoanodes, nonaqueous solvents,
performance characteristics.

(Et{N)4Fe(CN)¢ is faster and less tedious than the
electrochemical synthesis used previously (1). Tetra-
ethylammonium fluoroborate was precipitated from
a solution of Et;NBr and 48% fluoroboric acid in
ethanol by addition of i-propanol, and was then re-
crystallized twice from ethanol. The methanol solvent
(Baker Analyzed) was refluxed over Mg, and then
fractionally distilled under an inert atmosphere.

Electrodes

Reference electrodes were isolated in a separate
compartment which was connected to the main cell
through a medium glass frit. Both Ag/AgCl and
saturated calomel reference electrodes were used with
comparable results,

The Pt disk electrode (0.13 cm2?) used to study the
kinetics of the Fe (CN)¢3—/4— /Pt reaction was mounted
concentric and flush with the end of a 12 mm diam
Kel-F cylinder by hot pressing. After mounting, the
electrode was polished on successively finer aqueous
alumina powder slurries to 1 um particle size, and
was then cleaned ultrasonically in water. Before each
use, the electrode was further cleaned by immersion
in boiling concentrated nitric acid.

The n-CdSe electrodes (0.18 cm2 X 1 mm thick)
were cut from rods supplied by Cleveland Crystals,
Incorporated (Cleveland, Ohio) and had from 1016
to 1018 carriers/cm3. Ohmic contacts were made with
an In-Ga alloy. Before use, n-CdSe electrodes were
polished to 0.05 ym particle size, then etched in 3M
nitric acid or a 1:25 mixture of concentrated nitric
and hydrochloric acids (with comparable results).
For long-term studies, n-CdSe electrodes were
mounted in Kel-F by hot pressing. Results for elec-
trodes mounted in silicone adhesive/sealant (Dow
Corning Corporation, Midland, Michigan) were com-
parable.
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Electrochemical Measurements

All electrochemical measurements were made in
Pyrex glass cells inside an inert atmosphere dry box
using a PAR Model 173 Potentiostat/Galvanostat in
conjunction with a PAR Model 175 Universal Pro-
grammer. The effects of solution resistance were al-
ways eliminated by electronic iR compensation. Elec-
trodes were illuminated by a tungsten-halogen lamp
through a quartz window. The illumination intensity
was measured with a Pyroelectric Radiometer (Mo-
lectron, Sunnyvale, California).

Results and Discussion

Performance characteristics were measured for n-
CdSe photoanodes in methanol solutions as a function
of the ferro-ferricyanide redox couple concentration.
The best output parameters (5.5% conversion effi-
ciency, FF = 0.47) were obtained for electrodes with
5 x 1016 carriers/cm3 in solutions containing 0.25M
each of chemically prepared Fe(CN)g*~/4~ species. A
typical power curve is shown in Fig. 1. The measured
open-circuit voltage is very close to the maximum
value expected for this system (0.7V). Photocurrent
measurements as a function of light intensity indi-
cated that the maximum stable short-circuit current
is 17.5 mA/cm? in stirred solutions and 7.5 mA/cm?2 in
unstirred solutions (at 95 mW/em?), Transient photo-
currents were larger at higher light intensities but
rapidly decayed to the steady values. Currents of
17.5 mA/cm? were passed for as long as 2 hr.

Possible causes for such photocurrent limitations
include decreased redox reaction rate and/or inade-
quate mass transport of the redox species in the
electrolyte caused by ion pairing and/or specific ad-
sorption of one or both of the electroactive species.
The inherent electrode kinetics for the ferro-ferri-
cyanide couple in methanol were studied by cyclic
voltammetry at a rotating Pt disk electrode (4).
Kinematic viscosity measurements were made as a
function of the redox couple concentration so that the
relative effects of changes in the fluid flow character-
istics, reactant diffusion coefficients, and electron trans-
fer rate could be ascertained. The dependence of the

T [ T ‘lﬁ

nCdSe/METHANOL, EtgNBFy, Fe(CN)3/4-/pt

18— LIGHT INTENSITY ~ 104 mW/cm2
EFFICIENCY ~ 5.5%

FF~ 047

PHOTOCURRENT DENSITY (mA/cm?)

OL { | { |

0.0 0.2 0.4 0.6 0.8 10
CELL VOLTAGE (VOLTS)

Fig. 1. Photocurrent density vs. voltage for the cell n-CdSe/
methanol, 0.25M Fe(CN)g®—/4—, 0.JM Et;NBF4/Pt under illu-
mination at 104 mW/cm2,
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photocurrent for n~CdSe photoanodes on light inten-
sity was determined in both the methanol/ferro-ferri-
cyanide and the established aqueous polysulfide sys-
tems as a means of detecting solid-state limitations.

Figure 2 shows plots of the diffusion-limited currents
(i) for the ferro-ferricyanide reaction at a rotating
Pt disk electrode as a function of the redox couple
concentration. For both the anodic and cathodic
branches, i;, goes through a maximum at about 0.15M
Fe(CN)g—/4—. Also, at concentrations above 0.05M,
specific adsorption becomes significant, as indicated by
higher Tafel slopes (180-250 mV/decade) than ob-
tained at lower concentrations (~120 mV/decade).
The decrease in i1, at higher concentrations could re-
sult from a decrease in the diffusion coefficient of the
hexacyanoferrate species, stemming from increased
ion pairing, and/or an increase in the electrolyte
viscosity. That ir is practically diffusion limited at all
redox couple concentrations is shown by the Levich
plots (4) in Fig. 3.

Figure 4 shows plots of the diffusion coefficients for
the Fe(CN)g /4~ species (calculated from the Levich
equation) and the electrolyte kinematic viscosity
(measured with a Cannon-Fenske viscometer) vs. the
redox couple concentration. The viscosity is practically
constant at low Fe(CN)g~/¢~ concentrations but in-
creases sharply at about 0.2M, which corresponds ap-
proximately to the maximum in the diffusion-limited
current for the redox reaction (0.15M). However, the
diffusion coefficient decreases by almost an order of
magnitude (from 28 X 1076 to 3 X 10~6 em2/sec) from
0.01 to 0.1M Fe(CN)g3—/4—, indicating that considerable
ion pairing occurs even at relatively low redox couple
concentrations. Ion pairing of hexacyanoferrate species
with tetraalkylammonium cations in solvents with low
acceptor numbers has also been detected polarographi-
cally (2).

The relative effects of the electrolyte kinematic vis-
cosity (») and the diffusion coefficients (D) in reduec-
ing the diffusion-limited currents can best be seen by
plotting D?/3 and »~1/6, which are the terms appear-
ing in the Levich equation (4)

i, = 1.94 X 107 CRDg2/3,~1/6,1/2

3600 rpm

60 —

50 p—

O ANODIC
® CATHODIC

40 —

30 -

DIFFUSION LIMITED CURRENT (mA/cm?)

20 |- -4

10 1 1 1 1 L
o 0.1 0.2 0.3 0.4

Fe(CN)3 /4~ CONCENTRATION (M)

Fig. 2. Diffusion-limited currents vs. the Fe(CN)g3—/4— concen-
tration for a rotating 0.13 ¢m2 Pt disk electrode in methanol/0.1M
EtyNBF4 electrolyte containing equal concentrations of the oxi-
dized and reduced species. The scan rate wos 20 mV/sec and i,
was determined at an overvoltage of 1.00V in each case.
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PHOTOELECTROCHEMICAL EVALUATION

O ANODIC
0.08 ® CATHODIC

iy, (mA/em2)™!

0.01 0.02 0.03

w (rpm)"/2

Fig. 3. Levich plots (4) for the Fe(CN)g3—/4— reaction at a
rotating Pt disk electrode in methanol/0.1M Ety;NBF4 (conditions
same as for Fig. 2).

where iy, is in mA/cm?, Cg is the concentration of re-
actant in mol/ml, Dg is the reactant diffusion coeffi-
cient in cm?/sec, p is the electrolyte kinematic viscosity
in cm?/sec, and w» is the disk electrode rotation rate
in rpm. Such plots are shown in Fig. 5, where y—1/8
is seen to decrease linearily and relatively slowly (note
scale difference) with Fe(CN)g—/4— concentration,

28 |~ —0.07
O D (REDUCED SPECIES) f
D (OXIDIZED SPECIES) /

24— A KINEMATIC VISCOSITY / —~0.06

D (em?/sec) x 108
v (em2/sec)

o 0.1 0.2 03 0.4

Fe(CN)Z"/4~ CONCENTRATION (M)

Fig. 4. Plots of the diffusion coefficients (D) of Fe(CN)g3—/4-
species and the kinematic viscosity of 0.1M Et;NBFs/methanol
solutions as functions of the Fe(CN)g3—/4— concentration.

2365
T T T T T
L ® D2/3 (OXIDIZED SPECIES)
N O D?/3 (REDUCED SPECIES)
8- N, A 106 22
hN
L4
2
x 6 s
:
E] &
NE B
- ©
o 4 -
% h
2
1 L 1 1
0 0.1 0.2 0.3 0.4

Fe(CN)3 /4~ CONCENTRATION (W)

Fig. 5. Plots of D2/3 and »—1/6 for the data in Fig. 4

whereas D2?/8 decreases sharply to about 0.1M and
then more gradually. Thus, the decrease in i, at con-
centrations above 0.15M results from a combination
of the effects of ,—1/6 and D2/3,

Plots of the short-circuit photocurrent at single
crystal n-CdSe photoanodes in 0.25M Fe(CN)g3—/4—/
methanol and in aqueous polysulfide electrolyte wvs.
light intensity are shown in Fig. 6. The linear plot
(passing through the origin) for the aqueous system
indicates that solid-state limitations are not predomi-
nant. Therefore, the nonlinearity in the methanol/
Fe (CN)¢3—/¢— plot and the upper limit of 17.5 mA/cm?2
for the steady-state photocurrent are apparently as-
sociated with electrolyte effects. The data can be ade-
quately explained by assuming the occurrence of strong
specific adsorption of a ferricyanide species, which is
the product of the photoelectrochemical redox reac-

T T T T T T T
® STEADY-STATE | mETHANOL/
A TRANSIENT Fe(CN)3-/4-

25 |- O AQUEOUS POLYSULFIDE

SHORT CIRCUIT CURRENT (mA/cm?)

0 40 80 120

LIGHT INTENSITY (mW/cm?)

Fig. 6. Short-circuit currents vs. light intensity (tungsten-halogen
lamp) for n-CdSe electrodes in 0.25M tetraethylammonium
Fe(CN)g3—/4—/0.1M Et{NBFs/methanol and in aqueous 2.2M
Na2S/0.1M 5/0.1M NaOH electrolytes.
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tion. Thus, at the lower light intensities, for which the
currents are lower, the reaction rate is under mixed
electron transfer/product desorption control, i.e., the
rates of electron transfer (which is determined by the
availability of photoholes in the semiconductor) and
product desorption are comparable. As the light inten-
sity (and consequently the current) is increased, the
electron transfer rate increases and product desorp-
tion becomes the slow reaction step. In this case, higher
currents can be passed for a short time but product
accumulation on the electrode surface ultimately limits
the current to a constant value determined by the rate
of desorption, This model is consistent with the transi-
ent photocurrents (at the higher light intensities) de-
caying to the steady-state value (Fig. 6), and with the
higher Tafel slopes (on Pt) for higher redox couple
concentrations. The adsorbed species may be either the
ferricyanide species normally present in solution or
some reaction intermediate, and it may be ion paired
since the viscosity data indicate that ion pairing is
prevalent at Fe (CN)g—/4— concentrations above 0.1M,
Note that specific adsorption is known to also occur
for the aqueous polysulfide system but would not affect
the linearity of the corresponding plot in Fig. 6 if ad-
sorption/desorption is fast compared to the electron
transfer step, which involves two electrons.

Summary and Conclusions
The photocurrent for n-CdSe photoanodes in the
methanol/ferro-ferricyanide system is limited to 17.5
mA/cm?, apparently by specific adsorption of ferri-

Technical Notes
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cyanide redox species. Ion pairing in this system also
has a pronounced effect on the redox couple diffusion
coefficients and the electrolyte viscosity at higher redox
couple concentrations. Such factors would be expected
to be of general importance in photoelectrochemical
cells employing nonaqueous electrolytes.
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Kinetics of Electroless Copper Plating

V. Mass Transport at Cylindrical Surfaces

Francis M. Donahue*

Department of Chemical Engineering, The University of Michigan, Ann Arbor, Michigan 48109

In a previous communication, properties of mass
transport in electroless copper plating baths were
presented for the common case of linear transport (1).
Since some studies have been performed on cylindrical
samples (2-4), it is worthwhile to determine the ef-
fects of this geometry on mass transfer phenomena.

The steady-state mass balance for a transporting
species, “j,” for cylindrical geometry in the absence of
a homogeneous reaction and with concentration vari-
ation only in the radial direction is

d2Cj 1 dCJ

dR? ' R dR
The boundary conditions for the case considered here
are

=0 1]

cg=cy at R=R, [2a]
and

cg=cpy at R=Ro+ 8 [2b]
* Electrochemical Society Active Member.
Key words: mass transport, baths, plating.

The solution of Eq. [1] for these boundary conditions is

Ro+ 8
In
R
¢j = Cbj + (Csj — Cpj) —— [3]

=
In
R

J

The flux of the transporting species at the sample-
solution interface is

Nj = —10_3Djm(d(.‘j/dR)R=Ro [4]

Differentiating Eq. [3] and setting R = R,, the flux be-
comes

8/R,
Nj= (1073Djn/d j — Cpj) —————
j jm. ) (csj ij) In(l 1 0/Ry) [5]

Comparing Eq. [5] with Eq. [la] of Ref. (1) shows
that the flux at a cylindrical sample reduces to that for

linear transport when the ratio of the boundary layer
thickness to the sample radius is less than 0.1,
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The boundary layer thickness for rotating cylinders
can be computed from the macroconvection mass
transfer coefficient (1) and the diffusivity. The bound-
ary layer thickness for the cylinders used by Dumesic
and co-workers (3) at the lowest rotation speed (150
rpm) was computed using Donahue’s corrected value
of the macroconvection mass transfer coefficient (1)
and their diffusivity for cupric ion. Since the ratio,
8/R,, was less than 0.01, the flux of cupric ion was
correctly described by the authors in terms of the
linear transport equation.

‘When microconvection controls the transport process
(e.g., in the absence of forced convection, but the
presence of gas evolution), the boundary layer thick-
ness is a function of the plating rate (1), i.e.

8 = 0.026 r,—053 161

Insertion of Eq. [6] in Eq. [5] provides some insight
into the roles of plating rate and sample radius under
these conditions. However, it is more convenient to
define an “effective” mass transfer coefficient, k¢y, by

103 N;
- Csj — Cby

Dlm/ Ro
~In(+ 0/Ry)
which can be rearranged to

kef 1/R,
Dim _ In (1 + 8/Ro)

where the right-hand side of the equation is a function
of the plating rate and sample radius and independent
of the transporting species. Figure 1 shows the behavior
of the left-hand side of this equation as functions of
sample radius and plating rate. From this figure one
concludes that the stationary cylinders of Dumesic and
co-workers (3) exhibited linear transport even at the
lowest plating rates, On the other hand, the wire sam-
ples of Donahue and co-workers (2, 4), i.e., R, = 0.016
cm, exhibit substantial deviation from the linear trans-
port line even at the highest plating rates. Therefore,
when computing interfacial concentrations, they cannot
use the linear transport equations given previously
(1), but must use Eq. [5].

7
or, from Eq. [5]

key' [8]

[9]
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LIST OF SYMBOLS

cj concentration of species “j” (M)

cp;  bulk concentration of species “j” (M)

Csi interfacial concentration of species “j” (M)

Dim diffusivity of species “j” in the solution (cm2/
sec)

ke “effective” mass transfer coefficient of species “j”
(cm/sec)

N; flux of species “j” (mol/cm2-sec)

R radial distance (cm)

R, cylinder radius (cm)

r»  plating rate (um/hr)

d mass transfer boundary layer thickness (cm)
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Electrodeposition of Palladium on lron and Steel for

Electrochemical Hydrogen Permeation Studies

R. Driver*
CSIRO Division of Applied Physics, Sydney, Australia 2070

In the highly sensitive electrochemical technique for
studying hydrogen permeation in metals (1, 2), a thin
test membrane acts as a bipolar electrode in a two-
compartment cell. A fraction of the hydrogen produced
at the cathodically polarized (inlet) side diffuses
through the membrane and is oxidized as it reaches the

* Electrochemical Society Active Member.
Key words: membrane, permeation, metals.

anodically polarized (exit) side. To obtain meaningful
permeation rate data, it is necessary to ensure that
ionization of hydrogen at the exit surface occurs much
faster than the competing, nonelectrochemical, hydro-
gen atom recombination reaction, and that the mea-
sured ionization current is free of any spurious com-
ponents associated with anodic dissolution or passiva-
tion of the exit surface.
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In principal, these objectives may be achieved by
coating the exit surface with a very thin layer of pal-
ladium, an inert and highly permeable material which
has virtually no effect on the overall rate of hydrogen
transport. Electrolytic deposits have usually been em-
ployed, but descriptions of the plating methods are
both meager and conflicting and very little attention
has apparently been directed at monitoring the thick-
ness or integrity of the coatings. As pointed out by
Heidersbach et al. (3), there is wide variation in exist-
ing hydrogen permeation data and this could be due
partly to poor control of the palladium deposits applied
to membrane exit surfaces.

The present work was undertaken to establish a
simple and reliable laboratory method for obtaining
good quality palladium electrodeposits on iron and
steel, the materials most commonly used in hydrogen
diffusion studies. A simple porosity test was used to
determine the minimum deposit thickness for complete
coverage. The chemical factors underlying the opera-
tion of the plating bath are discussed briefly.

Experimental

Sample preparation.—Plating experiments were per-
formed on coupon specimens of surface area 4-10 cm?,
cut from Johnson Matthey “Specpure” iron sheet, 1.0
mm thick, and from bright mild steel sheet, 0.78 mm
thick. After degreasing in hot petroleum (bp 100°-
120°C), any rust or oxide bloom was removed by treat-
ment with a commercial acid-based rust remover, or
alternatively, by appropriate pickling in 0.5M HySOj4.
The former procedure had the advantage of leaving a
brilliantly clean surface, almost free of etching. The
samples were then rinsed in distilled water, dried with
alcohol, and finally polished with steel wool.

Plating solution.—The alkaline plating electrolyte
was prepared from palladium diammine dinitrite,
Pd(NH3)2(NOz)e (“Palladium P Salt”), using the
composition recommended by Hedrich and Raub (4),
i.e., 0.IM Pd(NH;3)2(NO2)z, 100 g/1 NH4NO3z, and 10
g/1 NaNOg, with addition of sufficient ammonia to ad-
just the pH between 8 and 10. It is convenient to dis-
solve the palladium complex in ammonia solution be-
fore adding the other constituents. The solution is then
diluted approximately to volume and pH adjusted
(using graduated indicator paper) either by further
addition of ammonia or by warming the solution to
expel the excess. The question of the optimum bath pH
is discussed later. The same bath may be prepared just
as conveniently by substituting 0.1M palladium nitrate,
Pd(NO;)s, for the nitrite complex, in which case the
required sodium nitrite concentration is 24 g/liter.

Electroplating procedure.—Experiments to establish
a satisfactory plating procedure were performed in a
simple beaker cell. The current source was a Wenking
Model POST73 scanning potentiostat operated in gal-
vanostatic mode with an external control resistor. The
anode was a sheet of bright platinum foil, the area of
which was comparable with that of the cathode speci-
men. The cell was first filled with 0.5M H»SO4 and the
specimen was activated by anodic polarization at 5
mA/cm? for 30 sec. The cell and electrodes were then
rinsed quickly with dilute ammonia to ensure com-
plete removal of hydrogen ions, the plating solution
introduced, and deposition commenced immediately,
without stirring, at a current density of 20 mA/cm2.
The current was maintained at this value for 30 sec,
and then reduced uniformly at 0.5 mA/cm?2 sec to a
constant value of 5 mA/cm?2 and deposition continued
for a further 18 min. Plated specimens were dried with
alcohol, and the coating thickness was determined from
the gain in mass. All experiments were conducted at
22°C,

Porosity test.—Porosity was assessed using a method
based on the Ferroxyl test for detecting pinholes in

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

November 1981

tinplate (5). Specimens were just submerged in a
solution containing 0.2M Kj[Fe(CN)g] and 0.0025M
KCl. Exposed iron is rapidly attacked, and within a few
minutes, the presence of pores is revealed by telltale
spots of “blue rust” formed by reaction between fer-
rous and ferricyanide ions.

Results and Discussion

Although various plating solutions have been men-
tioned for palladium (6), the above formulation is
better suited to laboratory applications and under ap-
propriate conditions is capable of yielding smooth de-
posits with a high gloss, even from an unstirred bath.
The given procedure yielded pore-free coatings 1.5-
1.6 um in thickness for a total plating time of about 19
min, corresponding to a current efficiency of 55-60%
(at 100% current efficiency, the Pd deposition rate at
5 mA/cm? is 0.138 wum/min), Deposits generally dis-
played some porosity at thickness < 1.3 um, although
this could be as little as 1-2 pores/cm?2 at about 1 um,
Sample cleanliness is essential for the attainment of
pore-free deposits. Except in the case of extremely
thin foil specimens, a palladium coating of about 2 yum
will not materially affect the hydrogen permeation
kinetics.

The relatively high initial current density was de-
signed to obtain more or less complete coverage as
soon as possible. This procedure was prompted by the
gradual formation of an unidentified precipitate con-
taining iron during deposition attempts at current
densities < 1 mA/cm?2. Initial plating densities exceed-
ing 20 mA/cm? are not recommended, as the deposit
structure may suffer due to increasing hydrogen con-
tent (7). The follow-up plating density of 5 mA/cm?
was chosen to maximize current efficiency and to
minimize the degree of hydrogen ion buildup at the
anode, the effects of which are discussed later.

With this bath, discharge of palladium takes place
from the tetrammine palladium (II) ion, formed ac-
cording to the equilibrium

Pd (NH3)2(NO2)2 + 2NH; = [Pd(NHs)4]2+ 4 2NO,~

and hence the performance is very dependent on the
pH. As the pH is lowered, the tetrammine gradually
reverts to the insoluble diammine complex and pal-
ladium deposits (7) obtained at pH 7-8 reportedly
contain occluded Pd (NH3)2(NO3) 2. This can eventually
lead to blistery coatings at pH < 7. As the pH in-
creases, reduction of the [Pd(NHj3)4]2+ ion occurs at
more negative potentials which favor discharge of hy-
drogen. These effects determine the recommended
operating range of pH 8-9. Since the bath loses am-
monia continuously on exposure to the atmosphere,
regular pH checks are essential.

The low current efficiency of this bath, even under
optimum conditions of pH and current density, is ap-
parently due to reduction of nitrite and/or nitrate ions
(4), rather than hydrogen discharge, which only be-
comes important at high pH or at current densities
>30 mA/cm2. The efficiency of the unstirred bath also
depends on the palladium concentration, which should
be maintained fairly close to the recommended value
of 0.IM. When the palladium content had been de-
pleted by 20-30%, the observed current efficiency
dropped below 50%, and more importantly, deposits of
given thickness were significantly more porous than
those from a relatively fresh solution. Efficiency and
performance were fully restored by appropriate evapo-
ration. Alternatively, the bath may be replenished by
addition of the palladium complex dissolved in dilute
ammonia. In the absence of proper pH control, the
bath can be depleted very rapidly by crystallization
of Pd(NH3)2(NOg2)2 on the anode, where the dis-
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charge of hydroxyl ions causes a substantial drop in
local pH, i.e.
20H- > O3 4 2H* 4 4e

followed by
[Pd(NHaj)4]2+ + 2NOp~ + 2H+
- Pd(NH3)2(NO2) s 4+ 2NH,+

At 5 mA/cm?, crystallization was only observed at
pH = 8, but higher current densities might be ex-
pected to exacerbate this problem.

Conclusion

Good quality palladium electrodeposits on iron and
steel may be readily obtained from an unstirred bath
at room temperature. Complete coverage and passi-
vation of these substrates requires an electroplated
coating >1 ym and preferably 1.5-2 um thick. A palla-
dium layer of these dimensions will not affect the rate
of hydrogen transport through ferrous specimens. The
coatings should be individually checked for porosity
as this could vary with different substrates.
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Dependence of Flatband Potentials of n-TiO.
on Electrolytes and Electrolyte Concentrations

James R. Wilson and Su-Moon Park*
Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

The flatband potential of a semiconductor electrode
is an important parameter in designing a photoelectro-
chemical cell. The importance of the flatband potential
of a given semiconductor material in locating energy
levels of the conduction and valence bands (1-3), and
for predicting its stabilities has been discussed else-
where (4-6). Flatband potentials have been reported
to be dependent on the pH of the medium (1, 3). The
pH dependency of flatband potentials has been charac-
terized by a straight line with a slope of 59 mV/pH
according to the equation

Erp = Erp® — 0.059 pH

where Erg® is the value at pH = 0. The pH dependency
is ascribed to the adsorption of the hydroxyl ion at the
electrode surface (1), which in turn is dependent on
the pH of the medium.

In the present note, we report the effect of electro-
lytes and electrolyte concentrations on the flatband
potential of an n-TiO; electrode. This study was carried
out on the assumption that electrolyte species other
than the hydronium or hydroxyl ion could also be the
potential determining species at the semiconductor-
electrolyte interface.

Reagents used were of reagent or analytical reagent
grade and obtained from Baker, Eastman Organic, Mal-
linkrodt, or Merck. Most reagents were used as re-
ceived, but a few salts were recrystallized from double
distilled water. A Princeton Applied Research (PAR)
175 Universal Programmer, a PAR 173 potentiostat-
galvanostat, and a PAR 176 I/E converter have been
used to control the potential at the working electrode
and to record the photocurrent. A Tectronics Model
5115 storage oscilloscope was used to record faster
measurements such as the capacitance current pro-
duced by applying a small triangular a-c signal (+ 10
mV) superimposed on a d-c bias potential. An Oriel

* Electrochemical Society Active Member.
Key words: flatband potential, complexation effect, n-TiOz.

450W Xe arc lamp powered by an Oriel 8540 Universal
power supply was used as a light source. Monochro-
matic light was produced by an Oriel 7240 mono-
chromator (bandpass = 20 nm). The illumination in-
tensity was measured with the International Light
Model 700 Radiometer. The pH was monitored by a
Cambridge 5-700 combination electrode with a Sargent-
Welch Model NX Digital pH meter. The photocurrent
was recorded on a Houston Model 2000 X-Y recorder.

The electrolyte concentration was controlled by dis-
pensing small volumes of a concentrated electrolyte
solution from a buret. This has the advantage of main-
taining the same electrode position in the solution
throughout the experiment.

An n-TiO, electrode, furnished by Dr. Mike A.
Butler, Sandia Laboratories, .was cut from a large
single crystal perpendicular to the c-axis. The TiOs
electrode was doped in a quartz tube furnace under
the hydrogen atmosphere at 450°C for 2 hr, whenever
necessary. The electrode thus doped had a donor den-
sity of ~1.0 X 1019/cm3, as measured from the slope of
a Mott-Schottky plot (1, 2).

Due to the irreproducibilities encountered in flatband
potential measurements by the Mott-Schottky method
(7, 8), a photoresponse method (9) was used. This
method is based on a measurement of the photocurrent
(I) as a function of the applied potential (E). From
the I-E measurements, a plot of I2 vs. E was obtained.
The flatband potential was then obtained from the in-
tercept of the E-axis. Since the results obtained from
this method were found to be affected by experimental
parameters such as the voltage scan rate and the wave-
lengths of light illuminated (10), we employed a scan
rate of 1 mV/sec and a wavelength of 360 nm for
electrode illumination. The illumination intensity was
about 0.71 mW/cm?. In order to check the reproducibil-
ity of this method, the pH dependency of the flatband
potential was obtained; an extremely well-correlated
straight line with a slope of —53 mV/pH was observed.
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Of eight inorganic salts studied, only one showed a
slight concentration effect on the flatband potential.
Compounds such as NaCl, KCl, Nal, KNO;, NasSOy,
K3S04, and NaClOs; did not show any effects. The
values of flatband potentials of TiO» were the same in
solutions of these salts and independent of their con-
centrations. Addition of NaHsPO4 to water moved the
flatband potential to a more positive value, which
would be expected from the resultant change in pH.
While the flatband potential varied slightly with
NaH;PO4 concentration, Erp values corrected against
the corresponding change in pH were constant.

The fact that most inorganic salts did not exert any
effects on flatband potentials indicates that both cations
and anions of the salts studied did not show significant
specific adsorption toward the electrode material. A
small change in the flatband potential when NaH2PO4
was added has been ascribed to the change in pH due
to the hydrolysis of the salt. Thus, we decided to per-
form the same study for complexing agents. Complex-
ing agents used were NaCN, sodium citrate, ethylenedi-
aminetetraacetic acid (EDTA), and 8-hydroxyquinoline.
Of these, neither NaCN nor sodium citrate showed any
significant effects, while EDTA and 8-hydroxyquinoline
did. The effect of the concentration of EDTA on the
flatband potential of n-TiO, is shown in Fig. 1. Note
that the measurements were made in solutions of pH’s
11 and 12. The intercept of the two curves shown in
Fig. 1 was identical with the Erg values that were ob-
tained at pH = 11 and 12 without EDTA present for
its pH-dependence studies. The effects shown in Fig. 1
were not observed at lower pH’s. This indicates that the
dissociated form (Y*~) of EDTA (H,Y2~) according to
the equilibrium reaction

HoY2— > 2H* + Y4~

is important as a potential determining species at the
electrode surface. Indeed, when the shift in the flat-
band potential is normalized by dividing it by the
molar concentration of the dissociated form of EDTA
([Y4~]), it was approximately constant with about 9%
average deviation. The normalized shift thus calculated
was ~0.36 V/M Yi-. The fact that Y4~ is a potential
determining species also implies that the complexation
of Y4~ with surface ions may be responsible for the
observed results.

For 8-hydroxyquinoline, the results were similar. No
effects were observed at low pH, whereas the flatband
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Fig. 1. The flatband potential of an n-TiOy electrode as a func-
tion of the EDTA concentration. Wavelength of light illuminated
was 360 nm,
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potential shifted to a more positive direction at high
pH, where hydroxide on the 8-hydroxyquinoline (8-
HQ) molecule would be dissociated. The shift in the
flatband potential was to the extent of 0.14V at a 8-
hydroxyquinoline concentration of 27 mM. At a higher
8-HQ concentration, no photocurrent was observed.

We attribute the observed behavior to the complexa-
tion of donor ions such as Ti®* at the semiconductor
surface. When EDTA or 8-hydroxyquinoline is present
in the solution, the dopants at the surface may be com-
plexed, shifting the energy levels of the electron donor
ions. We believe that the surface complexation affects
the energy level of the semiconductor more than of
the solution side. This will shift the flatband potential
in a more positive direction. The complexation effect
was more dramatic for 8-HQ, probably because it forms
the insoluble complex (precipitate), possibly blocking
the electrode surface.

The reason that the addition of cyanide and citrate
did not affect the flatband potential may be that these
ions are not strong enough complexing agents toward
Ti3*, It is readily predicted that both EDTA and
8-hydroxyquinoline would be stronger complexing
agents than citrate and cyanide for Ti3*, although
no quantitative data except for EDTA are available
in the literature (11). Further work is in progress in
our laboratory along the lines described.

Acknowledgments

Financial support of this research by Sandia Corpo-
ration through the Sandia-University Research Pro-
gram (SURP), New Mexico Energy and Mineral De-
partment, and the Research Allocations Committee is
gratefully acknowledged. We also express our gratitude
to Dr. Michael A. Butler of Sandia Laboratories for
providing us a TiO; single crystal.

Manuscript submitted March 16, 1981; revised manu-
script received May 11, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by the
University of New Mexico.

REFERENCES

1. H. Gerischer in “Physical Chemistry—An Advance
Treatise,” Vol. IXA, H. Eyring, D. Handerson,
?11137(\)1\)7. Yost, Editors, Academic Press, New York

2. V. Myamlin and R. V. Pleskov, “Electrochemistry
c(x{ggrje)miconductors," Plenum Press, New York

3. J. M. Bolts and M. S. Wrighton, J. Phys. Chem., 80,
2641 (1976).

4. H. Gerischer, J. Electroanal. Chem. Interfacial Elec-

trochem., 82, 133 (1977).
. A. J. Bard and M. S. Wrighton, This Journal, 124,
1706 (1977).

o

6. S.-M. Park and M. E. Barber, J. Electroanal. Chem,
Interfacial Electrochem., 99, 67 (1979).
7. E. C. Dutoit, F. Cardon, and W. P. Gomes, Ber.
Bunsenges. Phys. Chem., 80, 475 (1976).
8. R. DeGryse, W. P. Gomes, F. Cardon, and J. Ven-
nick, This Journal, 122, 711 (1975).
9. M. A. Butler, J. Appl. Phys., 48, 1914 (1977).
10. J. R. Wilson, Ph.D. Dissertation, The University

of New Mexico (1980).

11. L. G. Sillen and A. E. Martell, “Stability Constants
of Metal-Ion Complexes,” The Chemical Society.
London, 1964 and volumes thereafter.



Photoactivity of Polycrystalline «-Fe.O,
Electrodes Doped with Group IVA Elements

John H. Kennedy,* Menahem Anderman, and Ruth Shinar
Department of Chemistry, University of California, Santa Barbara, California 93106

Success in obtaining significant photocurrents with
polycrystalline, SiOz-doped «-Fe;Os photoanodes (1)
gave rise to a study of the photoelectrochemical prop-
erties of other group IVA elements as dopants. Re-
cently, photochemical properties of SnO,- and CaO-
doped «-FeyO; electrodes were investigated elsewhere
(2) but only 1 and 5% doping levels were studied.

In the present work o«-Fe;O3 material was mixed
with 0.002-5 atomic percent (a/o) GeO; and SnO, and
with 0.01-5 a/o (initial composition) PbOs. Emission
spectroscopy and x-ray diffraction were used to check
the initial and final doping levels and for the possible
presence of two-phase materials. Photoelectrochemi-
cal results were compared to those obtained at Si(IV)-
and Ti(IV)-doped «-Fe;O3 electrodes.

Experimental

Electrodes were prepared from high purity, 99.999%
«-Fe;O3 (Alfa Products) by mixing with the dopant
powder, pressing, and sintering as described elsewhere
(1). The dopants were Alfa Products 99.9% GeO., B
and A 99% SnO, or Alfa Products 99.9% SnO,, and
Research Organic/Inorganic Chemical Corporation
95% PbO; or Apache 99.9% PbOa.

Pressed pellets were sintered at 1250°-1370°C for
3-40 hr. Table I summarizes the dopant concentrations,
sintering temperatures, and sintering times needed to
prepare the best electrodes. The electrodes were 1.29
cm diam when initially pressed but some shrinking
occurred during sintering so that final electrodes were
~1cem2,

Electrical connections were made using silver epoxy
as previously described (3). Densities were 75-90% of
the theoretical value, and resistances measured at 1
kHz with a conductivity bridge were usually 50-25000.

Samples containing Ca2+ (starting material: Mathe-
son, Coleman & Bell CaCOj3) and Pb2+ (starting mate-
rial: Mallinckrodt, Analytical Reagent PbO) were
also prepared. 0.5 a/o Ca2t+-doped a-Fe20; pellets were
sintered at 1370°C for about 15 hr and at 1330°C for
70 hr. In both cases the resistances were very high
(>200 ko). 0.5 a/o Pb2+-doped electrodes were sin-
tered at 1370°C for 5 hr. Resistances were ~2 kQ.

Pellet weight was checked before and after sintering.
Differences between starting and final dopant concen-
tration were also determined by emission spectro-
scopy. Both powders and ground sintered pellets of
pure and doped o-Fe;O3 were analyzed by a Norelco
x-ray diffractometer.

The cell arrangement, and optical and electrochemi-
cal measurement procedures were described previously
(1). Lamp intensity was measured with a Yellow
Springs Instrument Company Kettering Model 65A
radiometer, and the photocurrent spectra were normal-
ized to the lamp output spectrum. When using a
monochromator light intensities in the range 350-560
nm were 4-18% mW/cm2. The lamp intensity at the
electrode surface was about 300 mW/cm? when no
monochromator was employed. This was reduced to
about 180 mW/cm? when a filter was used (pass light
<540 nm).

Results

No loss of weight during sintering was observed in

the case of pure a-FesO;, Sitt-, Sn¢t-, and Gei+-

* Electrochemical Society Active Member.
Key words: semiconductor electrode, polycrystalline, doped
a-Fe203, photoactivity.

(sintered at 1300°C) doped electrodes, but some loss of
weight was observed in Ge¢t-doped pellets sintered at
~1350°C, probably due to some evaporation of GeO; at
high sintering temperatures (4).

A significant weight loss was observed in the Pb4+-
doped pellets as expected, since PbO, decomposes at
290°C and PbO, the final decomposition product, melts
at 888°C and evaporates appreciably (4).

Emission spectroscopy confirmed the above results.
Si¢+-, Get*-, and Sn*t-concentrations in the ground
pellets (after sintering) were the same, within experi-
mental error, as in the mixed powders (before sinter-
ing). In the case of Ge**-doped pellets a reduction in
the final concentration of the dopant was observed
when sintered at relatively high temperatures. For
example, the final doping level of the 0.5 a/o Ge(IV)
sample sintered at 1350°C for 13 hr was ~0.1 a/o. It
should be kept in mind that emission spectroscopy is
not a highly accurate analytical technique but signifi-
cant differences between initial and final composition
could be readily observed. For the lead-doped elec-
trodes only low levels of lead (~200 ppm) were ob-
served in the final sintered pellets independent of ini-
tial concentration, sintering temperature, or sintering
time.

X-ray patterns of ground sintered pellets indicated
the existence of single phase «-Fe:O3; even at doping
levels of 5 a/o GeOs; and SnO;. On the other hand,
x-ray diffraction of the starting mixtures containing
as little as 0.5 a/o GeOz and SnO, clearly showed the
presence of dopant phases along with «-FeyOs. Also,
no evidence for the presence of other phases was found
for electrodes containing up to 2 a/o SiOs.

Most of the photoactivity experiments were carried
out on low doping level electrodes. High doping levels
were used mainly to check for possible weight loss
during sintering and for the presence of two-phase
materials.

To ensure homogeneity in the electrodes some pellets
were sintered at elevated temperatures for very long
periods (>3 days) compared to the time required to
obtain pellets of relatively low resistance. No notice-
able change in the photoactivity could be observed by
the long sintering cycle. In addition, some sintered
samples were ground and resintered. Occasionally
densities were slightly improved but no significant
changes in the photoactivity were observed.

Photocurrent density vs. applied potential at 400 nm
for a-Fe;0; electrodes doped with group IVA elements
is shown in Fig. 1. The indicated doping levels are
those of the final electrodes. Initial concentration for
the lead-doped electrode is given in parentheses.

The photocurrent was measured in 1F NaOH. Results
for 0.05 a/o Ti*+-doped electrodes are also shown for
comparison. Dark currents in the range shown were
always lower than 8 nA/cm2. As can be seen the elec-

Table 1. Composition and sintering conditions for group IVA-doped
a-Fes03 electrodes

Sintering Sintering
Doping level temper- time,
Dopant (a/0) ature, °C hr
Si0: 0.25-2 1350 20-30
GeO: 0.002-0.01 1300 5-20
SnOz 0.002-0.01 1300-1370 8-15
PbO2 0.05-0.2 (initial) 1330-1370 7-30
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Fig. 1. Photocurrent density as a function of applied potential at
400 nm for a-FesOs3 electrodes doped with group IVA elements and
with TiOs. Solution: 1F NaOH.

trodes doped with group IVA elements exhibited sig-
nificant photocurrents even at 0V vs. SCE in a basic
solution. The highest photocurrents at relatively low
potentials (<0.5V vs. SCE) were observed at 2 a/o
Si¢+-doped electrode. Although there were differences
in photocurrents at low applied potentials among the
different electrodes the photocurrent plateau values
reached at higher potentials (~1V vs. SCE) were
about the same for nearly all electrodes.

Figure 2 shows the spectral response for the photo-
current (quantum) efficiency in 1F NaOH for several
electrodes. In general there was no significant differ-
ence between the effect of GeO; and SnO; as dopants.
Both of the lower doping levels 0.002-0.01 a/o showed
higher photocurrent densities at 0V vs. SCE than those
obtained at higher (>0.05 a/o) doping levels. At dop-
ing levels >1 a/o the photocurrents at 0V vs. SCE were
negligible for both dopant types. This doping level
effect is demonstrated in Fig. 3 for Sn(IV)-doped
electrodes. It should be noted that this effect was not
observed for SiO;-doped electrodes and we did not
succeed in preparing TiO.-doped electrodes at a level
lower than 0.05 a/o. Photoelectrochemical performance
of all electrodes reported was stable for long periods
(>3 days at 0.4-1.8 mA) of irradiation. The onset of
photocurrent spectral response (~bandgap) of all
group IVA-doped electrodes was the same within ex-
perimental error. A value of ~2.2 eV was obtained by
plotting (nhv)1/2 vs. hy, where m is the photocurrent

10.0
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F +0.45 V ve. SCE
7.5}
L
3 0.05a/0 Ge
T [+0.4 V va. SCE
>
g 5.0 ~ 0.008a/0 Pb(ia/o)
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©
w
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2510V v scE
i 005 /0 $n
- OV vs, SCE
_I a/o Ti
oo[todsvwsee | N :

1
360 400 440 480 520 560
WAVELENGTH (nm)
Fig. 2. Spectral response for photocurrent efficiency (uncorrected

for reflection losses at the cell window and the electrode surface)
of doped a-FegOj3 electrodes in 1F NaOH.
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Fig. 3. Photocurrent density as a function of applied potential at
400 nm for a-FesO; electrodes doped with various amounts of
Sn(lV). Solution: 1F NaOH.

(quantum) efficiency. An example for SiOe- and
GeO,-doped electrodes is shown in Fig. 4.

The turn-on voltage for several SiO;-, GeOs-, and
SnOs-doped electrodes was measured as a function of
pH as shown in Fig. 5 for the SiO.- and GeOz-doped
electrodes. Straight lines were obtained for each elec-
trode with slopes in the range of — (60-68) mV/pH.
These results were within experimental error of —59
mV/pH, the value expected for the pH dependence of
the flatband potential. Although the turn-on voltage
does not correspond exactly to the flatband potential
(3) the pH dependence is usually identical. The turn-
on voltage shifted to negative potentials as the dopant
level decreased, as can be seen in Fig. 3 for Sn(IV)-
doped electrodes.

It had been observed previously (1, 5) that dipping
Si(IV)- and Ti(IV)-doped electrodes in 1F KI at pH
9 improved photocurrents observed in strong base
solution. However, dipping Ge(IV)- and Sn(IV)-
doped electrodes did not significantly improve the
photocurrent. Soaking in KI solution appears to be
effective only for electrodes showing less than opti-
mum photoactivity perhaps by removing surface re-
combination sites. It should be noted that undoped
high purity «-Fe;O; was highly resistive and exhib-
ited no photocurrent during the tenure of our experi-
ments.

6
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Fig. 4. (nhv)1/2 vs. hy. (0): 2 a/o Si(IV); (x) 0.05 a/o Ge(IV)-
doped a-FegOs electrodes. Eg: 2 a/o Si(IV) = 2.25 eV; 0.05 o/0
Ge(lV) = 2.15 eV.
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Fig. 5. Turn-on voltage vs. pH. (0): 2 a/o Si(IV); (x): 0.05 a/o
Ge(lV)-doped o-FesO3 electrodes. Slopes: 2 a/o Si(IV) = —60
+ 3 mV/pH; 0.05 a/o Ge(lV) = —68 = 5 mV/pH.
Discussion

It appears that all IVA elements are effective dop-
ants for a-Fe;O3 photoanodes. This is consistent with
the general aliovalent doping concept that the 44 ion
introduces an electron into the conduction band

M(IV) —M (IV)re + e’

One could argue that group IVB elements should be
equally effective whereas the experimental evidence
indicates that titanium is not as effective as silicon.
The difference may lie in the additional energy levels
introduced by the aliovalent metal ion centers present.
A Tipe' center may trap an electron to form Tipe?, i.e.,
a Ti(III) ion. Such centers may also act as electron
hole recombination sites thereby decreasing photocur-
rent efficiency. Lower members in group IVB may not
display this behavior, and recently Horowitz (6)
showed that single crystal FesO3 doped with ZrOs was
more effective than titanium doping.

A second conclusion is that photocurrent decreases
at a given applied potential as the doping level in-
creases as shown in Fig. 3 for SnO,-doped electrodes.
This is expected when one considers the effect of donor
density on space charge layer thickness. As the donor
density increases the space charge layer becomes
thinner and fewer photons are absorbed in the space
charge region. Photons may still be absorbed at a
greater depth in the Fe»O; electrode but hole mobility
is so low that few reach the space charge region to be
driven to the surface. The apparent shift in turn-on
voltage to more anodic values with increasing doping
level is not expected although this point was observed
and discussed in a previous paper (3).

However, it must be kept in mind that the dopant
may play other roles besides introducing electronic

GROUP IVA ELEMENTS
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defects especially at high doping levels. For example,
they may act as traps and recombination centers lead-
ing to lower photocurrent efficiency at high doping
levels.

The results with lead-doped electrodes are more
difficult to explain because the final oxidation state is
not 44 as with the other dopants. In fact, doping with
PbO gave electrodes with photoelectrochemical prop-
erties similar to PbOy-doped electrodes. Doping with a
+2 ion could lead to p-type material although doping
with Ca(II) produced only highly resistive electrodes.
However, the behavior of lead-doped «-Fe;O3 elec-
trodes indicates that it is n-type like other members of
group IV. Because doping levels need not be high, and
in fact, better performance is observed with lower
doping levels (Fig. 3) it may be that traces of Pb(IV)
account for the photoelectrochemical behavior. Fred-
lein and Bard (7) also observed n-type behavior for
single crystal a-Fe.O3 grown from a PbO melt. The Pb
content was 1-10 a/o, but photocurrents were small
unless heat-treated. These authors assumed that lead
was present as Pb(IV) because the electrodes were n-
type. All electrodes were stable for long periods of il-
lumination with many electrodes being studied over
periods of several weeks with no significant change in
photoelectrochemical properties.
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ABSTRACT

The environmental stability and the failure mechanisms of a cathodically
chromated lead/tin (38/62) alloy joint bonded with an ethylene-acrylic acid
(EAA) copolymer have been investigated in acidic solutions. Immersion of
the joint in acidic solutions causes rapid decrease in peel strength and finally
interfacial separation. ESCA analysis of the peeled surfaces shows that this
decrease in peel strength is due to an interfacial degradation between the
chromate film and the underlying alloy (consisting both of lead and tin
phases). The retention time, during which a joint retains the initial peel
strength, decreases with increasing anode current density of the alloy in
acidic solutions or with decreasing polarization resistance. This result sug-
gests that the interfacial failure at the chromate-alloy interface results from
anodic dissolution of the underlying alloy. A failure mechanism of the
chromated alloy joint in acidic solutions has been proposed: The degradation
at the chromate-alloy interface occurs through rapid anodic dissolution of the
lead phase and slow anodic dissolution of the tin phase.

The long-term exposure of metal joints bonded with
ethylene-acrylic acid (EAA) copolymers to humid en-
vironments causes the loss in joint strength (1-4). We
have reported that cathodic chromate treatments of
lead/tin alloys greatly enhances the environmental
stability of the alloy joints bonded with an EAA co-
polymer and that the joint strength is kept unchanged
in distilled water for more than 2 years (5,6). How-
ever, these joints seem to have poor environmental
stability in acidic solutions since both lead and tin
metals are rapidly corroded in acidic solutions (7).
This paper is concerned with the environmental sta-
bility in acidic solutions and the failure mechanisms
of a cathodically chromated lead/tin alloy joint bonded
with an EAA copolymer.

Experimental

The preparation of T-peel specimens consisting of
adherend (0.5 mm)-adhesive (0.2 mm)-adherend (0.5
mm) and the T-peel testing were described elsewhere
(5). The adherend used was a cathodically chromated
lead/tin (38/62) alloy. The adhesive used was an
EAA copolymer (1) supplied by Union Carbide Com-
pany (melt index 50 g/10 min, acrylic acid content
20 weight percent, density 0.96 g/cm3, glass transition
temperature 31°C). To evaluate the environmental sta-
bility of the joints, the peel specimens were immersed
in acidic solutions, and the T-peel strength was mea-

Key words: ESCA, anodic dissolution, interfacial degradation,
metal-polymer joint.

sured at 25°C immediately after immersion. The pH
range of the solutions was 0.8-5.6, and the temperature
range was 20°-70°C. The acidic solutions were
2-HOCOC¢H;COOK-HCl (pH 0.8, 2.5, and 3.2),
CH3COONa-HCl (pH 4.5), 2-HOCOgH,;COOK-NaOH
(pH 5.0), and CH;COOH-CH3;COONa (pH 5.6) buffers.

The corrosion resistance of untreated and chromated
alloy sheets in acidic solutions were evaluated from
anode current density (I;) by a potentiostatic method
or from polarization resistance (R,) (8-10) by a coulo-
static method (11-15). The potentiostatic measure-
ments were made using a Hokuto potentiometer, and
the anode current density was measured at an over-
potential of 50 mV under nitrogen gas. The surface
area of untreated and chromated alloy sheets used as
the working electrodes was ca. 2 cm2, A platinum sheet
of ca. 2 cm? and a saturated calomel electrode were
used as the counter and reference electrodes, respec-
tively. The anode current density decreased with time
of applying overpotential and leveled off after 30-60
sec. The leveled-off anode current density was re-
corded as an I, value. The coulostatic measurements
were made using a Hokuto galvanostat connected
with a pulse generator (pulse width 10 usec) without
removing dissolved oxygen. The overpotential-time
curves were displayed on a storage oscilloscope. The
amount of charge density applied was 0.1-0.3 xC/cm2,
and the induced initial overpotentials were in the
range 2-10 mV. The polarization resistance calculated
from the overpotential-time curves decreased with
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water immersion of alloy sheets and leveled off after
ca. 20 min immersion. The leveled-off polarization re-
sistance was recorded as an R, value. To check the
validity of the R, values measured by the coulostatic
method, R, values of alloy sheets in various acidic
solutions were also measured from polarization curves.
In this case, R, values were calculated using R, =
BaBc/Io(Ba + Bc), Where 8, and . are anodic and cath-
odic Tafel slopes, respectively, and I, is corrosion cur-
rent density. The R, values measured from the coulo-
static measurements were in agreement with those
from the polarization curves within an error of 20%.
The amount of oxides on the alloy surfaces was mea-
sured by electrolytic reduction in an aqueous solution
of 0.1 mol/liter NH4C1 at a constant current density of
90 uA/cm? under nitrogen gas, in the same way as
in the previous work (5).

The original chromated alloy and EAA surfaces be-
fore bonding and the fractured surfaces of the joints
were analyzed by x-ray photoelectron spectroscopy
(ESCA). ESCA spectra were recorded on an A.E.I ES
200 spectrometer using Al kejee radiation, Typical
operating conditions were: x-ray gun, 10 kV, 20 mA;
pressure in the sample chamber, 1 X 10-7 Torr. The
binding energies were calibrated with respect to the
carbon 1s electron peak at 284.9 eV due to residual
pump oil on the sample surface. Electron probe x-ray
microanalysis (XMA) was also used for the surface
analysis of chromated alloy sheets. XMA was carried
out using a Shimazu EMX-SM7. XMA data were taken
at a probe operating voltage of 15 kV and a sample
current of 1 nA.

Results and Discussion

Chromate films on a lead/tin alloy surface.—Figure
1 shows an SEM micrograph and lead and tin images of
a lead/tin (38/62) alloy surface cathodically chro-
mated for 5 sec. The presence of a chromate film on the
alloy surface was not detected by XMA analysis be-
cause its film thickness was much thinner (ca. 1004)
(5) than the XMA sampling depth (several microm-
eters), whereas it was detected by ESCA and IMA (ion
microanalyzer) (5), From the lead and tin images
(Fig. 1), it is apparent that the alloy surface consists
both of lead and tin phases. The XMA analysis
showed that the tin content in the lead phase and the
lead content in the tin phase were less than a few per-
cent.

It is well known that most chromate films deposited
on metals have considerable cracks (16). Figure 2
shows the changes in oxygen 1s ESCA spectrum of the
chromated alloy surface with heating. The chromated
alloy sheet was heated in ESCA chamber for 20 min at
each temperature, and ESCA spectra from its alloy
surface were measured immediately at the same tem-
perature. The intensity of oxygen 1s decreases with
increasing heating temperatures and after heating at
180°C reaches ca. 70% of that heated at 60°C. The dis-
appeared oxygen 1s peak at 532.3 eV has been assigned
to adsorbed oxygen or water by Ansell et al. (17). Figure
3 shows the changes in the amount of alloy oxides of
the chromated alloy surface with heating for 20 min at
each temperature. The amount of oxides on the chro-
mated alloy surfaces corresponds to that of the under-
lying alloy oxides at cracks of the chromate film. The
amount of oxides increases gradually with heating at
temperatures of more than 100°C and then increases
rapidly with the rupture of chromate film due to the
melt of the underlying alloy at ca. 183°C. These results
indicate that many cracks, which are probably formed
by contraction in volume due to escaped water, are
present in the chromate film on the alloy surface heated
at temperatures of more than 100°C. Since chromated
alloy joints were prepared by heating for 5 min with
a hot press at 120°C (5), the chromate film in the
joints should have many cracks.

CHROMATED LEAD/TIN ALLOY JOINTS
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Fig. 1. An SEM micrograph (a) and lead (b) and tin (c) images
of a chromated lead/tin (38/62) alloy surface.

Bond durability.—Figure 4 shows the changes in
peel strength with immersion in a CH3COONa-HCl
buffer (pH 4.5) for a chromated alloy joint. Figure. 5
shows the change in peel strength retention time (dur-
ing which the initial peel strength is kept unchanged)
with immersion temperature. The peel strength reten-
tion time decreases with increasing immersion tem-
perature and was only 5 days at 70°C. On the other
hand, the peel strength retention time of the chro-
mated alloy joint immersed in distilled water at 50°C
was more than 2 years (6). Apparently, the joint de-
teriorates more rapidly in the acidic solution than in
distilled water. SEM observations of fractured surfaces
showed that the small areas or spots of peel strength
~ 0 kg/cm, different in peel strength from the sur-
rounding area of peel strength which was 6.0-6.5 kg/
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Fig. 4. Changes in peel strength with immersion in a CH3COONa-
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Fig. 5. Arrhenius plot for peel strength retention time of a
chromated alloy joint in @ CH3COONa-HCI buffer (pH 4.5).

cm, appeared over the whole part of the interface, the
area and number of the spots increased gradually with
immersion, and then finally an interfacial separation
occurred.

Table I summarizes the peel strength retention times
of the chromated alloy joint in various acidic solutions.
In most cases, the peel strength retention time de-
creases with decreasing pH of acidic solutions. How-
ever, there are some exceptions: the peel strength
retention time in a CH3COONa-HCl buffer (pH 4.5)
at 50°C and that in a 2-HOCOCgH4COOK-HCl buffer
(pH 3.2) at 50°C.

Locus of failure—Figure 6 shows ESCA spectra of
fractured chromated alloy and EAA surfaces of chro-
mated alloy joints peeled with low peel strength after
immersion in a CH3COONa-HCl buffer (pH 4.5), to-
gether with those of original chromated alloy and EAA
surfaces. Each fractured surface peeled with low peel
strength after immersion in the other buffers showed
ESCA spectra similar to those in Fig. 6. The fractured
alloy surface shows the increase in tin intensities
(metal peak, 484.3 eV; oxide peak, 486.5 eV), the de-
crease in oxygen intensity (532.3 eV), and the disap-
pearance of chromium oxide (577.0 eV). On the other
hand, the fractured EAA surface shows the decrease in
carbon intensity (285.0 eV), the remarkable increase in
oxygen intensity, and the appearance of tin and chro-
mium oxides. Apparently, the exposure of tin and chro-
mium oxides on the fractured EAA surface is due to the
transfer from the chromated alloy surface. Further, the
remarkable increase in oxygen intensity on the frac-
tured EAA surface is due to the transfer of the chro-
mate film from the alloy surface. On the other hand,
the increase in tin intensities on the fractured alloy
surface is probably due to exposure of the underlying
lead/tin alloy by the transfer of the chromate film to
the EAA surface. These results indicate that the failure
occurs between the chromate film and the underlying
alloy, although it is not clear whether the failure
occurs at the chromate-underlying alloy oxide layer
interface, in the alloy oxide layer, or at the alloy oxide
layer-alloy metal interface, On the other hand, the
water absorption of the EAA copolymer was as low as
ca. 0.44 w/o in the pH 4.5 buffer at 50°C. This value

Table I. Peel strength retention time in various acidic solutions

Temper- Peel strength

ature retention time
Acidle solution rPH (°C) (days)
2-HOCOCsH«COOK-HCI buffer 0.8 50 30
2-HOCOCsH.COOK-HCI1 buffer 2.5 50 40
2-HOCOCsH:COOK-HCI1 buffer 32 50 40
CH3COONa-HCl buffer 4.5 70 4
CH3COONa-HCI1 buffer 4.5 60 10
CH3COONa-HCl buffer 4.5 50 26
CH3COONa-HCl1 buffer 4.5 40 64
2-HOCOCsH:COOK-NaOH buffer 5.0 50 >900
CHsCOOH-CH;COONa buffer 5.6 70 75
CH3COOH-CHsCOONa buffer 5.6 40 600
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Fig. 6. ESCA spectra of original chromated alloy (a) and EAA
(b) surfaces and fractured chromated alloy (c) and EAA (d) sur-
faces of a chromated alloy joint peeled with low peel strength
after immersion in @ CH3COONGg-HCI buffer (pH 4.5).

was nearly equal to that (0.36 w/o) in distilled water.
Therefore, the mechanical properties of EAA copoly-
mer such as stress-strain and failure behavior were
not affected by immersion in acidic solutions. As a re-
sult, as long as the failure occurred cohesively in the
EAA copolymer, the initial peel strength was kept
unchanged (6). Thus, the decrease in peel strength
occurs in acidic solutions with the change in locus of
failure from the EAA copolymer to the chromate-
underlying alloy interface.

Relationship between bond durability and alloy cor-
rosion.—It seems likely that the interfacial failure be-
tween the chromate film and the underlying alloy in
acidic solutions is due to anodic dissolution of the
underlying alloy. To clarify the relation between the
decrease in peel strength and the chromated alloy cor-
rosion, the anode current density (I,) from the poten-
tiostatic method and the polarization resistance (Rp)
from the coulostatic method were measured for un-
treated and chromated alloys in acidic solutions, in
which immersion tests of chromated alloy joints were
carried out. Figure 7 shows the changes in I, value
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Fig. 7. Arrhenius plots for I, values of untreated (O) and
chromated (@) alloy sheets in a CH3COONa-HCI buffer (pH 4.5).
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with immersion temperature for untreated and chro-
mated alloy sheets in a CH3COONa-HCI buffer (pH
4.5). On both the surfaces, the I value increases with
increasing immersion temperature. The I, values on
chromated alloy are ca. 1/500 times those on untreated
alloy. Since the chromate film itself is corrosion-resist-
ant, the I, values measured on chromated alloy surfaces
mean those on regions uncovered with the chromate
film [e.g., grain boundaries (5) and cracks in the chro-
mate film]. The I, values on untreated and chromated
alloy surfaces show the same temperature dependence
(Fig. 7). This fact also supports the view that the I,
value on chromated alloy surfaces measures a leak cur=-
rent density from the underlying alloy. Therefore, the
corrosion properties of chromated alloys depend on both
the area uncovered with the chromate film and the
corrosion of the underlying alloy itself. In this paper,
since the chromate treatment was carried out under
the same conditions, the area uncovered with the chro-
mate film is thought to be the same for all chromated
samples. Accordingly, since the corrosion resistance of
the chromated alloy can be related to that of untreated
alloy, the I;, and R, values of untreated alloy in acidic
solutions were compared with the peel strength reten-
tion time of chromated alloy joints in acidic solutions.

Figures 8 and 9 show log-log plots of I, and R, of
untreated alloy vs. peel strength retention time for
chromated alloy joints at various immersion tempera-
tures in various acidic solutions. In spite of the use of
different acidic solutions and different immersion tem=
peratures, the peel strength retention time is inversely
proportional to the I, value and proportional to the R,
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Fig. 8. Log-log plot of I, vs. peel strength retention time of
chromated alloy joints at various immersion temperatures in various
acidic solutions.
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Fig. 9. Log-log plot of R, vs. peel strength retention time of

chromated alloy joints at various temperatures in various acidic
solutions.
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value. In other words, the peel strength retention time
increases with decreasing anodic dissolution of the
underlying alloy, i.e., decreasing I, value or increas-
ing Ry, value. Thus, it is concluded that the decrease in
peel strength is due to the anodic dissolution of the
underlying alloy.

Failure mechanism in acidic solutions.—Figure 10
shows a schematic diagram of chromated lead/tin al-
loy-EAA interfaces degraded in acidic solutions. The
alloy surface consists both of lead and tin phases (Fig.
1). Since the lead phase was corroded more rapidly
than the tin phase when untreated alloy sheets were
immersed in acidic solutions, the lead phase-EAA
interface of chromated alloy joints are assumed to
degrade rapidly in acidic solutions by anodic dissolu-
tion of lead according to the reaction.

Pb + 2H* - Pb2+ 4 H,

Therefore, the joint strength of chromated alloy joints
is due mainly to interfacial forces at the tin phase-EAA
interfaces. In chromated alloy joints immersed in
acidic solutions, hydrogen ions diffuse into the adhe-
sive joints along the lead phase-chromate film inter-
faces and reach the tin phase-chromate film interfaces.
At the same time, hydrogen ions may diffuse through
the EAA copolymer, pass through the cracks (Fig. 2)
of chromate film, and then reach the tin phase-chro-
mate film interfaces. Subsequently, at the tin phases
in contact with the chromate film, the growth of tin
oxide layer and the anodic dissolution occur gradually
according to the reaction

Sn + 2H* - Sn2+ 4 Hp

The decrease in peel strength occurs simultaneously

. . ADHESIE - -

*. - CHROMATE FiLM

Fig. 10. Schematic diagram of chromated lead/tin alloy-EAA
interfaces degraded in acidic solutions.
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with anodic dissolution of the tin phases. After com-
plete anodic dissolution of all the tin phases in contact
with the chromate film, interfacial separation occurs
between the chromate film and the underlying alloy.
In conclusion, the environmental stability of chromated
lead/tin alloy joints in acidic solutions depends on the
corrosion properties of the tin phase in acidic solutions,
and the failure of chromated alloy joints proceeds with
anodic dissolution of the tin phases.

The I, and R, values of untreated alloy were 1.0
wA/cm? and 3.2 ko-cm? in distilled water, respectively.
It is estimated from Fig. 8 and 9 that the peel strength
retention time of chromated alloy joints is more than
10 years in distilled water. This estimation is in fair
agreement with an experimental result (6) that the
decrease in peel strength of chromated alloy joints does
not occur even after immersion in distilled water for
2 years.
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Environmental Stability and Failure Mechanisms of

Chromated Lead/Tin Alloy Joints Bonded with
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1. Alkaline Conditions
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ABSTRACT

The environmental stability and the failure mechanisms of a cathodically
chromated lead/tin (38/62) alloy joint bonded with an ethylene-acrylic acid
(EAA) copolymer (20 weight percent acrylic acid) have been investigated in
alkaline solutions. The environmental stability has been compared with that
of the alloy joint bonded with an ethylene-ethyl acrylate copolymer grafted
with acrylic acid (EEA-g-AA). The peel strength of the EAA joint decreases
rapidly with immersion in alkaline solutions. This decrease in peel strength
results from stepwise swelling of the EAA adhesive layer from the edges of
the joint to the inside, which swelling occurs by alkaline ions diffusing into
the joint inside. On the other hand, the decrease in peel strength of the
EEA-g-AA joints occurs from stepwise interfacial degradation from the
joint edges, with no swelling of the EEA-g-AA adhesive layer. The interfacial
failure mechanism is discussed in comparison with that of the EAA joint.

Cathodically chromated lead/tin alloy joints bonded
with an ethylene-acrylic acid (EAA) copolymer have
high peel strength in dry conditions (1) and show high
environmental stability in distilled water (2). How-
ever, immersion of the joints in acidic aqueous solu-
tions causes a rapid decrease in peel strength and
finally an interfacial separation (3). This decrease in
peel strength is due to an interfacial degradation or
failure between the chromate film and the underlying
alloy. This interfacial failure is due to anodic dissolu-
tion of the underlying alloy. In alkaline solutions, on
the other hand, lead/tin alloys are corroded since both
lead and tin are amphoteric metals (4). Therefore, it is
interesting to see whether the interfacial failure of
lead/tin alloy joints occurs in alkaline solutions via
the same mechanism as that in acidic solutions or via
the other failure mechanism. This paper is concerned
with the environmental stability in alkaline solutions
and the failure mechanism of a cathodically chromated
lead/tin (38/62) alloy joint bonded with an EAA co-
polymer used in previous papers (1-3). The failure
mechanism in alkaline solutions is compared with that
of the alloy joint bonded with an ethylene-ethylacry-
late copolymer grafted with acrylic acid (EEA-g-AA).

Experimental

The preparation of T-peel specimens consisting of
adherend (0.5 mm)-adhesive (0.2 mm)-adherend (0.5
mm) and the T-peel testing were described elsewhere
(1). A cathodically chromated lead/tin (38/62) alloy
sheet was used as the adherend. An EAA copolymer
sheet (EAA-1), used in previous works (1-3), was
used as the adhesive in this work, together with an
ethylene-ethyl acrylate copolymer grafted with acrylic
acid (EEA-g-AA). The EEA copolymer, supplied by
Nippon Unicar Company, was homogeneously grafted
with acrylic acid in benzoyl peroxide-containing xyl-
ene solutions at 120°C under nitrogen gas (5). The
properties of ethylene copolymers investigated in this
work are given in Table I. To evaluate the environ-
mental stability of the joints, the peel specimens were

Key words: ESCA, interfacial degradation, metal-polymer inter-
face, adhesive joint.

immersed in alkaline solutions at temperatures of
40°-70°C, and the T-peel strength was measured at
25°C immediately after immersion. The alkaline solu-
tions used were: H3BO; 4 KCI1-NaOH (pH 8.0 and
8.5), NaHCO3;-NaOH (pH 10.0), Na;HPO4-NaOH (pH
11.0), and KCI-NaOH (pH 12.0 and 13.0) buffers, and
0.1N NaOH solution (pH 14.0). The locus of failure of
these joints was determined from analysis of the frac-
tured surfaces by x-ray photoelectron spectroscopy
(ESCA) and scanning electron microscopy (SEM).

Results and Discussion

Water immersion test.—Figure 1 shows the changes
in peel strength with immersion at various tempera-
tures in an NaHCO3;-NaOH buffer (pH 10.0) for an
EAA-1 joint. Figure 2 shows the changes in peel
strength with immersion in various alkaline solutions
at 50°C for the same EAA-1 joint. The peel strength
decreases rapidly at relatively high pH values and
temperatures as in acidic solutions (3). The peel
strength retention time (during which the initial peel
strength is kept unchanged) decreases with increasing
immersion temperature or pH of alkaline solutions.
Figure 3 shows the changes in peel strength in various
alkaline solutions at 50°C for an EEA-g-AA joint. The
peel strength retention time also decreases with in-
creasing pH of alkaline solutions. However, the peel
strength retention times of the EEA-g-AA joint is

Table 1. Properties of acrylic acid-containing copolymers

Melt Glass

index tran-

(ASTM Acrylic Ethyl Den- sition

D1238) acid acrylate sity temper-

(g/10 content content (g/ ature

Sample min) (w/0) (w/0) cm?) (°C)
EAA-1* 50 20 — 0.96 31
EAA-2* 9.0 8 —_ 0.932 12
EAA-3* 11.0 35 — 0.925 -5
EEA-g-AA{ 6.4 4.7 18 0.931 -27

* Ethylene-acrylic acid copolymer.
1 Ethylene-ethyl acrylate copolymer grafted with acrylic acid.
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Fig. 1. Changes in peel strength with immersion in an NaHCOs-
NaOH buffer (pH 10.0) for an EEA-1 joint. Immersion tempera-
tures were: (@) 40°C; (@) 50°C; (@) 60°C; (O) 70°C.
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Fig. 2. Changes in peel strength with immersion in various alka-
line solutions at 50°C for an EAA-1 joint. Alkaline solutions were:
(A) 0.IN NaOH solution, pH 14.0; (@) KCI-NaOH buffer, pH
12.0; (A) NazHPO4-NaOH buffer, pH 11.0; (O) NaHCO3-NaOH
buffer, pH 10.0; ([J) H3BOs4 + KCI-NaOH buffer, pH 8.5; (0B
H3BO4 + KCI-NaOH buffer, pH 8.0.

longer than those of the EAA-1 joint when both the
joints are immersed in the same alkaline solution; the
EEA-g-AA joint is more stable in alkaline solutions
than the EAA-1 joint.

Locus of failure—The peel strength of the EAA-1
joint decreases as rapidly in alkaline solutions as in
acidic solutions. However, the progress of the inter-
facial failure in alkaline solutions has been found to
be significantly different from that in acidic solutions.
Immersion of the joint in acidic solutions causes first
the small areas or the spots of peel strength ~0 kg/
cm over the whole part of the interface, next the in-
creases in the area and the number of the spots, and
finally an interfacial separation (3). In alkaline solu-
tions, on the other hand, the failure initiates from the
edges of the joint in contact with the alkaline solutions
and proceeds into the joint inside with water immer-
sion, Figure 4 shows SEM micrographs of fractured
chromated alloy and EAA surfaces of the EAA-1 joint
peeled after immersion in an NaHCO;-NaOH buffer
(pH 10.0). The SEM micrographs show a distinet
front of failure on both the peeled surfaces. On the
peeled alloy surface, the part of smooth surface cor-
responds to the undegraded region of the joint inside,
which was peeled with a high peel strength similar to
the initial peel strength. The part of rough surface
corresponds to the degraded region of the joint edges,
which was peeled with a low peel strength of ca. 0
kg/cm. The rough surface topography results from the
residual adhesive, which had been transferred from
the adhesive side to the alloy side through the cohesive

IMMERSION TIME (day)

‘Fig. 3. Changes in peel strength with immersion in various al-
kaline solutions at 50°C for an EEA-g-AA joint. Alkaline solutions
were: (I]) KCI-NaOH buffer, pH 13.0; () KCI-NaOH buffer, pH
12.0; (A) NagHPO4-NaOH buffer, pH 11.0; () NatCO3-NaOH
buffer, pH 10.0.

FAILURE
FRONT

DEGRADED
REGION

Fig. 4. SEM micrographs of fractured chromated alloy (a) and
EAA (b) surfaces of an EAA-1 joint peeled after immersion in an
NaHCO3-NaOH buffer (pH 10.0).

failure of the adhesive layer. On the other hand, on
the peeled EAA side, remarkable swelling of the EAA
adhesive was observed on the degraded region. The
front of swelling coincided approximately with the
front of the interfacial degradation. The undegraded
EAA surface, peeled with high peel strength, shows a
rough surface topography similar to that peeled in dry
conditions (1). This rough topography results from
plastic deformation of the adhesive.

Figure 5 shows ESCA spectra of the fractured chro-
mated alloy and EAA surfaces corresponding to those
of Fig. 4, together with those of original chromated
alloy and EAA surfaces. The degraded parts of both
the peeled surfaces show an overall ESCA spectrum
similar to that of the original adhesive surface, al-
though there is a slight ESCA peak of tin, This ESCA
result and the presence of the residual adhesive on
the degraded alloy surface (Fig. 4a) indicate that the
failure of the degraded region of the joint occurs
within the adhesive when the joint is peeled. On the
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Fig. 5. ESCA spectra of original chromated alloy (a) and EAA
(b) surfaces and fractured chromated alloy (c) and EAA (d) sur-

faces of an EAA-1 joint peeled with low peel strength after im-
mersion in an NaHCO3-NaOH buffer (pH 10.0).
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other hand, peeled alloy and EAA surfaces of the dry
joint (1) and the undegraded region of immersed
joints showed ESCA spectra similar to those (c, d) of
Fig. 5. This result indicates that the locus of failure in
the dry joint or in the undegraded region of the joint
inside, in which the initial peel strength is kept un-
changed, also is the cohesive failure of the adhesive
itself. In other words, both the undegraded and de-
graded regions of the EAA-1 joint result in cohesive
failure within the adhesive in spite of the significant
difference in peel strength. This fact suggests that the
decrease in peel strength of EAA-1 joints results from
the decrease in mechanical or cohesive strength of
the EAA adhesive, but not from anodic dissolution of
the underlying alloy (3, 6-8) and from displacement
of the adhesive by water (9).

Failure mechanism of EAA-1 joints in alkaline solu-
tions.—The anode current density (I;) (3) at an
overpotential of 50 mV and the polarization resistance
(Rp) (3) of a lead/tin (38/62) alloy in the alkaline
solutions used were of the order of 100 xA/cm? and
500 Q-cm?, respectively. The estimated peel strength
retention time in alkaline solutions, which was ob-
tained from the above I, and R, values using the rela-
tion between peel strength retention time and I, or
Rp in Fig. 8 or 9 of the previous paper (3), is more
than 10 years. In fact, however, the joint degrades
rapidly in alkaline solutions; the measured peel
strength retention time is of the order of 10-100 days
(Fig. 1 and 2). This disagreement indicates that anodic
dissolution of the underlying alloy is not the prime
cause for the joint deterioration in alkaline solutions,
although it is the prime cause for the joint failure in
acidic solutions,

Table II shows water absorption test results of
EAA-1 and EEA-g-AA copolymer sheets (used as ad-
hesives in this paper) immersed in an NaHCO3-NaOH
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Table II. Water absorption test of acrylic acid-containing
copolymer sheets (0.5 mm thick) immersed in an NaHCO3-NaOH
buffer (pH 10.0) in the range 40°-70°C

Acrylic
n::}d . Water absorption (w/0)
Sample (w/0) 40°C 50°C 60°C 70°C
EAA-1* 20 26.2 61.0 128.2 190.4
EAA-2* 8 <0.01 ~0.08 0.1 0.3
EAA-3* 3.5 <0.01 ~0.03 ~0.06 0.2
EEA-g-AAt 4.7 5.2 6.2 8.2 1.2

Ethylene-acrylic acid copolymer.
t Ethylene-ethyl acrylate copolymer grafted with acrylic acid.

buffer (pH 10.0) in the temperature range 40°-70°C
until there was not further increase in weight. Table
III shows those immersed in three buffers of pH 8.5-
12.0 at 50°C. Tables II and III also include those of
two other EAA copolymers (EAA-2 and EAA-3) con-
taining lower acrylic acid contents. EAA-1 sheets
show much higher water absorption values than those
of EAA-2, EAA-3, and EEA-g-AA sheets, correspond-
ing to its high acrylic content [20 weight percent
(w/0)]. Furthermore, the water absorption of the
EAA-1 copolymer increases with increasing immersion
temperature and pH of alkaline solutions. Also, it was
observed that EAA-1 sheets were significantly swollen
and became mechanically weak at relatively high
water absorption, whereas EAA-2, EAA-3, and EEA-
g-AA sheets were not swollen. The significant swell-
ing of EAA-1, which is probably due tu ionization or
dissociation of carboxyl groups in the copolymer, also
indicates that the deterioration of EAA-1 joint in alka-
line solutions occurs with decreasing mechanical
strength of the bulk EAA due to its remarkable swell-
ing.

Figures 6 and 7 show the degraded depth from the
edges of T-peel specimen vs. the square root of im-
mersion time in an NaHCO3;-NaOH buffer (pH 10.0)
at various temperatures and in various alkaline solu-
tions at 50°C, corresponding to Fig. 1 and 2, respec-
tively. The degraded depth corresponds to the region
peeled with low peel strength of ca. 0 kg/cm and to
the swollen region of the EAA-1 adhesive layer. In
other words, the degradation or failure front of the
interface coincides with the swelling front of the
EAA-1 adhesive layer. In an NaHCO3;-NaOH buffer
(pH 10.0) at 40° and 50°C (Fig. 6 and 7) and in an
H3BO, + KCI-NaOH buffer (pH 8.5) at 50°C (Fig. 7),
the degraded depth is proportional to the square root
of immersion time. This result indicates that failure
of the EAA-1 joint occurs with swelling of the EAA
adhesive layer by alkaline ions diffusing into the joint
inside through the adhesive layer.

On the other hand, in an NaHCO3-NaOH buffer
(pH 10.0) at 60° and 70°C (Fig. 6), in a 0.IN NaOH
solution (pH 14.0) at 50°C, in a KC1-NaOH buffer (pH

Table 111. Water absorption test of acrylic acid-containing
copolymer sheets (0.5 mm thick) in three buffers of pH 8.5-12.0

at 50°C
Acrylic acid Water adsorption (w/o0)
content
Sample (w/0) pH 8.5* pH 10.0** pH 12.0%
EAA-1% 20 43.0 61.0 1742
EAA-2% 8 <0.01 ~0.08 0.2
EAA-3: 3.5 <0.01 ~0.03 ~0.03
EEA-g-AA$§ 4.7 6.0 6.2 5.2

* HsBOs+ + KCI-NaOH buffer.
** NaHCO3-NaOH buffer.
 KCI-NaOH buffer.
1 Ethylene-acrylic acid copolymer.
§ Ethylene-ethyl acrylate copolymer grafted with acrylic acid.
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Fig. 6. Degraded depth from the edges of T-peel specimen vs.
the square root of immersion time. An EAA-1 joint was immersed
in an NaHCO3-NaOH buffer (pH 10.0) at various temperatures:
(@) 40°C; (@) 50°C; () 60°C; (O) 70°C.
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Fig. 8. Degraded depth from the edges of T-peel specimen vs.
immersion time. An EAA-1 joint was immersed at 50°C in various
alkaline solutions: (A) 0.IN NaOH solution, pH 14.0; ((p) KCI-
NaOH buffer, pH 12.0; (A) NasHPO4-NaOH buffer, pH 11.0.
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Fig. 7. Degraded depth from the edges of T-peel specimen vs.
the square root of immersion time. An EAA-1 joint was immersed
at 50°C in various alkaline solutions: (A) 0.IN NaOH solution, pH
14.0; () KCI-NaOH buffer, pH 12.0; (A) NagHPO4-NaOH buffer,
pH 11.0; (O) NaHCO3-NaOH buffer, pH 10.0; ([J) H3BO4 +
KCI-NaOH buffer, pH 8.5.

IMMERSION TIME

12.0) at 50°C, and in an Na,HPO4-NaOH buffer (pH
11.0) at 50°C (Fig. 7), the degraded depth deviates
from the linear relation with the square root of im-
mersion time and accelerates with immersion time.
In these cases, the two adherends were bent outside
from each other by a remarkable swelling of the EAA
copolymer adhesive (see Tables II and III) sandwiched
by the two adherends. This waved swelling caused
gaps between the adherend and the adhesive. Although
the degraded depth values in Fig. 7 deviate from the
linear relationship with the square root of immersion
time, they give linear lines when replotted against im-
mersion time (Fig. 8). This linear relationship indi-
cates that alkaline solutions easily reach the failure
front of EAA joints (or the swelling front of EAA ad-
hesive layer) through above-mentioned gaps between
the adherend and the adhesive.

Failure mechanism of EEA-g-AA joint in alkaline
solutions.—The water absorption of EEA-g-AA sheets
having a low acrylic acid content is low in alkaline
solutions (Table II) and does not increase appreciably
with increasing pH of alkaline solutions (Table III),
whereas that of EAA-1 sheets is high and increases
appreciably with increasing pH. The EEA-g-AA sheets
are not swollen in alkaline solutions, whereas the
EAA-1 sheets are appreciably swollen. These results
indicate that alkaline ions diffuse into the bulk EAA-1,
but do not diffuse into the bulk EEA-g-AA copolymer.
However, it has been observed that the failure of the
EEA-g-AA joint also initiates from the edges of the
joint and proceeds gradually into the joint inside in a
manner similar to that of EAA-1 joint. Figure 9 shows

DEGRADED DEPTH
~N

1QQ

la\

|

.|
6 8 0 12 14
IMMERSION TIME (day"?)

Fig. 9. Degraded depth from the edges of T-peel specimen vs. the
square root of immersion time. An EAA-g-AA joint was immersed
at 50°C in various alkaline solutions: () KCI-NaOH buffer, pH
13.0; (@) KCI-NaOH buffer, pH 12.0; (A) NagHPO4-NaOH
buffer, pH 11.0; () NaHCO3-NaOH buffer, pH 10.0.

the relation between the degraded depth from the
edges of T-peel specimen and the square root of im-
mersion time in various alkaline solutions at 50°C. The
degraded depth is proportional to the square root of
immersion time. The bulk EEA-g-AA copolymer sheet
has low water absorption values in these alkaline
solutions, and its use as an adhesive results in no gap
between the adherend and the adhesive. All the results
suggest that the rate of the joint failure also is con-
trolled by diffusion of alkaline ions along the alloy-
adhesive interface.

Based on the well-documented phase structures of
multiphase polymers such as block and graft copoly-
mers, polymer blends, and interpenetrating networks
(10), it is reasonable to assume that the grafted
poly (acrylic acid) within EEA-g-AA undergoes phase
separation. The presence of the grafted poly (acrylic
acid) phase domains at the alloy-adhesive interface is
responsible for the high peel strength (= 4 kg/cm) of
the chromated alloy-EEA-g-AA joint (Fig. 3), be-
cause the base EEA copolymer before grafting gives
only low peel strength (ca. 0.5 kg/cm). In analogy with
the above-mentioned failure mechanism of EAA-1
joints, it is tempting to assume that the decrease in
peel strength of alloy-EEA-g-AA joints in alkaline
solutions occurs with swelling of the poly (acrylic acid)
domains at the interface by alkaline ions diffusing into
the joint inside along the interface. We discuss in more
details the failure mechanism of EEA-g-AA joints in
a later paper.
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Kinetics for the Reaction of Hydrogen with a
Plutonium-1 Weight Percent Gallium Alloy Powder

Jerry L. Stakebake
Rockwell International, Golden, Colorado 80401

ABSTRACT

Kinetics for the reaction of hydrogen with plutonium-1 w/o gallium were
measured using powder prepared ‘“in situ.” The rates obeyed a first-order rate
law and were independent of temperature from —29° to 355°C. A pressure de-
pendence proportional to P% was observed at pressures less than 1 kPa.
From 1 to 70 kPa the pressure dependence rapidly decreased. Total pressure
dependence could be accurately described by a Langmuir equation. Results
indicate an adsorption-controlled reaction at low pressures and a reaction-

controlled process at high pressures.

Plutonium hydride is frequently employed as an in-
termediate for preparing the metal or nitride powder
and as such plays an important role in the nuclear
industry. Even though a number of experimental stud-
ies have been carried out to describe the physico-
chemical properties of the plutonium-hydrogen system,
several areas are still poorly defined. Earlier studies
(1-7) have described in detail the equilibrium be-
havior and thermodynamic properties of plutonium
hydride. Much less information, however, is available
on the kinetics of the reaction of hydrogen with pluto-
nium. Some kinetic data for the reaction of hydrogen
with plutonium coupons have been reported by Bower=
sox (8,9) and Colmenares et al. (10). A recent report
(11) has also described the decomposition kineties of
plutonium hydride in both the two-phase region be-
low PuHygs and in the nonstoichiometric region be-
tween PuH;¢s and PuHs. Much of the early experi-
mental kinetic data were influenced by oxide films on
the metal coupons which increased the importance of
hydride nucleation in the reaction. Hydrogen diffusion
also plays a role in coupon hydriding and this process
is likewise not understood. Therefore, additional work
is required in order to fully understand the kinetics
of plutonium hydriding as well as the factors which
influence the kinetics.

Hydrogen reacts rapidly and exothermally with plu-
tonium metal. The reaction is, however, strongly in-
fluenced by impurities in the gas phase hydrogen or
on the plutonium metal surface. When impurities are
present the reaction is characterized by a period of
inhibition followed by a nucleation process on the
plutonium surface. Elimination of the effect of impure

Key words: adsorption, corrosion, metals.

hydrogen can be accomplished through gas purification
techniques. Oxide films on the surface are more diffi-
cult to eliminate. To accomplish this successfully the
sample must be prepared in situ without exposure to
air. The problem of a surface film contaminant was
dealt with in another way by Bowersox (8,9). Pluto~
nium coupons were heated under vacuum to about
300°C. During such a treatment the PuO; surface film
is converted to PuO or more likely a Pu (C,0) phase
(12). This material is catalytic and enhances the dis-
sociation of hydrogen thus promoting the hydriding
reaction. When plutonium coupons were treated in this
manner, hydride nucleation sites were rapidly gen-
erated and inhibition caused by the oxide film was
nearly zero. The problem with this type of approach
was that the true plutonium-hydrogen reaction was
not being studied. The approach used in the present in=-
vestigation was to purify the hydrogen gas and then
prepare a plutonium powder in situ. This procedure
results in a relatively clean sample with a high sur-
face area.

A second problem in measuring plutonium hydriding
kinetics arises from the exothermal nature of the reac-
tion. The heat of formation of plutonium hydride
varies from —38 to —50 kcal/mol depending on the
composition of the hydride (3). Self-heating of the
sample during reaction makes it difficult to obtain iso-
thermal kinetic data. Use of a heat sink bonded to the
plutonium coupon can alleviate the problem to a
degree (8,9). However, this was not practical in the
present investigation. The significance of not maintain-
ing strictly isothermal conditions will be discussed
later.

This paper describes the results from an investiga-
tion of the hydriding kinetics of a plutonium-1 weight
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percent (w/o) gallium alloy powder. The metal pow-
der was used because it could be prepared with a clean
surface and any bulk hydrogen diffusion effects would
be minimal. Measurements were carried out over a
temperature range of —29°-355°C and at hydrogen
pressures of 20 Pa to 67.96 kPa. Kinetic data were
evaluated with the reaction model used for uranium
powder (13).
Experimental

Materials.—Plutonium metal used in this investiga-
tion was a plutonium-gallium alloy which was sta-
bilized in the delta phase. The gallium concentration
was 1.03 w/o. There was a total of 1335 ppm of metallic
impurities including 855 ppm of americium. Americium
is present as a radiolytic decay product of plutonium-
241. Coupons for this study were machined to a thick-
ness of 3 mm from cast rods. Individual samples
weighed about 1.5g. They were cleaned by mechani-
cally polishing the surface and immediately loaded on
the vacuum microbalance.

Ultrapure hydrogen (99.999%) and argon (99.999%)
were used in this investigation. These gases were in-
troduced into the system through a bed of uranium
hydride to further minimize oxygen contamination.
However, surface reactions between hydrogen and the
stainless steel walls of the vacuum system still pro-
duced some water vapor contamination.

Apparatus.—The experimental apparatus used for
this investigation has been described in detail else-
where (13). A Cahn Model 100 microbalance was in-
corporated into a stainless steel vacuum system. Mini-
mum pressures attainable were in the 10—8 Pa (108
Torr) range. Hydrogen pressures during reaction were
controlled with a Granville-Phillips pressure control-
ler and could be varied from 10— Pa to 105 Pa. Pres-
sures were measured with an ionization gauge or a
capacitance manometer. Sample temperatures were
varied with a resistance heater controlled with a power
proportioning programmer. The thermocouple for
measuring the sample temperature was located beside
the sample and inside the vacuum system. Output from
the microbalance, thermocouples, and pressure meters
were collected with a data acquisition system and pro-
cessed using a computer.

Procedure.—Plutonium powder was prepared by
hydriding and then dehydriding a 1.5g plutonium
coupon. Hydride sites were nucleated on the coupon
by exposure to 6.65 kPa of hydrogen at 20°C for 2 min.
Bulk hydriding was then performed slowly in 67 Pa
of hydrogen at 20°C. Although slow, this process pro-
duced the highest surface area for the powder. De-
hydriding was accomplished by heating the sample at
450°C under vacuum. The objective during dehydrid-
ing was to attain a reasonable rate and still minimize
any sintering of the powder. Surface areas for the pow-
ders were calculated from the argon adsorption iso-
therm, obtained at —196°C, using the BET (14)
method. Powder hydriding rates were then measured
over a range of temperatures (—29°-355°C) and pres-
sures (0.020-67.96 kPa). Following each run the sam-
ple was dehydrided at 450°C and reused for the next
hydriding run. A total of fifteen different plutonium
samples were used throughout the course of this in-
vestigation.

Reaction Kinetics

The reaction model used to describe the reaction of
hydrogen with plutonium metal powder is called the
“Progressive Conversion” model (15). This model as-
sumes that once hydrogen is adsorbed on the surface
diffusion into the bulk is very rapid and not rate deter-
mining. Thus, the reaction takes place uniformly
throughout the particle and not strictly at the metal/
hydride interface. The general reaction equation is
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We= Wn{l — [1 4+ k(n — I)M®-D]1/1=n}  [1]

where Wy = hydrogen reacted in time, t; W, = total
hydrogen reacted; k = rate constant; n = order of the
reaction; and M, = milligram atoms of metal initially
available. In the special case where the reaction is
first-order (n = 1), Eq. [1] becomes

Wi = Wn (1 — e~kt) {21

This equation was used throughout this study to evalu-
ate rates of reaction.

Results and Discussion

Plutonium powder characterization.—Gallium metal
present in this plutonium alloy powder is nonreactive
with respect to hydrogen. The role of gallium is to
stabilize the plutonium in the delta phase. This metal
phase is more reactive with respect to hydrogen than
the room temperature alpha phase found in pure
plutonium. The most logical reason for the increased
reactivity is the greater metal-metal atomic spacing in
the delta alloy. In this structure the f-electrons are
more localized and are not involved in metallic bond-
ing (16). Thus, it has been proposed that they are
available for the rapid chemisorption of hydrogen dur-
ing the hydriding reaction (17). One initial concern
was that gallium would become segregated during the
hydriding/dehydriding cycles. This would result in a
mixture of alpha and delta phase material. X-ray dif-
fraction analysis of the metal powder showed that the
metal was in the delta phase and there was only a
trace of alpha plutonium. Apparently the gallium re-
mains uniformly distributed throughout the powder.

When the initial hydriding of a plutonium coupon
was carried out in 26.6 kPa of hydrogen at 200°C the
reaction was very rapid. Powder formed in this manner
contained large particles (Fig. 1). Additional hydrid-
ing and dehydriding did not reduce the particle size
because of the high temperature (450°C) required for
dehydriding. For this investigation the initial coupon
was nucleated in 6.65 kPa of hydrogen at 20°C for about
2 min. During this stage about 1% of the total reac-
tion took place. The remainder of the coupon hydrid-
ing was carried out at 20°C in 67 Pa of hydrogen
over a period of about 5 hr. Powder formed by this
method was finer and more uniform than that pre-
pared by rapid, high temperature hydriding (Fig. 2).

Particle sizes of the powder used were measured
with a Quantimet 720 particle analyzer. The particle
size distribution is shown by a log-normal plot in Fig.
. The count mean diameter (CMD) was 5.0 um, while
the standard deviation, o¢, was 13.4. Total surface areas

Fig. 1. Plutonium-1 w/o gallium powder prepared at 200°C in
26.6 kPa of hydrogen.
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Fig. 2. Plutonium-1 w/o gallium powder prepared at 20°C in
0.067 kPa of hydrogen.
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Fig. 3. Log-normal size distribution of plutonium alloy powder.
The count median diameter for the particles was 5.0 um and the

] ric standard deviation o was 13.4.

of the samples were measured with the BET (14)
technique using argon adsorption at —196°C. The sur-
face area of this powder was calculated to be 0.16 m2/g.
All of the powders used in this study had surface
areas on the order of 0.1-0.2 m2/g. This range was too
small to establish any surface area dependence for the
reaction,

Kinetic evaluation of powder hydriding.—The ap-
plicability of the “Progressive Conversion” model dis-
cussed earlier was evaluated under all of the condi-
tions of this investigation. A typical evaluation is
illustrated in Fig. 4. This particular hydriding run was
made at an initial temperature of 30°C in 1.06 kPa of
hydrogen. Because of the heat of reaction the average
temperature of this run was 130°C. It is evident that
both Eq. [1] and [2] fit the data quite well. Using Eq.
[1] the rate constant, k, was 1.60 min—! and the calcu-
lated order was 0.91. Equation [2] for a first-order re-
action produced a rate constant of 1.46 min—!. For the
purpose of this investigation all data were evaluated
using Eq. [2].

Effects of temperature on powder hydriding.—Hy-
driding of plutonium metal released significant amounts
of heat. With the experimental set-up being used, this
heat could not be dissipated and the net result was
an increase in sample temperature. This effect is shown
in Fig. 5. Because of the rapid heat release thermal
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Fig. 4. Evaluation of plutonium powder hydriding rates at 30°C
and 1.06 kPa using Eq. [1] and [2].
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100°C in 0.067 kPa of hydrogen.

gradients were established between the sample and the
wall of the chamber. These gradients, which were most
pronounced at low pressures and temperatures, are
believed to cause the discontinuities observed in Fig.
4 and 5 through their effect on the microbalance. Dis-
continuities have been observed at about 0.1-0.2 min
after the start of a run for all experiments at tem-
peratures less than 140°C and pressures less than 1.33
kPa.

When the main purpose of an investigation is the
measurement of reaction rates, the inability to main-
tain isothermal conditions could present a problem.
Table I summarizes data obtained over a range of
temperatures for two pressure levels, 0.067 and 26.6
kPa (0.5 and 200 Torr). Temperatures being reported

Table 1. Effect of temperature on the hydriding rate of
plutonium-1 w/o gallium alloy powder

Pressure To TMax. Tave. k

Run (kPa) (°C) (°C) (°C) (min-!)
827 0.067 68 140 126 =9 0.45
830 0.067 55 127 119 +13 0.40
831 0.067 77 162 156 =8 0.40
832 0.067 218 266 2618 0.47
833 0.067 -33 27 5+13 0.42

4 0.067 6 62 3516 0.48
835 0.067 233 323 315+ 14 0.41
838 0.067 30 80 73*8 0.40
839 0.067 30 83 76+8 0.40
864 26.60 30 142 103 = 28 1.78
865 26.60 244 372 3559 1.69
866 26.60 120 226 193 =17 2.10
867 26.60 —96 47 —29 +43 2.68
869 26.60 24 148 106 = 27 2.02
870 26.60 =31 109 50 + 35 2.38
871 26.60 175 315 277 =22 2.25
872 26.60 184 129 £ 30 2.42
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were gas-phase temperatures measured next to the
sample. Because of the significant self-heating during
reaction, an average temperature was calculated for
each run. In the first set of experiments at 0.067 kPa,
an attempt was made to hold the temperature near its
maximum. With the exception of the low temperature
runs 833 and 834, heat was supplied to the sample with
a furnace and temperature programmer. The effective-
ness of this approach is shown by the standard devia-
tions of the temperature. This technique was not used
for the higher pressure experiments. The lack of tem-
perature programming coupled with reaction rates
which were nearly five times larger resulted in signifi-
cantly higher standard deviations for the average tem-
peratures.

Since actual powder temperatures were unknown,
no attempt was made to evaluate the temperature de-
pendence for powder hydriding using the Arrhenius
equation. Examination of the gas-phase temperatures
shown in Table I indicate that temperature apparently
has little effect on the hydriding rate. This is indicative
of a very small activation energy. Additional work is
required, however, to measure actual powder tem-
peratures and to evaluate the nonisothermal kinetics.

Studies made with plutonium coupons have shown
some temperature dependence. Activation energies
have been reported to range from 2 to 6 kcal/mol
(8-10, 18). Since in the case of bulk coupons such pro-
cesses as nucleation and diffusion play a significant
role, activation energies may be associated with these
processes and not the direct reaction between pluto-
nium and hydrogen.

Effects of hydrogen pressure on powder hydriding
rates.—Experimental runs were conducted at pressures
of 20 Pa (0.15 Torr) up to 67.96 kPa (510 Torr). Tem-
peratures were nonisothermal and the variation during
the investigation ranged from an average of —29° to
355°C. Earlier in this discussion it was shown that
hydriding rates were essentially independent of tem-
perature. Only a slight inverse temperature dependence
was noted at higher pressures, e.g., 26.6 kPa. This type
of behavior was attributed to the role of adsorption at
low temperatures and hydride decomposition at high
temperatures. The decomposition reaction becomes sig-
nificant at about 350°C (11). Because of this tempera-
ture influence at the temperature extremes, runs at
temperatures less than 0°C or greater than 350°C were
not used in evaluating pressure effects on hydriding
rates.

Data from all runs at various pressures are listed in
Table II. These data were analyzed using the equation

Knya = koP? [3]

where knyq is the first-order rate constant, P the hy-
drogen pressure in kPa, k, is a constant, and n is the
order of the hydrogen pressure dependence. A plot of
the data using this equation is shown in Fig. 6. A dis-
continuity is noted at about 1 kPa (8 Torr) indicating
the pressure dependence might be evaluated for two
pressure ranges. For the pressure range 0-1 kPa (0-8
Torr) n is equal to 0.45 while for pressures greater
than 1 kPa n is 0.11.

In the low pressure region the rate is proportional to
PY, This relationship is typical for dissociative adsorp=-
tion of hydrogen. For pressures greater than 1 kPa the
pressure dependence of the reaction is proportional to
0.11 or very nearly equal to zero. This type of behavior
is similar to the Langmuir adsorption isotherm and
suggests that hydrogen adsorption may play a major
role in the overall hydriding kinetics.

Using Langmuir’s kinetic derivation (19) for the ad-
sorption isotherm, ¢ is the fraction of the surface cov-
ered with hydrogen and 1 — ¢ is the fraction bare. If
hydrogen is adsorbed dissociatively
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Table Il. The effect of pressure on the rate of hydriding of
plutonium-1 w/o alloy powder

Pressure k Tavg.
Run (kPa) (min-1) (°C)
862 0.020 0.25 768
827 0.067 0.45 1269
830 0.067 0.40 119 =13
831 0.067 0.40 156 =8
832 0.067 0.47 261+ 8
833 0.067 0.42 513
834 0.067 0.48 35+ 16
835 0.067 0.41 31514
838 0.067 0.40 73+8
839 0.067 0.40 76+ 8
853 0.075 0.41 94+ 16
844 0.120 0.64 616
849 0.250 0.86 105 =15
854 0.332 0.84 103 =15
840 0.665 1.23 164 =7
841 0.665 1.23 84 = 12
842 0.665 1.22 100 =11
843 1.064 1.46 1309
848 2.128 1.68 145 % 14
850 2.128 1.60 105 +19
847 3.19 1.80 106 = 20
855 3.42 152 107 =19
859 5.32 1.70 96 = 16
809 6.65 1.68 238 + 17
810 6.65 1.69 144+ 24
812 6.65 1.86 63 =24
860 13.30 2.06 107 =18
864 26.60 1.78 103 + 28
866 26.60 2.10 193 = 17
869 26.60 2.02 106 + 27
870 26.60 2.38 50 =+ 35
871 26.60 2.25 277 = 22
872 26.60 2.42 129 = 30
861 67.96 221 108 = 20
K
Hpy(gas) = H(chem) 4 H(chem) [4]
The rate of adsorption may then be written as
vi = kiP(1 — 0)2 [5]
and the rate of desorption is
V—1= k—192 [6]
At equilibrium the rates are equal and
(] ( kP )% i -
—_— = <
1—9 k-4
Upon rearranging Eq. [7] becomes
(KP)%
=— 8l
1+ (KP)*%

The pressure dependence of the surface coverage is
shown in Fig. 7. At high pressures 6 is independent of
pressure while at low pressures § ~ (KP) %,

In considering the hydriding of plutonium powder

Pu + H(chem) -IE) PuH, [91
150
100
050
0.00t

-050f k=148P°% ° ©

-1.00F

LN (Ist-ORDER RATE CONSTANT)

g

50 40 30 -20 10 00 10 20 30 40 50
LN (PRESSURE kPa)

Fig. 6. Effect of hydrogen pressure on plutonium powder hydrid-
ing rates with temperatures varying between 5° and 315°C.
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Fig. 7. Variation in surface coverage as a function of pressure
for Langmuir-type adsorption.

the temperatures were kept sufficiently low so that the
reverse decomposition reaction was negligible. The
rate of hydriding has been found to follow a first-order
process. If the rate of hydriding is proportional to the
hydrogen surface coverage the first-order rate is

Knya = k28 [10]
or
K — ke (KP)% 7
hyd = -1+—(KP)—‘6 [11]

The relationship given in Eq. [11] has exactly the
same form as seen in Fig. 7. At pressures less than
0.02 kPa (KP)* < 1, Eq. [11] becomes

knya = ko (KP)% [12]

where the rate of hydriding is proportional to P% and
adsorption is rate determining. At high pressures
(>1000 kPa) where (KP)% > 1 Eq. [11] becomes

Knya = ke [13]

Under these conditions the hydriding rate is equal
to k2 and is independent of hydrogen pressure. This
bghavior has been observed for the hydriding of pluto-
nium-1 w/o gallium powder as illustrated in Fig. 6.

Equation [11] can be tested for the hydriding of plu-
tonium powder by rearranging to the form

p¥ 1 P%

Knya koK% * ka2 (4]

.P‘lotting P%/knyq against P% gives a straight line
with the slope 1/ks. Such a plot is shown in Fig. 8.
From an evaluation of the data k; was found to be 2.69

7.0

601
50

4.0

~/Pk (hyd)

301

201

cJ

00 10 20 30 40 50 60 70 80 90 100

~/P(kPa)

Fig. 8. Modified Langmuir plot for the pressure dependence of
plutonium-1 w/o gallium hydriding rates on the hydrogen pressure.

PRESSURE (kPa}

tal dicted bl & 1

Fig. 9. Variation of experi and p [
w/o gallium powder hydriding rates with pressure.

min-! and K was equal to 0.66 kPa—1. Using these
constants hydriding rates have been predicted over the
pressure range 0-100 kPa. Results are shown by the
solid line in Fig. 9. Predicted rates obtained from Eq.
[11] are in good agreement with the experimental
values from 0 to 70 kPa.

Conclusions

The reaction kinetics for the hydriding of pluto-
nium-1 w/o gallium were measured using a metal pow-
der prepared “in situ.” This technique successfully
minimized oxide formation which introduces a predom-
inant hydride nucleation and growth step in the reac-
tion sequence. Powder hydriding was found to be inde-
pendent of temperature from —29° to 355°C, Hydriding
rates exhibited a hydrogen pressure dependence which
could be described by a modified Langmuir equation.
At pressures less than 1 kPa rates were proportional
to P*% indicating dissociative adsorption of hydrogen
was rate controlling. Above 1 kPa the pressure depen-
dency decreased with complete independence being
predicted at about 1000 kPa. In the high pressure re-
gion the rates are reaction controlled.

Acknowledgment
This work was performed under the auspices of U.S.
Department of Energy Contract DE-AC04-76DP03533.

Manuscript submitted Jan, 13, 1981; revised manu-
script received May 22, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by
Rockwell International.

REFERENCES

1. R. N. R. Mulford and G. E. Sturdy, J. Am. Chem.
Soc., 17, 3449 (1955).

2, R.(II\IQ. lg,) Mulford and G. E. Sturdy, ibid., 78, 3897

56).

3. J. M. Haschke, A, E. Hodges III, C. M. Smith, and

f‘ing)Oetting, J. Less-Common Metals, 3, 41
80).

4, S. Takeuchi and K. Suzuki, Trans. Jpn. Inst. Metals,
3,41 (1962).

5. C. Colmenares and C. Alexander, “Heat of Forma-
tion of Plutonium Hydrides,” U.S. AEC Report
UCID-16799, Lawrence Livermore Laboratory,
Livermore, CA (1975).

6. I. B. Johns, “Plutonium Hydride and Deuteride,”
U.S. AEC Report MDDC-717, Argonne National
Laboratory, Argonne, IL (1944).

. M. L Ivanov and N. S. Podol’skaya, Russ. J. Phys.
Chem., 45,1682 (1971).

8. D. F. Bowersox, “The Reaction between Plutonium

and Deuterium Part I. Rate Measurements by

-3



2388

Pressure Changes,” U.S. AEC Report LA-5515-
MS, Los Alamos Scientific Laboratory (1974).

9. D. F. Bowersox, “The Reaction between Plutonium
and Deuterium Part II. Rate Measurements by
Weight Changes,” U.S. AEC Report LA-6681-MS,
Los Alamos Scientific Laboratory (1977).

10. C. A. Colmenares, Lawrence Livermore National
Laboratory, Unpublished data (1980).

11. J. M. Haschke and J. L. Stakebake, in “The Rare
Earths in Science and Technology,” Vol. 2, G. J.
McCarthy, J. J. Rhyne, and H. B. Silber, Editors,
p. 577, Plenum Publishing Co., New York (1980).

12. D. T. Larson and J. M. Haschke, J. Inorg. Chem., In
press.

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

November 1981

13. J. L. Stakebake, This Journal, 126, 1596 (1979).

14, S. Brunauer, P. H. Emmett, and E. Teller, J. Am.
Chem. Soc., 60, 309 (1938).

15. J. L. Stakebake and G. E. Bixby, “Evaluation of
Reaction Kinetics for Gas-Powder System,” U.S.
DOE Report RFP-2849, Rockwell International,
Golden, CO (1979).

16. C. Bonnelle and G. Lachere, in “Plutonium 1975
and Other Actinides,” H. Blank and R. Linder,
Editors, North-Holland Publishing Co., Amster-
dam (1976).

17. J. W. Ward, Personal communication (1980).

18. J. M. Haschke, Personal communication (1980).

19. M. Langmuir, J. Am. Chem. Soc., 40, 1361 (1918).

Effects of Heat-Treatment on Indium-Tin
Oxide Films

F.T.J. Smith* and S. L. Lyu
Eastman Kodak Company, Research Laboratories, Rochester, New York 14650

ABSTRACT

Highly conductive and transparent films of indium-tin oxide have been
sputter-deposited from an oxide target. The effects of annealing in oxidizing
or reducing atmospheres on the electrical and optical properties of these films
have been determined. The electron concentration and related optical prop-
erties are reversible functions of the oxygen partial pressure in the annealing
atmosphere. The form of this relationship is consistent with a defect model in
which most of the Sn dopant is present in neutral complexes with interstitial
oxygen. The Hall mobility and refractive index are changed irreversibly by
annealing as a result of subtle changes in film structure.

Highly transparent and electrically conducting thin
films are useful in a wide variety of applications, for
example, transparent Joule heating elements, infrared-
reflecting coatings transparent in the visible, and
transparent electrodes allowing optical and electrical
access to solid-state devices. The oxides of Cd, In, Sn,
and Sb have usually been found to have the best com-
bination of properties (1). In particular, films of in-
dium oxide containing some tin oxide are widely used
where sheet resistances of less than 10 Q/sq are re-
quired.

Films of indium-tin oxide (ITO) can be prepared by
spray hydrolysis, but for most electronic applications,
sputtering, evaporation, or chemical vapor deposition
methods are necessary to achieve the required uni-
formity. Sputtered films have been prepared by using
either conventional sputtering from hot-pressed oxide
targets (2) or reactive sputtering from metal targets
(3). With oxide targets the optimum composition has
been reported to be 5-20 mol percent (m/o) SnOgp
in InzOs (4)

The properties of these films are sensitive to the
preparation conditions, in particular the oxygen partial
pressure in the sputtering atmosphere (5). Film prop-
erties can also be modified by annealing in either oxi-
dizing or reducing atmospheres. It would therefore be
desirable to develop an understanding of the effects of
film structure and stoichiometry on electrical conduc-
tivity and optical transmission. This has been achieved
to some extent for pure InyO; films (6, 7). In the pres-
ence of Sn, however, the situation is much more com-
plex. Precipitation of metallic clusters (8) or possibly
an Sn304-like phase (9) has been reported in some
situations. Although the presence of tin leads to a
higher conductivity, it is not clear what its role is or

* Electrochemical Society Active Member.
Key words: conductance, transmittance, sputtering.

what the mechanism is for the changes in conductivity
observed when these films are annealed.

We will present results obtained for films deposited
by rf sputtering from a hot-pressed oxide target. Dep-
osition parameters have been optimized to yield films
having high electrical conductivity and transparency.
We will not describe the dependence of film properties
on sputtering parameters in detail, since our results
are similar to those reported previously (10). Instead,
the results of annealing ITO films at various partial
pressures of oxygen will be discussed. We will show
that, if the films are not reduced to the point of pro-
ducing a metallic phase, the effect of annealing on
conductivity is a reversible function of oxygen partial
pressure. These changes in conductivity can be inter-
preted in terms of the formation of neutral clusters of
tin with interstitial oxygen. Annealing also affects the
optical properties of these films, in some cases re-
versibly, as a result of their relationship to the free-
carrier concentration.

Experimental Methods

An rf diode sputtering system was used (Fig. 1). It
has two notable features. First, the target is placed
below the substrate so that material sputtered upward
is collected. Second, the substrates were loaded
through an evacuable load lock, thus avoiding expo-
sure of the target to the atmosphere and preventing
adsorption of moisture by the target material, which is
somewhat hygroscopic. As a result the run-to-run re-
producibility was very high after initial outgassing and
presputtering of new targets. The sputtering chamber
is a stainless steel cylinder pumped by an oil diffusion
pump with a cold trap. System pressures of 1 X 107 to
5 x 10—8 Torr were typically obtained between runs.
During sputtering, a throttle valve of fixed diameter
was used to limit pumping speed, and both argon and
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Fig. 1. RF diode sputtering system

oxygen of high purity were introduced to the cham-
ber through metering valves.

A 20 cm diam hot-pressed disk of InyO3 containing 9
m/o of SnO; was used as a target. This was bonded
to a water-cooled copper plate. The substrates were
clamped into recesses in a 3 mm thick aluminum disk
which in turn was bolted to a 12 mm thick copper
plate. This plate acted as a heat sink. Either the sub-
strates or a stainless steel shield could be rotated into
position over the target. The target-to-substrate dis-
tance was 3.5 cm. To stabilize the system, presputtering
onto the stainless steel shield was always done for 30
min before deposition onto the substrates, With a new
target, presputtering for 8-12 hr was necessary before
film properties became reproducible from run to run.
An increased outgassing rate was observed during the
first few hours of this procedure.

Polished fused quartz disks 5 c¢cm in diameter and
0.05 cm thick were used as substrates. These were
cleaned using ammonia-hydrogen peroxide and hydro-
chloric acid-hydrogen peroxide mixtures (11).

Optical measurements were made at near-normal
incidence using a Cary 14 two-beam spectrophotometer
in the visible and near-infrared region and a Beckman
AR10 spectrophotometer in the 2-10 um range. Sheet
resistances were measured using a four-point tungsten
probe, and both sheet resistance and Hall coefficients
were measured by the van der Pauw method. Good
agreement (+5%) was found between the two methods
for sheet resistance. For the van der Pauw measure-
ments the films were etched into a cloverleaf pattern
by using conventional photolithography with hot hy-
driodic acid as an etchant (12). Silver paste contacts
were used.

The measurements were made using a-c current and
a d-c magnetic field of 4.3 koe. In some cases electrical
measurements were made at high temperatures at
various oxygen partial pressures, also by the van der
Pauw method. To do this the samples were enclosed in
a quartz tube in a furnace placed between the poles
of an electromagnet. Mixtures of argon with traces of
oxygen were passed through the tube, and the oxygen
concentration in the exit gas was measured with a
commercial solid-state oxygen meter. For these high
temperature measurements, pressure contacts were
made by spring-loaded nickel wires. Film thickness
was measured by using a profilometer to determine the
average height of an etched film edge. Annealing was
done in a horizontal tube furnace. The annealing am-
bient was established by placing the samples in a
quartz tube and flowing the appropriate gas over them
at ~0.5 cm/sec.

Results and Discussion

A series of films 5000-10,000A thick were deposited
while sputtering parameters such as gas composition
and pressure, power, and substrate-target spacing were
varied so as to optimize film properties. That is, these
parameters were varied to obtain the highest ratio of
visible-wavelength transmission to sheet resistance for
films in this thickness range.
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Films sputtered in an atmosphere containing a few
percent of oxygen had a high resistivity. For example,
films ~7000A thick deposited at a power of 500W in an
argon plus 5% oxygen atmosphere at a total pressure
of 2 X 102 Torr had a sheet resistance of 2-5 x 108
0/sq. In contrast, films of this thickness deposited in
pure argon under the same conditions had a sheet re-
sistance of ~5 Q/sq. Sheet resistance decreased with
increase in sputtering power, as reported previously
(10). Thus the sheet resistance of films ~7000A thick
deposited from pure argon at 2 X 10—2 Torr decreased
from ~9 0/sq at 200W to ~4 Q/sq at 600W,

Repeated presputtering and deposition in pure argon
gradually reduced part of the target surface, as evi-
denced by the development of a very dark metallic
appearance. Films deposited from such a target had
sheet resistances a factor of two or more higher than
those from a fresh target surface obtained by abrading
away the darkened surface layers. Similar observations
have been reported elsewhere (2). Presputtering at a
reduced power of 300W in a 50% Os plus 50% Ar atmo-
sphere prevented this darkening, apparently by reoxi-
dation of the target surface. Presputtering was there-
fore always carried out under these conditions for 30
min before each deposition run. Changing the pre-
sputtering atmosphere to pure argon for 1-10 min
before film deposition had no effect on film properties.
Several hours of deposition in pure argon were re-
quired before significant reduction of the target oc-
curred, so that only minor changes in target condition
would be expected during a single deposition run.

On the basis of these results, all subsequent films
were deposited at 500W in a pure argon atmosphere,
pressure 2 X 10—2 Torr, after presputtering in an
argon-oxygen mixture as described. The oxygen flow
was stopped ~3 min before deposition was begun. With
this procedure, sheet resistances were reproducible to
within 5% from run to run. Figure 2 shows the sheet
resistance of deposited films and the optical transmis-
sion at 500 nm, after averaging interference fringes,
both as functions of the total deposition time. Under
these conditions the deposition rate was 8.5 A/sec, so
that the film thickness increased from 5100A after 10
min to 30,600A after 60 min. The sheet resistance cor-
respondingly decreased, reaching a value of less than
1 0/sq after 60 min. The transmission, on the other
hand, increased for the first 25 min of deposition and
at this point was limited only by the reflectivity of the
film. The decrease in transmission of thicker films is
presumably due to bulk absorption adding to reflec-
tion losses. The decrease at short times is not under-
stood.

80
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Transmission (%)
»
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Sheet resistance (£)/sq)

)
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Deposition time (min)

Fig. 2. Dependence of sheet resistance and transmission at 500
nm on total deposition time in 2.0 X 102 Torr Ar at 500W power.
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If the higher resistivity of films deposited in Ar-O;
mixtures were due only to differences in carrier con-
centration resulting from differences in oxygen content,
it should be possible to bring all films to the same
resistivity by equilibrating them with the same oxi-
dizing or reducing atmosphere. This should take place
at a temperature sufficient to allow rapid oxygen dif-
fusion within the bulk of the film. In fact, when films
were annealed at 200°C, the resistivity did change and
equilibrium was reached within ~30 min, Figure 3
shows the sheet resistance of a relatively resistive film
as a function of time at 200°C in nitrogen containing
~20 ppm of oxygen. This film was deposited in an Ar
+ 5% O mixture. The equilibrium sheet resistance for
several films is shown in Fig. 4 as a function of anneal
conditions. These data were obtained using films
~8000A thick deposited in pure argon, giving an as-
deposited sheet resistance of 3.5 Q/sq (curves a), and
at oxygen levels of 5% (curves b) and 10% (curves c),
resulting in as-deposited sheet resistances of ~2200
and 7000 Q/sq, respectively. The coated disks were
cleaved into halves, and the halves were annealed in
either No + 200 ppm O, (broken lines in Fig. 4) or
N2 4+ 10% H; + 50 ppm HyO (solid lines). Anneals
were carried out for 30 min at 100°C and repeated at
100°C intervals above this. The sheet resistances de-
creased with increasing anneal temperature, approach-
ing each other and reaching a minimum at 300°-500°C.
At higher temperatures the sheet resistance increased
rapidly and the films acquired a dark metallic appear-
ance, indicating reduction of the oxides to a metallic
phase. The fact that all samples did not reach the
same resistivity indicates that simple differences in
initial oxygen stoichiometry do not entirely explain
the increase in resistivity for films deposited at the
higher oxygen levels. Differences in structure were
therefore looked for which could explain these differ-
ences in resistivity.

Figure 5 is an SEM picture of the surface of a film
~8000A thick. This particular film was deposited in
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Fig. 3. Depend of sheet r on anneal time at 200°C
in nitrogen.
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Fig. 4. The equilibrium sheet resistance as a function of tempera-
ture for films annealed in N2 (broken lines) or No + 10% Ho
(solid lines).

pure Ar, but an apparently identical surface morphol-
ogy is seen for films sputtered in Ar-O, mixtures. The
films consist of crystallites 1000-2000A in diameter
which form the rounded hillocks seen in Fig. 5. This
structure is very similar to that reported by Fraser and
Cook (2) for d-c-sputtered films. Cleaved cross sections
of similar films were also examined by SEM. Although
this instrument was operating near the limit of resolu-
tion, a columnar grain structure could be seen with
grain boundaries extending perpendicularly from tthe
film surface to the substrate. X-ray diffraction spectra
show the films to have the bece InyOg structure. All
films had a predominantly [100] texture with a lesser
tendency to a [111] orientation. The O; level in the
sputtering atmosphere had no effect on this surface
appearance or orientation. Both [111] (2) and [100]
(4) orientations have been reported. The lattice pa-
rameter was 10.17A for all ITO films, as compared with
10.12A for InyO; deposited from a pure InyOj target
in the same system. Fan et al. (5) found tthe lattice
parameter a = 10.23A for highly transparent films and
an apparently different phase with ¢ = 10.15A in dark
films deposited at low oxygen level. These authors
used a target containing 15 m/o SnO,; compared with
9 m/o in the present work. The present films presum-
ably correspond with their transparent films, the re+

Fig. 5. SEM micrograph of film surface
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duction in a from 10.23 to 10.17A resulting from the
reduced Sn concentration. Anneals at 400°C in either
N; or O; for 30 min had no effect on either the surface
appearance or the x-ray diffraction patterns of any
of the films, Thus the differences in resistivity (Fig. 4)
for films deposited at various oxygen levels and then
all annealed at 400°C in the same atmosphere appar-
ently result from differences in structure which are
beyond the resolution of the methods we have used.

Hall coefficient measurements were made to charac-
terize further the effects of annealing on low resistivity
films. All films were n-type. The carrier concentration
n was obtained from the Hall coefficient R, using the
expression R = r/ne. The Hall factor » has been ap-
proximated by unity in view of the high electron con-
centrations. In any case, the absolute value of » is not
critical to interpretation of the results. In early ex-
periments it was observed that for a given film, if it
was not reduced to a metallic phase, e.g., by heating
in hydrogen at temperatures above 400°C, n is a re-
producible function of the annealing atmosphere. For
example, a series of anneals were carried out at 400°C
on a single film ~12,000A thick under reducing, then
oxidizing, and then again reducing conditions. The
results are given in Table I. Annealing in reducing
conditions increased n as compared with the as-de-
posited film. Annealing in oxygen reduced n to below
its initial value. Subsequent anneals in mildly oxidiz-
ing, neutral, and reducing conditions increased n until
it reached essentially the same value it had after the
first anneal in reducing conditions. These changes in
n could not be attributed to changes in the film or
grain boundary structure, since such changes would
not be reversible. On the other hand, the mobility de-
creased in most instances after annealing in either
oxidizing or reducing atmospheres; this could be at-
tributed to structural changes.

To determine whether surface effects are important
to the annealing behavior, as has been suggested (13),
measurements were made on films of various thick-
nesses. If the observed changes in n were due to a
surface phenomenon, they would decrease in magni-
tude linearly with increases in film thickness. Ficure 6
shows n for films ranging in thickness from ~3000 to
~18,000A. Results for both as-deposited films and
films annealed at 400°C for 30 min in Ny + 5% H, are
shown. Before annealing, the results are quite strongly
dependent on the film thickness. This is probably due
to relatively small changes in the actual oxygen partial
pressure during sputtering. An initial adsorption of
oxygen from the sputtering atmosphere followed by
a gradual release has been reported (5) in a similar
system. At some point an optimum oxygen level was
apparently reached, giving rise to the maximum in n
observed. This variation is almost totally removed by
the anneal, indicating the result of such anneals to be a
bulk effect for these films. However, note that, al-
though the dependence of n on deposited-film thick-
ness can be removed by annealing, variations in doping
level from substrate to surface could exist. It has been
reported that the surface of as-deposited ITO films
may be tin-rich (9). This could be true for our an-
nealed films but only if the tin-rich layer increased in

Table I. Results of a series of anneals at 400°C on an ITO film
12,0004 thick

Electron
Time concentra- Mobility
Atmosphere (min) tion (cm-3) (cm?/Vsec)
As deposited 5.69 x 10® 27.9
N2 + 5% He 30 1.18 x 102 18.8
02 150 1.96 x 102 4.81
N + 1% 02 60 237 x 10% 5.24
N2 120 3.75 x 102 4.97
N2 + 5% Hz 120 1.21 x 10% 2.16
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Fig. 6. Electron concentration vs. film thickness for both as-
deposited films and films annealed for 30 min at 400°C in N2 +
5% Ha.

thickness linearly with increases in total film thick-
ness so that the average value of n remained constant,
the result shown in Fig. 6.

To summarize these observations, n is uniquely de-
termined by the temperature and composition of the
annealing ambient for a particular film, if it is not re-
duced enough to cause a phase change, for example, by
annealing under strongly reducing conditions above
450°C. Furthermore, the changes in n caused by an-
nealing result from a bulk effect. To determine n as
a function of the oxygen partial pressure po, conduc-
tivity and Hall coefficient were measured by the van
der Pauw method at high temperatures while samples
were held in a flowing argon-oxygen mixture. The
range of temperatures over which measurements could
be made was small, because below 250°C changes oc-
curred too slowly and above 450°C the films were
easily reduced and darkened or developed cracks after
a few hours at high temperature. Figure 7 shows
equilibrium values of n as a function of po, at 320°
and 400°C for a film 8300A thick. The mobilities at
these temperatures were 15.3 and 14.3 cm?2/Vsec, re-
spectively, and were independent of n. Over a wide
range of Poy, M is proportional to po,~™. Measurements
at intermediate temperatures overlap these but are of
the same form with m = 0.14 = 0.01. The same type of
relationship but with m = 0.166 has been reported for
pure sintered In,O; powder above 600°C (13). The
values of n reported for pure In,O3 are, however, sev-
eral orders of magnitude below those shown in Fig. 7
for a tin-doped film.

R
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X
3
T
1

|0I9 1 1 1 F: 1
10° 10' 102 103 0% 10°
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Fig. 7. Equilibrium carrier concentration as a function of oxygen
partial pressure for a film 8300A thick. Lines show fit to n ~
pos~™ with values of m given.
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In undoped InyO3 this behavior was attributed to the
presence of oxygen vacancies which act as doubly
ionized donors and are the dominant contributors to n
(13). In the present case this is obviously not the situ-
ation since the presence of Sn in the lattice has in-
creased n substantially. On the other hand, if all of
the Sn simply substituted for In and donated one elec-
tron, then n would be equal to the total tin concentra-
tion, i.e, n = [Snp] = [Snlt ~ 1.4 X 102!/cm3, and
independent of po,. In fact, the measured values of n
are much less than the total tin concentration, as noted
previously for tin concentrations above a few percent
(14). In the InyOg structure, O2— ions occupy only 3%
of the tetrahedral interstices formed by the In3+ ijon
lattice. It might be expected, therefore, that additional
oxygen ions could be accommodated easily into the
remaining interstices and act as double acceptors to
compensate any Snt+ ions introduced onto In3+ sites.
The oxygen partial pressure would then influence n
through the reaction

Or=2 + % O [1]

n2pog*
Ki=——— 2
1 oG] [2]

Since n << [Sn]r, i.e.,, n << 1.4 X 1021/cm3 over the
range of our measurements, most of the Sny, is com-
pensated, therefore, 2[01”] ~ [Sn]t. Substituting this
into Eq. [2] gives

Ya
o (——-—Kl[znh ) Pog™% [31

Obviously the value of m = 1/4 predicted by this
model does not agree with our results. Making the as-
_ sumption that interstitial oxygen can accept only one
electron leads to n ~ po,~%, in even worse agreement
with experiment. On the other hand, if the Sn¢+ ions
form pairs in association with the extra oxygen ion to
form a neutral complex of local stoichiometry SnyOs,
this could be reduced at low oxygen levels to give
pairs of Sny, donors

{(28n1,) O1}* = 28n1n + 2¢ + % Oz [4]
Sn1a]2n2pe.%

Ky _[Snnl*n®pog* {51
[{(2Sn1a) O1}]

Since most of the Sn is not electrically active,
[{(2Sn1y) O1}] ~ [Sn]1/2, and since on the other hand
Shi, is the dominant donor, n ~[Sni,]. Substituting
these approximations into Eq. [5] gives

Ya
(Y

i.e., m =0.125, in reasonable agreement with the value
0.14 = 0.01 obtained from our high temperature mea-
surements, Clusters of more than two Sn%t+ ions may
be expected at higher Sn levels until a distinct separate
SnO; phase is formed. The fact that the conductivity of
films deposited at a high oxygen level can never be in-
creased by annealing to as high a value as for films
deposited in pure argon could be attributed to a much
greater degree of formation of large SnO,-like com-
plexes of this type during deposition as a result of the
greater oxygen ion availability. Fan et al. (5) have
shown in detail the effect on n of oxygen level in the
sputtering atmosphere. They report n to decrease very
steeply with increases in oxygen partial pressure in
the region where highly transparent single phase de-
posits were obtained, also indicating the formation of
neutral complexes under oxidizing conditions.

All films were highly transparent in the visible re-
gion. The transmission spectrum for a film ~8000A
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Fig. 8. Transmission spectrum for film ~8000A thick, as-de-
posited (solid line) and after 30 min anneal at 400°C in Ny +
10% Hg (broken line).

thick (Fig. 8) shows an absorption edge at 300-350
nm and interference fringes at longer wavelengths.
Figure 8 also shows the spectrum after this film was
annealed in Np 4 10% H: at 400°C for 30 min. This
anneal increased n from 5.76 to 11.2 x 1020/cm3. It also
reduced the optical transmission, shifted the absorption
edges, and shifted the interference fringes. Transmis-
sion was reduced as a result of any anneal in either
oxidizing or reducing atmospheres. The refractive in-
dex, calculated from the spacing between interference
fringes, was also reduced by any annealing procedure.
Figure 9 shows the refractive index for both the as-
deposited and annealed films of Fig. 8. The reduction in
index resulting from annealing is surprisingly large.
The shift in the short-wavelength absorption edge
depended on the nature of the annealing atmosphere
in the same way that n does, i.e., anneals in reducing
and oxidizing atmospheres gave shifts in opposite di-
rections. Figure 10 shows the shifts in the absorption
edge of a single film resulting from a series of anneals
and the electron concentrations resulting from each
anneal. At values of « above 103 cm~!, the square of
the absorption coefficient is linearly proportional to
the photon energy. A relationship of this sort is ex-
pected for direct allowed transitions and has been re-
ported for pure InyO3 films (15). By extrapolating the
linear regions to zero absorption coefficient, values of
the apparent direct gap were obtained. Figure 11 shows
these results as a function of electron concentration. A
linear relationship is observed between n2/3 and the
apparent gap, as would be expected if this shift can be
attributed to the Moss-Burstein effect (16). In the

h2 [/ 3n \2/3
case of parabolic bands the shift AE = - (—) i
m \ m

If the effective electron mass me is much smaller than
the effective hole mass, then m ~ m, With this as-
sumption, the data of Fig. 11 give m. = 0.64 m,. This

2.6 T T T T T T
25 —

2 -\ 1
N

23 S~ -

22|

Refractive index

2.0 1 1 1 2 1 1 1
: 400 500 600 700 800 900 1000

Wavelength (nm)

Fig. 9. Refractive index of film ~8000A thick, as deposited
(solid line) and after 30 min anneal at 400°C in Na + 10% H.
(broken line).
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Fig. 10. Energy dependence of square of absorption coefficient for
film ~8000A thick. Curve 1: as deposited, n = 5.76 X 1020/
cm3; curve 2: after 30 min 400°C anneal in N2 + 10% Hp, n =
11.2 X 1020/c¢m3; curve 3: after 150 min 400°C anneal in Oz, n =
1.96 X 1020/cm3.

can be compared with somewhat lower reported values
of 0.54 m, (14) and 0.5 m, (17) obtained by varying
the Sn concentration to vary n. Since Sn doping
at the high levels used would be expected to shift the
absorption edge to shorter wavelengths (as a result of
the alloying effect), by an amount proportional to the
Sn concentration (Vegard’s law) this method would
be expected to underestimate m.. Recently a value of
0.55 m, was reported by others also using the annealing
method to vary n (18).

The optical properties in the infrared depend
strongly on n. Figure 12 shows the transmission and
reflection spectra of an as-deposited film ~4000A thick
having n = 3.8 X 1020/cm3. As discussed in detail
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Fig. 11. Dependence of absorption edge on n2/3
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Fig. 12. Transmission T and reflectivity R in the infrared for a
film ~4000A thick with n = 3.8 X 1020/cm3.

previously (10, 14), free-carrier absorption dominates
the optical properties at wavelengths longer than the
plasma wavelength, which is ~1.8 yum for this particu-
lar film.

From the reflectivity and transmission data for both
as-deposited and Ny + H; annealed films, the value of
the optical absorption coefficient « was calculated over
a range of photon energies of 0.5-4.5 eV (Fig. 13).
Both the Moss-Burstein shift at higher energies and

A, um
2 | o} 03
I TrT T T T T
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T e o
£
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1103 — =
E =
= 3
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Photon energy (eV)

Fig. 13. Absorption coefficient a as a function of photon energy
for as-deposited films (solid line) and after 30 min 400°C anneal
in N2 + 10% Hz (broken line).
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the opposite shift at low energies due to the change in
plasma frequency are illustrated.

Conclusions

Highly conductive and transparent films of ITO can
be deposited from an oxide target by maintaining the
target surface in an oxidized condition but depositing
films from a pure argon ambient. The electron concen-
tration in these films and properties which depend on
it, such as the absorption edges, are affected reversibly
when the films are annealed in mildly reducing or oxi-
dizing conditions. This behavior can be rationalized in
terms of the formation of neutral complexes of Sn
with oxygen interstitials. Other properties, such as the
electron Hall mobility and the refractive index, change
nonreversibly, apparently because of permanent struc-
tural changes.
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ABSTRACT

The image contrast of color television tubes is reduced by the diffuse
reflection of ambient light at the tube face. A recent method used to com-
pensate this effect makes use of color filters, which are transparent to
the phosphor light and absorb the rest of the visible spectrum. The subject
of this paper is an investigation of the fundamental optical capability of the
color filter concept. The main emphasis is placed on the sandwich system,
involving a filter layer between the phosphor layer and the screen glass. Ex-
periments were performed on 5 X 5 cm? test samples, using a spectrophotom-~
eter for the reflection measurements and a scanning electron microscope for
measuring the phosphor light output. They yield a gain in brightness con-
trast performance (BCP) of 15-28% for combinations of red or blue phos-
phors with commercially available inorganic filter pigments. The correspond-
ing increase of brightness can be twice as high if the contrast is held constant.
Model calculations, assuming isotropic light scattering within the powder layers
and linear superposition of multiple reflections between adjacent layers, show
good agreement with the experimental results. Ideal square filters yield a
BCP gain of 100-120%, whereas a shift of real phosphor spectra or filter
spectra along the wavelength axis only yields a gain of a few percent. The
conclusion drawn is that the inorganic filter pigments used set a practical
limit to the gain in BCP that can be achieved with the color filter concept.
Some results on mixtures of phosphors and filters are included. The experi-
mentally found BCP gain amounts to about 7-10%, i.e., only about one-half
of the sandwich gain. A simplified model leads to approximately the same
values. The different optical behavior of a color pigment in sandwich and
mixture arrangements is apparently due to differences in the effective optical

path length for ambient light and phosphor light.

Brightness and contrast are important parameters
determining image quality in color television. Both
can be improved by an enhanced light output. A
further improvement of contrast, i.e., the ratio of
useful (image) light to disturbing (reflected ambient)
light becomes possible by lowering the tube reflection.
This can be achieved, for example, by blackening the
screen glass or by filling the empty space between
phosphor areas with a black powder. A third method,
which has recently come into use (1-3), involves spec-
tral filtering. Each of the three phosphors (red, green,
and blue) is combined with a suitable filter material,
which is transparent in the spectral region of phos-
phor emission and absorbent in the rest of the visible
spectrum. In this way the phosphor light is hardly if at
all attenuated, while the ambient light is strongly re-
duced after being reflected at the tube face.

The color filter concept is explained in more detail
in Fig. 1. In a normal, nonfilter tube (on the left) high-
energy electrons out of the vacuum penetrate into the
phosphor layer, where they are absorbed and generate
visible light, which reaches the observer through the
glass of the screen. The thin aluminum backing func-
tions as a definite electrode and serves as a mirror for

Key words: cathodol , inorganic, r solids,

the visible light. In the sandwich-type filter tube an
additional filter layer is placed between each phosphor
layer and the screen glass, which must be traversed
by the phosphor light as well as by the light from the
surrounding. These filter layers, usually inorganic
color pigments, have to be applied with exactly the
same geometry as the three-color phosphor dots or
lines.

A filter effect similar to the sandwich arrangement
can be achieved by mixing each phosphor with its
corresponding color pigment. The mixture-type filter
tube is preferred in practice because of its technologi-
cal simplicity. Besides contrast improvement, the color
filter concept offers the advantage of enlarging the
selection of phosphors, because unsuitable chromaticity
coordinates can to some extent be corrected by the
filter. The quality gain as a result of color filtering is
usually (1) expressed in terms of the brightness con-
trast performance (BCP), which is defined for the red,
green, and blue color components, respectively, as fol-

lows
B with ( B \ without
B (ﬁ) siter | \ R )i i

Here B stands for the tube brightness per color and R
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Fig. 1. Filter concept. Light-generating system of a normal, i.e.,
nonfilter tube (left) and of filter tubes with sandwich or mixture
arrangement (right). A — aluminum, P — phosphor, F = filter,
G = glass.

denotes the diffuse reflection of the tube for white am-
bient light, with the specular reflection at the first
glass surface excluded. Both B and R are measured
with a photopic detector.

The subject of this paper is an investigation of the
fundamental optical capability of the color filter con-
cept in color television. The main emphasis is on the
sandwich system, results of which have not yet been
published. Though somewhat less advantageous for
fabrication than the mixture, the sandwich can be re-
garded as a model system with a more easily under-
standable mode of operation.

The measurements of the complete color filter sys-
tems are assisted by optical model calculations, based
on spectrometer measurements on simplified systems,
i.e., pigment layers on glass in the case of a sandwich
and thick powder layers of pigmented phosphor in the
case of a mixture. In the case of the mixture, satis-
factory agreement between theory and experiment
has not yet been achieved, probably because of greater
complexity and additional interaction between phos-
phor and pigment particles. In the sandwich case,
which generally shows greater BCP gains, reasonable
agreement between theory and experiment is obtained.
This agreement supports further predictions of the
theory, i.e., selection of suitable color pigments and
their appropriate concentration ranges and an estimate
of the theoretical limits of the color filter concept.

Experimental

Sample preparation.—All experiments were made
with small test samples of 5 X 5 cm? with clear glass
slides as substrates. Layers of phosphor or pigment
were prepared by several techniques, the simplest one
being sedimentation of a particle suspension in an or-
ganic liquid. Electrophoretic deposition is used espe-
cially for pigment suspensions, applying charging addi-
tives and an upward electrical field. In the lacquer
technique some polymer, e.g., nitrocellulose, is incorpo-
rated in the suspension, so that a lacquer film can be
prepared by centrifuging. Polyvinylalcohol plus am-
monium dichromate (pva, adc) is another example
of a lacquer material, which can be photohardened
in the usual way (4), thereby facilitating the prepara-
tion of sandwiches.
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Mixtures are prepared by coating the surface of the
phosphor particles with pigment. The adherence of
the pigment particles (typical diameter 0.1 um) on the
phosphor particles (diameter about 5-10 um) is usually
improved by the addition of latex. On top of the phos-
phor layer an aluminum film about 0.2 um thick is
evaporated, supported by an auxiliary nitrocellulose
film. Finally all volatile, organic components are re-
moved by baking out at 430°C.

Investigated pigments are commercially available
types of cobalt blue, ultramarine blue, cobalt green,
green chromium oxide, cadmium red, and red iron
oxide. Standard blue/green/red phosphors are used:
ZnS: Ag/ (Zn,Cd)S: Cu or Y3SiOs: Th/Y20:S: Eu.

Optical measurements.—The light paths shown in
Fig. 1 are only schematic. In reality pigment as well
as phosphor particles strongly scatter light. Reliable
measurements of their optical properties can there-
fore only be performed with goniophotometers or with
spatially integrating detectors. We used the Zeiss DMR
21 automatic spectrophotometer including a 150 mm
diam integrating sphere.

The measurements consisted of reflection of complete
color filter systems of sandwich or mixture type (com-
pare Fig. 1), reflection and transmission of pigment
layers on glass slides, and reflection of pigmented phos-
phor in 5 mm glass cuvettes (so-called R,). Reflection
values are related to the reflectivity of the BaSOy stan-
dard. If necessary the influence of the cover glass is
eliminated, according to the theory in the section on
Theory Sandwich,

Measurements usually extend from 380 to 800 nm
wavelength. With respect to phosphor emission and eye
sensitivity the range from 700 to 800 nm is of less im-
portance, but it serves as an additional control, pro-
viding nearly absorption-free regions. The continuous
measurement values are digitized every 10 nm and fed
into a computer.

Brightness measurements.—The brightness of the
“glass-filter/phosphor-Al film” samples under cathode-
ray excitation was measured in a scanning electron
microscope (type: Philips PSEM 500). The excitation
conditions were chosen in such a way as to simulate a
“TV-like” phosphor load see (Table I). The light out-
put, i.e., the brightness, was measured with a photopic
detector (type: Osram-Si-V) cell), the spectral sen-
sitivity of which is well matched to the “eye sensitiv-
ity.” This detector was incorporated into the PSEM
and mounted close to the sample.

Theory Sandwich

The optical action of a sandwich-type color filter
tube takes place in the four-layer sandwich glass-
filter-phosphor-aluminum (GFPA); compare Fig. 1.
The main experimental variations concern the F-part.
Because of the difficult preparation of a GFPA sand-
wich, an FG sandwich is a much more favorable test
sample. In the following a model is presented, which

Table I. Conditions of electron beam excitation

PSEM 500 30 AX tube
High voltage* 25 kV 25 KV
Beam current 0.1 uA 300 wA
Spot diameter 30 u

Scanned area

4, 8 x 3.6 mm?
Number of lines 62 5

.5 mm
50 x 40 cm?
25

Line frequency kHz 15 kHz
C\;rrent density* in ~1.4 X 10-2 A/cm? ~1.7 x 10-2 A/cm?*
Excltatlon time*: t 0.42 usec 0.2 usec

* Parameters relevant for comparison of PSEM 500 with 30 AX
tube,

t Excitation time per phosphor element and frame scan, calcu-
lated from spot diameter divided by line frequency and length
of scanned area.
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allows the evaluation of the BCP of a GFPA sandwich
from reflection and transmission measurements of an
FG sandwich.

The model involves (i) the interrelation between
the optical properties of single layers and sandwiches;
(ii) averaging according to the eye sensitivity V), the
phosphor emission spectrum E,, and the ambient il-
lumination Nj; and (iii) normalizing of “tube with
filter” relative to “tube without filter.” Assumptions
are (a) one-dimensional calculation, i.e., no lateral or
angular effects; (b) addition of light intensities, i.e.,
no interference effects, which should be allowed for
diffusely scattering phosphor and pigment layers; and
(¢) no optical contact between glass and powder layer,
in other words a small gap between them.

Let p1, p2, 11, and 12 be the reflection and transmission
of two homogeneous layers. If the two layers are com-
bined to form a sandwich, a geometric series of mul-
tiple reflections between adjacent surfaces occurs (see
Fig. 2a). The overall transmission t12 and reflection g3
therefore follow

12 = T1ta (1 + p1p2 '+ p12022 4 .. )

= 7172/ (1 — p1p2) [2]
p12 = p1 + p2t12 (1 + p1p2 + p1%p2% +...)
= p1 + pe112/ (1 — p1p) [31

From Eq. [2] and [3] it is evident that the overall
transmission is commutative, but not the overall re-
flection, i.e.

p12 == p21 [4]

If the single layers are not homogeneous, but have a
reflection which depends on the direction of light in-
cidence, Eq. [3] has to be replaced by

p12 = p1’ + pat12/ (1 — p1p2) [3a]

p1 and py’ being the reflection of layer No. 1 from the
right and the left side, respectively.

The properties of a single layer can be determined
from the sandwich properties by resolving Eq. [2] and
[3], e.g.

T12 = T21,

p1 = (ta2p12 — pot122)/ (w22 — po2t122) [5]

71 = Tem12(1 — pop12) / (122 — po?ri9?) [6]

A different problem arises if layer No. 1 is a planar
light source. The transmission of light emitted by this

light source through a filter layer (No. 2) in front of
it follows similarly (see Fig. 2b) as

Tz = 12(1 + p1p2 + pr2022 +...)
=12/ (1 — p1p2) [71
Equation [2], [3], and [7] can be extended for more
than two layers by splitting, e.g.
T123 = T12/3 = 71273/ (1 — p21p3) [8]

with 112, po; according to Eq. [2] and [3]. The kind of
splitting has no influence, i.e., T12/3 = Ti1/23.

The reflection of the TV-sandwich GFPA is ob-
tained by splitting into GF and PA

pGFPA = pGF + ppatcr2/ (1 — prcppa) 9]

based on Eq. [3a]. pcr is calculated from prg and tre
using Eq. [5] and [6]. By the same kind of splitting,
for the transmission of the planar light source AP
through the sandwich FG (in front of it) it follows
from Eq. [7] that

tcap)re = tre/ (1 — prappa) [10]

Tube reflection R and relative brightness T are ob-
tained by spectral averaging

R = prFPAV)\N)‘dl/ fV)‘N)\dl. -7 [11]

FILTER CONCEPT FOR COLOR TV SCREENS
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Fig. 2. Light intensities induced by multiple reflections in a
sandwich. (a, top) T12 and p12, (b, bottom) T(1)2.

T = f‘[(AP)pGV)\E)‘dl/fV)\E)‘dh [12]

The specular reflection r at the first glass surface usu-
ally amounts to 0.04. T is proportional to brightness B,
so that on the grounds of definition [1] BCP becomes

T \ with T '\ without

BCP = (_\/E‘) filter / (W)ﬁlter (13]
The screen “without filter” forms a three-layer sand-
wich GPA, which can be evaluated similarly to GFPA,
Its characteristic values R and T are determined by
ppa and by the glass properties p¢ and g, which are
connected with internal glass transmission # and first
surface reflection r

pe =17+ 92(1 — r)2r/ (1 — 72§2) [14]
e = (1 —7)28/ (1 — r262) [15]

The computer model described permits the introduc-
tion of artificial filter-phosphor combinations as well.
Several cases are of interest: (i) Real spectra of filter
or phosphor may be shifted along the wavelength axis
in order to obtain better coincidence. (ii) Square filters
represent the ideal case. With suitable cut-on and
cut-off wavelengths they form the theoretical limit of
the color filter concept. (iii) A further idealization
results from narrow-band or even monochromatic
phosphors.

The chromaticity coordinates, X, Y of the three
television phosphors must obey international standards.
Since the chromaticity may be influenced by color
filters, a control is necessary. For this purpose X and Y
of each phosphor-filter combination are calculated in
the known way by forming three integrals of E) -
tapyrc multiplied by the three color-matching func-
tions, followed by normalization (5). Small color vari=-
ations can quantitatively be expressed in multiples of
“just noticeable difference,” represented by the so-
called MacAdam ellipse (6) in the X,Y plane.

Results
Results are given for the measured optical prop-
erties of the subsystem “filter glass” (FG), the calcu~
lated optical properties of the complete system “glass-



2398

filter-phosphor-aluminum” (GFPA) including the
model BCP, and the experimentally determined BCP.
Figures 3 and 4 show two typical examples of red pig-
ments Cd(S,Se) and a-Fes0s. In Fig. 3a transmission
trg and reflection prc spectra of thin pigment layers on
glass are to be seen. Because of the scattering nature
of the pigment particles the curves of transmission and
reflection closely resemble each other, i.e., in regions
with low absorption both transmission and reflection
are high, and vice versa.

Figure 3b shows the reflection pgrpa of the complete
sandwich GFPA and the transmission tap)rg of the
light source AP through the filter FG in front of it.
They are calculated from Fig, 3a assuming a constant

10 T T T T
Cd (S, Se)
08} ¢- Fe, 03 —==-- &

06

04

| reflection

400 500 600 nm 700

Fig. 3 (a, top) TrG and prg of two red pigment layers on glass,
measured in a spectrometer; (b, bottom) Tcap)rc ond pgrpa cal-
culated from (a), together with E of red phosphor Y20sS:Eu.

T T T
1B Y2025 : Bugypg Cd (S,Se)
BCP sandwich
12

O
/
nrE oM
|
A
] /
10 1 1 2 1
0 005 010 mg/cm? 015

pigment weight

Fig. 4. BCP as a function of pigment weight in a sandwich filter
system. The two red pigments are cadmium red and iron oxide. Thin
lines refer to model calculations.
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Table Il. Theoretical R, T, and BCP values of color filter
sandwiches with two typical red pigments*

Filter mg/cm? R T BCP
Cd(S,Se) 0.099 0.323 0.800 1.25
a-Fex03 0.016 0.306 0.727 117
No filter —_ 0.763 0.984 1

* Calculated on the basis of spectrometer measurements of pig-
ment layers on glass substrate.

ppa = 0.80 and no glass blackening. The main feature
is a steepening of the absorption edges due to the
mirror action of the PA-double layer. Averaging with
the emission E), of Y20:S:Eus2s phosphor and a
“white” ambient light N, delivers theoretical values
for the tube reflection R, relative brightness T, and
BCP, listed in Table II.

The superior behavior of Cd(S,Se) pigment com-
pared to o-FeyO; pigment, evidently caused by the
steeper absorption edge, appears correspondingly in
the thickness dependence of BCP (Fig. 4, thin lines).
Experimental BCP values of complete color filter sand-
wich systems, determined by reflection and brightness
measurements, are included in Fig. 4. They exhibit
good agreement with the theoretical values for both
maximum BCP and optimum filter thickness.

An example for a blue pigment is shown in Fig. 5
and 6, arranged as for Fig. 3 and 4. A cobalt blue layer
of 0.22 mg/cm? thickness in combination with E\ of
ZnS: Ag phosphor yields model values R = 0.350, T =
0.869, and BCP = 1.30. Figure 5b contains additionally
the measured reflection curve of a complete sandwich
with a comparable thickness of 0.21 mg/cm2. The agree-
ment with the calculated pcrpa is satisfactory; larger
deviations below 420 nm originate in the assumption of
a constant ppa. Still better agreements can be achieved
by taking into account a slight glass absorption and the
angular dependence of glass reflection.

10 — T T r T T r T
Cobalt Blue
08 } 022mg/cm? ]

roTe ] P P
400 500 600

wavelength

Fig. 5. (a, top) trg (thin line) and prc of a cobalt blue layer on
glass, (b, bottom) T(ap)Fc (thin line) and pgrpa calculated from
(a), together with E\ (dotted line) of blue phosphor ZnS:Ag. The
thick dashed line is the measured reflection pcrpa.
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Fig. 6. BCP as a function of cobalt blue pigment weight in o
sandwich filter system. The two thin, dashed and full lines refer to
model calculations, based on differently deposited pigment layers.

The thickness dependence of BCP is plotted in Fig. 6,
for both model calculations and experimental values.
The agreement is not so good as with the two red pig-
ments, which may be an effect of pigment processing.
The strong influence of preparation technique can be
seen by comparing the two thin lines: the dashed and
the full ones correspond to different methods of de-
positing the pigment.

Figure 7 presents results of a green pigment. In this
example a layer of 0.06 mg/cm? cobalt green in combi-
nation with the green phosphor (Zn,Cd)S:Cu yields
R = 0.520, T = 0.764, and BCP = 0.94, i.e., only a loss.
There is little hope of finding a filter-phosphor com-
bination with a clear BCP gain, either with line-emit-
ting or broad-band phosphors, simply because of the
high eye sensitivity in the green spectral region.

The results obtained so far with color filter sand-
wiches are summarized in Table III, the BCP maxima
of real filter-phosphor combinations ranging from 1.15
to 1.45. Among the blue pigments cobalt blue is ex-
ceeded by ultramarine blue. Unfortunately, however,
the latter has poor temperature stability. As expected,
idealized square filters offer much higher BCP gains, as
illustrated in Fig. 8. While the usual green phosphor
(Zn,Cd)S: Cu even with an ideal square filter exhibits
only 1.09, the line-emitting green phosphor Y,SiOs: Tb
with a 20 nm square filter yields a surprisingly high
BCP of 1.65. Narrow-band phosphors with the ability
to transmit their whole light output through 10 nm
square filters would offer BCP values of 3.39, 2.74, and
4.02 for the red, green, and blue regions, respectively.
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Fig. 7. (a, top) trc (thin line) and prg of a cobalt green layer
on glass; (b, bottom) tcap)rg (thin line) and pgrpa calculated
from (a) together with E\ of green phosphor (Zn,Cd)S:Cu (dotted
line).

700

wavelength

Fig. 8. Emission spectra E) of blue, green, and red phosphors,
together with transmission tr of ideal square filters.

The influence of the pigment on the phosphor chro-
maticity is expressed in the changes AX, AY of the
chromaticity coordinates (see Table III). Up to opti-
mum pigment thicknesses there is only a small shift,
providing a slight expansion of the accessible color
triangle toward the purple line [about 1 or 2 steps of
“just noticeable difference” (6) for the two blue pig-
ments and about 3 or 4 steps for the two red pigments,
respectively, exceeding the standardized E.B.U. toler-

Table I1l. Summary of color filter sandwiches. Maximum BCP obtained by experiment and by model calculation of real and

dealized filter phosph binations, respectively
Phosphor Filter BCPmaxmeodel BCPmax®*? AXe AY*

Y:20:S:Eus.2s Cd(S,Se) 0.13 mg/cm? 1.27 1.28 0.0098 —0.0096
Y:20:S:Eus.s a-Fe:0s 0.02 mg/cm? 116 115 0.0069 —0.0068
Y20:S:Eus.2s “Ideal” 605-635 nm 1.99
Monochrom. 620 nm “Ideal” 10 nm width 3.39

nS:Ag Co-Blue 0.28 mg/cm? 1.32 117 0.0002 —0.0017
ZnS:Ag Ultramarine 0.25 mg/cm? 145 0.0002 —0.0034
ZnS:Ag “Ideal” 405-495 nm 2.18
Monochrom. 450 nm “Ideal” 10 nm width 4.02
(Zn,Cd)S:Cu Co-Green —_ <1
(Zn,Cd)S:Cu “Ideal” 495-585 nm 1.09
Y:Si0s:Th Co-Green — <1
Y:SiOs: Th “Ideal” 535-555 1.65
Monochrom. 540 nm “Ideal” 10 nm width 2.74

* Filter-induced chromaticity displacements AX and AY according to CIE 1931 (5).
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ances (7) by no more than a factor of 2]. On the other
hand, this shift can be used to compensate the green
shift of certain high efficiency red or blue phosphors.
For example, Y202S phosphor with 3 instead of 4.25%
Eu exhibits a chromaticity displacement (AX =
—0.0093, AY = 0.0086), which is largely canceled by
0.13 mg/cm2 Cd(S,Se).

Pigment as well as phosphor materials frequently
exist in the form of mixed crystals, and compositional
variations can be simulated by shifting real spectra
along the wavelength axis. Our model calculations re-~
veal, however, that no essential BCP improvements
can be obtained in this way. In the case of filter varia-
tion, BCP increases by only about 1% at the most.
Shifting of phosphor spectra yields up to 5% additional
BCP gain, but at the cost of an intolerable chromaticity
change (AX = 0.015, AY = —0.033 for ZnS:Ag).

Discussion

The experimentally determined BCP of sandwich-
type filter tubes ranges from about 1.15 to 1.25 for com-
mercially available red or blue pigments. Up to now no
gain has been found for the green color. The filter-
induced chromaticity changes exceed the perception
threshold only slightly. They can be used either for a
slight increase of color gamut or for the green shift
compensation of certain high efficiency phosphors.

Reasonable agreement is obtained between experi-
ments and sandwich model calculations, regarding both
maximum BCP value and optimum pigment layer
thickness. From this fact the other model predictions
acquire a higher probability, too. The model thus helps
one in making a selection from among numerous com-
mercial pigments. Those presented belong to the best
ones according to model calculations.

Another important model prediction concerns the
wavelength shifts of real spectra. Only about 1%
additional BCP gain appears to be possible, unless ex-
cessive chromaticity displacements take place. There-
fore, essential improvements cannot result from vari-
ations of mixed crystals. The most important point is
the slope of absorption edges. In this respect com-
mercial pigments are probably optimized, because in
accordance with color theory (8) the most saturated
colors are those with rectangular spectral characteris-
tics, the so-called optimal colors. The conclusion is
therefore drawn that the present filter pigments form
a practical limit and essentially higher BCP gains are
not to be expected.

Ideal square filters yield BCP values of 2-2.2 for the
red and the blue, i.e., a gain of 100-120%, while the
portion achieved by real filters amounts to about 1/4
to 1/3. This is another indication of the limiting char-
acter of the present pigments, since square responses
are, of course, quite unrealistic. A further, even more
utopian BCP improvement results from narrow-band
phosphors with 10 nm square filters.

For all three stages, i.e, real filters, square filters,
and narrow-band phosphors with 10 nm square filters,
the same sequence green, red, and blue of increasing
BCP is observed. This is evidently due to the increasing
wavelength distance (about 15, 70, 105 nm) from the
maximum of eye sensitivity, which facilitates the dis-
crimination between passband and rejection band. At
the third stage, however, differences between green,
red, and blue would disappear if the bandwidth ap-
proaches zero. In this case, with T = 0.984 and R =
0.037, BCP arrives at its absolute limit 4.55, as long
as antireflection coatings are excluded.

As already stated, blackening of screen glass is fre-
quently used for contrast improvement. From Eq. [7]
one can see that brightness or relative brightness T is
approximately proportional to glass transmission vg.
From Eq. [3] it follows that tube reflection R varies
approximately as a function of t¢2. So indeed contrast,
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which is proportional to B/R, increases approximately
as 1/1g, but at the cost of a loss in B. On the other
hand, BCP, forming a kind of geometric means of con-
trast and brightness, to a first approximation does not
depend on tg, since 1¢ and square root of tg2 cancel out.

A given BCP gain can lead to different results, de-
pending on the choice of 1. If, for example, t¢ of the
filter tube is increased so that R (with filter) equals
R (without filter) then B (with filter) becomes B
(without filter) times BCP. Alternatively, t¢ of the
filter tube can be chosen so that contrast remains con-
stant, whereby the brightness ratio becomes approxi-
mately BCP squared. As the BCP criterion cannot de-
cide which of these alternatives is to be preferred, we
propose a new criterion, as demonstrated in Fig. 9.
Relative brightness T is plotted as a function of tube
reflection R. The curve is obtained by variation of in-
ternal glass transmission 4 from 1 (i.e., no glass black-
ening) to 0 (total glass blackening). The absolutely
best combination of T and R is no doubt T = 1 and
R =0.

We now put forward the hypothesis that a real com-
bination (T, R) is the better the shorter its distance
from the “ideal point” (T = 1, R = 0). From this_the
optimum ¢ for the tube without filter turns out to be
#,p = 0.66, corresponding to t¢ = 0.61, which agrees
surprisingly well with the quality maximum known
from practice. For sandwich filter tubes with 0.03 and
0.1 mg/cm? Cd(S,Se), Bp equals 0.79 and 0.89, respec-
tively, agreeing with the experience that the more
filter elements (color pigments or also black matrix
between phosphor areas) are already present, the lower
the optimum glass blackening. Of course, this is not
an absolute criterion, which would require. detailed
physiological knowledge, but it can help one to find a
reasonable compromise between brightness and con-
trast, especially if supplemented by empirical calibra-
tion points.

Outlook for Mixture Systems
Typical results of mixture-type color filter systems
are shown in Fig. 10. BCP of the combination a-Fe;O3
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Fig. 9. Relative brightness T vs. reflection R (inclusive specular
component) for a nonfilter tube and two sandwich filter tubes with
0.03 and 0.1 mg/cm? Cd(S,Se), calculated from trg and prg mea-
surements by variation of the internal glass transmission 4. At & =
Bop the distance from the ideal point passes through a minimum.
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Fig. 10. BCP as a function of pigment concentration in a mixture
filter system. The dashed lines refer to model calculaticons. (a, top)
Red pigment a-FezO3; (b, bottom) cobalt blue.

with Y20,S:Eu phosphor reaches 1.07 at about 0.3%
pigment concentration. For cobalt blue with ZnS:Ag
phosphor a maximum BCP value of about 1.1 is
achieved at about 4% pigment concentration. In both
examples the mixture yields only about half the BCP
gain of the sandwich (see Fig. 4 and 6, and Table III).

Converted to the phosphor layer thicknesses of about
3.5 mg/cm? for the red and 3 mg/cm? for the blue, the
optimum pigment concentration corresponds to layer
thicknesses of about 0.12 mg/cm? for cobalt blue and
0.01 for «-Fe203, which are again only about half of
the optimum thickness values of the sandwiches. This
implies that at low pigment quantities the BCP of
sandwiches and of mixtures rises in approximately the
same way, but that the BCP of sandwiches continues
it rise up to about twice as high a pigment quantity as
with mixtures.

A qualitative explanation for this behavior can be
derived from electron absorption by the filter pigment
instead of the phosphor, which occurs in mixtures only.
But in view of the low actual pigment concentration it
is clear that this mechanism is not sufficient. The main
cause is probably the simple fact that the filter layer
in a sandwich system has to be crossed twice by the
ambient light, but only once by the phosphor light,
whereas in a mixture system the paths for both kinds
of light are approximately equal. For a final under-
standing the different mechanisms of light scattering
in sandwiches and mixtures have to be taken into ac-
count. In mixtures with a small pigment concentration
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the optical interaction between phosphor and pigment
proceeds mainly by scattering at the phosphor par-
ticles, which are large compared to the light wave-
length. In sandwiches the filter-relevant light scatter-
ing happens among subwavelength pigment particles
within the pigment layer.

The essential experimental findings can be repro-
duced by a simplified empirical model, the results of
which are included as dashed lines in Fig. 10. It is as-
sumed that light generation takes place only in a thin
surface region of the phosphor layer adjacent to the
aluminum film. By formally regarding the layer with
the phosphor-filter mixture as a filter layer and com-
bining a virtual light-emitting layer with the alumi-
num film, it is possible to treat a mixture-type color
filter system with the same computer program as the
sandwich.

Transmission and reflection of this type of “filter”
layer are determined on the basis of the Kubelka-
Munk theory (9), which enables a weakly absorbing,
scattering material to be described with the aid of
an absorption coefficient K and a scattering coefficient
S. Measurements of R,, the reflection of an “infinitely”
thick powder layer, yield the ratio K/S. S can be
evaluated, for example, from reflection measurements
of layers with different finite thicknesses. S depends, as
stated above, mainly on the phosphor. This is con-
firmed by our measurements, which give values of
about 500 cm2/g for the blue phosphor and 400 cm?2/g
for the red one, nearly independent of pigment addi-
tion and wavelength. So a relatively simple measure-
ment of R, is generally sufficient to obtain a reasonable
prediction of the BCP of a complete mixture system.

Conclusion

The action of color filters in color television tubes
can be understood with the help of relatively simple
models, especially in the case of sandwiches. BCP gains
up to about 25% have been obtained in sandwiches
with commercial filter pigments. This appears to be a
practical limit, which could not be essentially ex-
ceeded. Mixture-type color filters, though more favor-
able for production, exhibit only about one-half of
the sandwich BCP gain.
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Phosphorus-Doped Molybdenum Silicide
Films for LSI Applications
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ABSTRACT

The properties of phosphorus-doped molybdenum silicide as a gate elec-
trode, interconnecting material, and impurity diffusion source for LSI's have
been studied. The phosphorus-doped molybdenum silicide films were deposited
by co-sputtering using specially designed Mo and Si targets in a PHy/Ar
atmosphere. PH; decomposed to P and H; during sputtering and the phos-
phorus combined with Mo and Si. Typically, a phosphorus concentration of

5 X 102! cm—3 in the films was used. As-deposited films (Mo/Si = 0.5)
had amorphous structure and high resistivity. After the films were annealed
at temperatures above 800°C, they became polycrystalline and resistivity
was decreased. The resistivity of the film with a Mo/Si ratio of 2 to 1 was
7.5 X 10—5 Q-cm with annealing at 1000°C in Nj. Phosphorus was able to dif-
fuse from the doped molybdenum silicide films to the Si substrate during
annealing in Og. After high temperature annealing up to 1100°C, the contact
resistance between the molybdenum silicide and the silicon substrate was
below 2 x 106 g-cm2. The reliability of doped molybdenum silicide gate
MOSFET’s is as good as polysilicon gates and the threshold voltage shift is
within 20 mV under stress conditions of 2.5 MV/cm for 1000 hr at 150°C.

As LSI device dimensions continue to decrease, the
conductivity of the polysilicon used for interconnec-
tions and gates is beginning to limit the circuit per-
formance.

Previous investigators have explored the use of re-
fractory metals such as Mo and W for gate electrodes
and interconnections in MOSFET circuits (1-6). These
metals have significantly higher conductivity than
polysilicon, but do not have the ability to withstand
the chemical reagents and oxidizing ambient used in
LSI fabrication.

In order to overcome these disadvantages, the re-
fractory metal silicides, such as MoSi, and WSi,, have
been proposed because of their resistance to oxidizing
ambient and chemical reagents (7-11). It has been
reported that the contact resistance between the mo-
lybdenum silicide and the silicon substrate was in-
creased by high temperature annealing, but this prob-
lem has never been solved completely (12, 13). More-
over, as the contact region cannot be doped through
the silicide, it must be doped prior to gate electrode
deposition. Sometimes, a slight shift of threshold volt-
age appears due to the mobile ions in the oxide films
when silicide is used as the gate electrode (7).

We have developed phosphorus-doped molybdenum
silicide films in order to overcome just these problems.
This film has several advantages for LSI fabrication.

In this paper we discuss the properties of these
phosphorus-doped molybdenum silicide films, the
composition of films, the behavior of the phosphorus in
the films, the electrical properties of the contact be-
tween the silicide and the silicon substrate, and MOS
device characteristics.

Deposition of Phosphorus-Doped Molybdenum
Silicide Film

The phosphorus-doped molybdenum silicide film
was deposited by a d-c magnetron co-sputtering tech-
nique. A conceptual diagram is given as Fig. 1. The
deposition was performed from specially designed Si
and Mo targets as shown in Fig. 2. A larger proportion
of the Mo target (99.95%, 150 mm diam) was covered
with fan-shaped high-purity Si.

* Electrochemical Society Active Member.
gggnv_;ords: molybdenum silicide, contact resistance, diffusion,
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Fig. 1. Conceptual diagram of the phosphorus-doped co-sputter-

ing apparatus.
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Fig. 2. Photograph of the specially designed Si and Mo targets
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The chamber was pumped down to 4 X 10-7 Torr
(5.3 x 105 Pa) and backfilled to sputtering pressure,
6 x 10—3 Torr (0.8 Pa), by introducing Ar and PHj.
Typically, PH; partial pressure of 1.1 X 10—3 Torr
(0.15 Pa) was used. The ratio of Mo to Si in the de-
posited films could be varied by changing the positions
of the Si and the sputtering pressure. The phosphorts
concentration is varied by controlling the ratio of PHg
and Ar in the sputtering gas. The deposition rate was
10-15 A/sec and d-c power was 160-220W.

Crystal Structure

Silicide films of various Mo/Si ratios were deposited
on the thermally grown SiO;. The Mo/Si ratio in the
film was measured by Rutherford backscattering using
4He* ions at 330 keV and 3Het+ ions at 300 keV.
Structure information was obtained using x-ray dif-
fraction techniques. When the Mo/Si ratio was lower
than 0.5 as-deposited films were an amorphous struc-
ture. The amorphous film became a polycrystalline
structure after high temperature annealing. The rela-
tion between annealing temperature and x-ray diffrac-
tion traces is shown in Fig. 3. The Mo/Si ratio in this
film was 0.45 (Mo:Si = 1:2.2). This figure shows that
the silicide film is crystallized at annealing tempera-
tures above 800°C and exhibits a tetragonal MoSi,
structure (JCPDS cards 6-0681).

On the other hand, as-deposited films with Mo/Si
ratios higher than 0.5 were crystallized a little as
shown in Fig. 4. Figure 4(a) shows the Mo;Si phase
for an Mo/Si ratio of 2.7, and Fig. 4(b) shows MoSi»
(hexagonal structure) for an Mo/Si ratio of 0.9. After
annealing above 800°C, the MoSi, structure changes
from hexagonal to tetragonal.

X-ray diffraction traces for various Mo/Si ratios are
shown in Fig. 5. The silicide films on SiO, were an-
nealed at 1000°C for 20 min in N». Figure 5(a) shows
the simple phase MosSi for an Mo/Si ratio of 2.7 (Mo:
Si = 1:0.37). When the Si ratio in the film is increased,
the film produces Mo;Si3 and MoSis, as shown in Fig.
5(b) for an Mo/Si ratio of 0.9 (Mo:Si = 1:1.1). The
MoSi; phase is for an Mo/Si ratio of 0.5 (Mo:Si = 1:2)
only, as shown in Fig. 5(¢). When the Mo/Si ratio falls
0.35 (Mo:Si = 1:2.9), as in Fig. 5(d), the film has the
MoSi; phase only.

Composition of the Films
The depth concentration profile of the samples be-
fore and after annealing was obtained by Rutherford

Mo:Si=1:22 Anneal Temp.
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Fig. 3. X-ray diffraction traces as a function of the annealing
temperatures. The Mo/Si ratio is 0.45.
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Fig. 4. X-ray diffraction traces of as-deposited films for various
Mo/Si ratios: (a) 2.7, (b) 0.9, and (c) 0.5.

30

o g g = .
= S g 3Mo/SiF27
@ % 2 = 2(MoSigz7)
= = S
852 8EN frre
£ 42 A £9% (MoSi )
] £ i

§ & 2 8 MoSi05

s 8 2 2 (MoSiz)
(c) 2

§ 5 2 8Mossk035

& % 3 & (MoSizo)
@g = s =

-5

30 40 50
26 (degrees)

Fig. 5. X-ray diffraction traces of annealed films for the various
Mo/Si ratios. The films were annealed at 1000°C for 20 min in No.

backscattering spectra analysis. The silicide films de-
posited on SiO; and Si were annealed for 20 min at
1000°C in Nj. The Mo/Si ratios of the samples were
0.35 (1:2.9) and 0.82 (1:1.2) for Si-rich silicide and
Mo-rich silicide films, respectively, as compared to
MoSis. The film thickness was T80A.

Figure 6 shows the backscattering spectra of the
sample before and after annealing. The sample was Si-
rich silicide film deposited on SiO;. In the spectra of
the annealed sample, the center of the Mo spectra is
slightly higher than one side, and the shoulder is
broad. This indicates that the ratio of Mo decreased
slightly at both the silicide surface and at the silicide/
SiO, interface. A model of this is shown in the upper
right-hand corner of Fig. 6.
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Fig. 6. Backscattering spectra of the thin film on SiOs before
and after annealing at 1000°C for 20 min in Ns. The Mo/Si ratio
is 0.35.

Figure 7 shows the backscattering spectra of the Si-
rich silicide on Si before and after annealing. After
annealing, the presence of the phase is confirmed by
the height of the respective “step” in the backscatter-
ing spectra, indicating a region with a 1:2 Mo/Si ratio.
The width of the Mo spectra is decreased and the in-
terface between the silicide and Si moves toward the
surface after annealing. This indicates that excess Si in
the film is precipitated at the silicide/Si interface and
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Fig. 7. Backscattering spectra of the film on Si before and after
annealing at 1000°C for 20 min in N2. The Mo/Si ratio is 0.35.
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the film is recrystallized as a double layer of MoSi, and
Si, as shown in the upper righthand corner of Fig. 7.

The spectrum of the Mo-rich silicide film on SiO; is
shown in Fig. 8. This spectrum shows that the ratio of
Mo increases at the surface and at the silicide/Si inter-
face, and the Mo/Si ratio at the middle of the film ap-
proaches MoSiy after high temperature annealing. A
model of this is shown at the top of Fig. 8.

The spectra of the Mo-rich film on Si are shown in
Fig. 9. The spectrum of the annealed film indicates that
Si diffuses into silicide from the Si substrate and forms
a 1:2 Mo/Si ratio. The film thickness increases until
the composition changes to MoSi, as shown in Fig. 9.

These backscattering spectra indicate the following
results. The composition profile of the as-deposited
sample is uniform from the silicide surface to the
silicide/SiO; or Si interface. The composition profiles
of the films on Si change to 1:2 Mo/Si ratio after an-
nealing. On the other hand, the composition profiles of
the films on SiO; vary from the middle of the film to
the surface or the silicide/SiO; interface. The middle
of the films approaches 1:2 Mo/Si ratio.

3t @
57 300kev 3He Mo rich layer Mo/Si=0,.82
§ , anneal, |000%,
=6 SiOz Nz, 20min
;5 MoSij
S4¢
Q
O3
k] Mo
2 \ Si
3
=
0 20 40 60 80 100 120

Channel Number

Fig. 8. Backscattering spectrum of the film on SiO> after an-
nealing at 1000°C for 20 min in Na. The Mo/Si ratio is 0.82.
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Fig. 9. Backscattering spectra of the film on Si before and after
annealing at 1000°C for 20 min in No. The Mo/Si ratio is 0.82.
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Behavior of Phosphorus in Molybdenum Silicide Films

The sputtering gas was analyzed by a mass analyzer.
The mass spectra of the sputtering gas are shown in
Fig. 10. Before sputtering, H-O, P, PH;, PH,, PHj, and
Ar signals were observed in the atmosphere. During
sputtering, P, PH, PH,, and PHj; signals disappeared,
and the H; signal increased. Thus, it is clear that PHj
gas decomposes into P and Hj, and the phosphorus is
combined with Mo and Si during the deposit.

Phosphorus-doped molybdenum silicide films with
various Mo/Si ratios were deposited on thermally
grown SiOs. The film thickness was about 3000A. The
phosphorus concentration was measured by neutron
activation analysis (14). The doped silicide films on
SiO,, were irradiated for 6 hr in the center of a nuclear
reactor at a flux of 3.7 X 1012 n/cm? - sec. Subsequently
the phosphorus was chemically separated and then
precipitated. The precipitate was g-counted several
times during the next 30 days to determine the amount
of radioactive P-32. The weight of phosphorus in the
film was measured through this radioactive tracing
process.

Figure 11 shows the relation between the phosphorus
concentration in the as-deposited films and the Mo/Si
ratio when the film was deposited by sputtering under
PH; at 1.1 x 10—3 Torr. When the Mo/Si ratio is less
than 0.5, the phosphorus concentration in the film is
about 1.5 X 102! em—3, When the Mo/Si ratio is greater
than 0.5, the phosphorus concentration decreases.
These films were slightly crystallized as described in
the previous section. The phosphorus concentration
may be related to the crystallization of as-deposited
films. When the total pressure was 6 X 10—38 Torr and
the PHj partial pressure was below 1.1 x 10—3 Torr,
the phosphorus concentration appeared to be propor-
tional to the exponent of the PH; partial pressure as
shown in Fig. 12.

The doped silicide films were annealed in Os and N»
from 800° to 1000°C for 20 min. The phosphorus con-
centration in the film was measured by neutron activa-
tion analysis. Figure 13 shows the relation between the
phosphorus concentration and the annealing tempera-
ture. When annealing above 900°C in N, the phos-
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Fig. 10. Mass spectra in the sputtering gas before and during
sputtering.
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Fig. 11. Phosphorus concentration in the as-deposited films for
various Mo/Si ratios.

phorus concentration decreases to a level of 2.5 x 1018
ecm—3 at 1000°C for 20 min, On the other hand, in Oz
annealing, the phosphorus concentration remained
almost the same as before annealing. Moreover, when
the doped silicide film covered with CVD SiO; of
2000A was annealed in Nj, the phosphorus concentra-
tion was almost the same as before annealing. There-
fore, thermal oxide film formed by O, annealing on the
silicide prevents the out-diffusion of phosphorus from
the doped film.

The chemical state of phosphorus was investigated
by x-ray photoelectron spectroscopy (XPS).

Typical XPS spectra of phosphorus 2p core level in
the doped silicide film is shown in Fig. 14. For compari-
son, XPS spectra of phosphorus in the doped molyb-
denum film, doped polysilicon film, and phosphorus
evaporated film are also shown in Fig. 14. All spectra
were calibrated by the carbon Cjs as a line at 285.0 eV.
The doped molybdenum film was deposited on SiOs by
sputtering with red phosphorus on the Mo targets. The

Mo/Si=045

Phos Concentration (cm=3)

It L 1

0 5 10

PHz Partial Pressure
(xI0~4Torr)

Fig. 12. Phosphorus concentration in the films as a function of
the PH3 partial pressure. The Mo/Si ratio is 0.45.
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doped polysilicon was deposited by CVD with PHj,
SiH4, and N, gas at 700°C. The phosphorus film was
evaporated on SiO; from a red phosphorus source with
a tungsten heater. The phosphorus spectra in as-de-
posited silicide film has a peak at 129.5 eV (E;), as
shown in Fig. 14. The peak value of phosphorus 2p in

Par

Phos. in MoSi2

Phos. in polySi

Phos. in Mo

Intensity (a.u.)

Phos. evap. film

140 135 130

Binding Energy (eV)

Fig. 14. X-ray photoelectron spectra of the phosphorus 2p electron
core level in the doped molybdenum silicide film, doped polysilicon
film, doped molybdenum film, and phosphorus evaporation film.
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doped molybdenum film and doped polysilicon was
observed to be the same. The peak value of phosphorus
2p in the evaporated phosphorus film is 130.1 eV (E,),
as shown in Fig. 14. This value is the same as that for
red phosphorus as reported by Pelavin (15).

This chemical shift is not fully understood. The peak
value of phosphorus in molybdenum film and in doped
polysilicon is the same as in the doped silicide film, but
is different from that of red phosphorus. Therefore, it
is thought that the phosphorus in the film was incor-
porated interstitially, as in phosphorus implanted into
SiO, (16).

Figure 15 shows the phosphorus 2p spectra of the
film before and after annealing. The film was annealed
at 1000°C for 20 min in O, and was etched off the
thermally grown SiO; on the silicide. The annealed
film displays the two peaks such as E; (129.5 eV) and
E; (130.1eV).

The line shape of spectra E; is corresponding to red
phosphorus. This indicates that some phosphorus in the
film may be gathered at the grain boundary after high
temperature annealing because the film was crystal-
lized. Then the phosphorus formed the metallic state
of red phosphorus. These two peaks are tentatively
interpreted as due to the interstitial state (correspond-
ing to E;) and metallic state (corresponding to Es) of
phosphorus.

Phosphorus Diffusion into Si Substrate

Phosphorus-doped molybdenum silicide was de-
posited on p-type (100) Si and the diffusions were
performed in O, at the nominal diffusion temperature.
The thickness of the films was 30004, the Mo/Si ratio
was 0.45 (Mo:Si = 1:2.2), and the phosphorus con-
centration was 1.5 x 102! cm—3, The phosphorus con-
centration profiles were determined by the incremental
sheet resistivity method using the anodic oxidation
technique. The profiles for various diffusion times at
900°C and various diffusion temperatures for 20 min
are shown in Fig. 16 and 17, respectively.

These profiles are similar to those obtained from
other diffusion sources such as doped polysilicon (17),
or PSG. High surface concentrations are obtained with
relatively low temperature diffusion. XPS and Auger
analysis confirmed that sufficient phosphorus is always
supplied at the silicide/Si interface and a high surface
concentration is obtained. Therefore, this is a very at-
tractive technique for fabricating MOS LSI’s.

Ohmic Contact with Si Substrate
The major advantage of polysilicon gate technology
is the excellent ohmic contact between the gate elec-
trode and the Si substrate in a buried contact. The
same advantage is required if silicide gate technology
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Fig. 15. X-ray photoelectron spectra of the phosphorus 2p elec-
tron core level in the films before and after annealing.
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is to replace polysilicon technology. However, the con-
tact resistance between the molybdenum silicide and
Si often becomes high due to a highly resistive layer
formed during annealing at the silicide/Si interface
(12) or related to film deposition and stress (13).
The measured contact resistance between the silicide
and silicon n+ layer is shown in Fig. 18 as a function
of annealing temperature in Os. The Mo/Si ratio in the
film was 1:2.0 (MoSiz). The contact resistance was
measured by a 1000 contact hole chain with a contact
area of 4 X 4 um2 The contact resistance between
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Fig. 18. Contact resistance between the molybdenum silicide and
the nt Si after annealing for 20 min in Oo.

nondoped silicide and the nt Si layer increased with
higher annealing temperatures, while the contact re-
sistance of the doped silicide and the n* Si layer was
below 2 X 106 g-cm, up to 1100°C. These results may
be explained as follows. When the nondoped silicide/
Si was annealed at high temperature, the donor im-
purity of the Si surface decreased and a highly re-
sistive layer was formed at the silicide/Si interface.
The presence of enough phosphorus in the doped sili-
cide films prevented the formation of a high resistive
layer, even after annealing at temperature up to
1100°C.
Resistivity

The effect of the Mo/Si ratio on film resistivity was
evaluated. The resistivity of as-deposited films is quite
high. As the annealing temperature increases, the re-
sistivity decreased. The relation between the resistivity
of annealed films and the Mo/Si ratio is shown in Fig.
19. The films were annealed for 20 min at 1000°C in No.
The resistivity decreases as the Mo/Si increases. The
resistivity of MoSiz is 7.5 X 10—5 Q-cm. This value is
lower than that of MoSi; obtained from hot press
targets. Because hot press targets have a significant
level of impurities such as carbon, oxygen, and alkali
ions, its impurities raise the film resistivity (18, 19).

Phosphorus concentration had no influence on the
resistivity of the films.

MOS Device Characteristics

Vrp dependence on the Mo/Si ratio.—Using various
Mo/Si ratios for the gate electrodes, MOS diodes hav-
ing a 5 x 10-3 cm~—2 gate area were fabricated on
thermally oxidized p-type (100) Si, with 1 x 1016
cm~3 doping density. The gate oxide was 400A thick
and was grown in dry O, at 1000°C.

The samples were annealed at 1000°C in N, for 20
min to reduce the resistivity and to crystallize the film,
and then annealed at 450°C in forming gas (5% Hoa,
95% N3) for 30 min to minimize surface states.

Capacitance was measured as a function of gate volt-
age at a frequency of 1 MHz. The flatband voltage, Vg,
was measured from the C-V plot. The Vggp of the sili-
cide gate is shown in Fig. 20 as a function of the Mo/
Si ratio. The figure also shows the Vyp of the molyb-
denum and nt polysilicon gate. The Vgp of the MOS
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diode gradually increases from —1.0 to —0.2V as the
Mo/Si ratio increases. When the Mo/Si ratio decreases,
the Vg of the annealed silicide gate rises to the value
for an n+ polysilicon gate. If the Mo/Si ratio increases,
Vs approaches the value for a molybdenum gate. The
Vre of the MoSi; gate is —0.45V.

From measuring with the quasi static C-V method
(20), the surface state density in the midgap was
found to be below 3 x 1010 eV-1 cm~—2 and was con-
stant for various Mo/Si ratios. Further, the fixed
charge in the oxide did not vary with different Mo/Si
ratios. Thus, the Vg shifts observed for the MOS di-
odes were mainly due to the difference of the effective
work -function for molybdenum silicide. As described
in the previous section, the excess Si or Mo in the sili-
cide films on the SiO; moves toward the silicide/SiO,
interface and then forms an Si-rich or Mo-rich layer
after high temperature annealing. It is confirmed that
the effective work function of the silicide films is de-
termined by the Mo/Si ratio at the silicide/SiO; inter-
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face, however, this phenomenon is not completely
understood.

Mobile ions.—Mobile ions in the gate oxide were
measured by the triangular voltage sweep (TVS)
method with a temperature of 230°C and voltage sweep
velocity of 33 mV/sec (21). The mobile ion density as
a function of annealing temperature for nondoped and
phosphorus-doped silicide gates is given in Fig. 21. The
Mo/Si ratio in this test was 1:2.

Mobile ion density was about 1 x 101! em—2 in the
nondoped silicide gates annealed below 900°C, and
density decreased to 5 x 1010 em—2 after 1000°C an-
nealing. Mobile ion density of doped silicide gates an-
nealed above 900°C in O, were below the TVS sensi-
tivity level (<109 em—2), After high temperature an-
nealing, phosphorus diffuses slightly from the doped
silicide to the SiO, surface, and its oxide surface layer
includes phosphorus and had a strong mobile ion
gettering effect as in a phosphosilicate glass.

Reliability of MOSFET’s.—MOSFET’s were fabri-
cated using doped silicide for the gate electrode. The
Mo/Si ratio was 1:2 (MoSiy), a 7 Q-cm CZ p-type Si
wafer was used as the substrate, and the gate oxide
thickness was 400A. The doped silicide film of 3000A
was deposited and patterned by plasma etching.
Arsenic was ion-implanted in the source and drain
regions, and CVD SiO; film of 8000A was deposited for
surface passivation. The doped MoSi, was annealed at
1000°C for 20 min together with activation of the
source and drain implanted layers. Aluminum-con-
taining silicon was metallized through contact holes
and annealed at 400°C for 10 min in forming gas.

The current-voltage characteristics of the MOSFET’s
are shown in Fig. 22, Effective channel length and
width are (a) 20 and 100 um, and (b) 2 and 19 um,
respectively. Threshold voltage, Vi,, for long channel
(20 um) is 0.5V and for short channel (2 um) is 0.3V.
Size effect of Vi, is observed for channel lengths
smaller than 3.0 um.

The Vi shifts of the MOSFET after bias and tem-
perature stress (BT stress) are listed in Fig. 23, where
+ and — indicate the gate bias polarities with respect
to source, drain, and substrate. The test MOSFET had
a channel length of 20 ym and width of 100 um. The
electric field was +2.5 MV/cm and the temperature
was 150°C. After =BT stress for 1000 hr, shifts of Vi,
were within 20 mV. Nonionic Vi, shifts were not ob-
served under these stress conditions. Effective electron
mobility was 620 cm?2/V - sec and had no influence
before and after BT stress. This indicates that the
phosphorus-doped MoSi, gate MOSFET is very stable,
as in the polysilicon gate structure.
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Fig. 21. Mobile ion density in the gate oxide films as a function
of annealing temperatures.
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Conclusion

Phosphorus-doped molybdenum silicide was de-
posited by co-sputtering Mo and Si in Ar containing
PH;. PH3 was decomposed to P and Hs, and the phos-
phorus combined with Mo and Si. As-deposited films
(Mo/Si = 0.5) exhibited amorphous structure and the
resistivity was high. At high annealing temperatures
the films became polycrystalline and resistivity was
decreased. After annealing at 1000°C for 20 min, the
resistivity of film with an Mo/Si ratio of 1:2 was 7.5 X
10-5 g-cm. This value is one order of magnitude lower
than that of polysilicon. As the proportion of Si in-
creases in the film, the resistivity also increases.

After high temperature annealing, the excess Si in
Si-rich silicide film on SiO; and the excess Mo in Mo-
rich silicide on SiO; move to the surface and the sili-
cide interface both. At these locations, Si-rich or Mo-
rich silicide layers were formed.

The silicide films on Si with various Mo/Si ratios are
changed in composition to a MoSi, after high tempera-
ture annealing.

When the silicide is covered with SiOs, phosphorus
can diffuse from the films into the Si substrate as in
doped polysilicon, so the contact region need not be
doped prior to gate electrode deposition.

Good ohmic contact between the phosphorus-doped
molybdenum silicide and Si substrate is maintained
because the phosphorus prevents the formation of a
highly resistive layer at the silicide/Si interface dur-
ing high temperature annealing. Contact resistance
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Fig. 23. Threshold voltage shifts of MOSFET’s with effective
channel length of 20 um after bias and temperature stress.

nolybd silicide gate MOSFET's, Effective channel length and

was below 2 x 10—6 g-cm? after annealing at tempera-
tures up to 1100°C.

Vin shifts are within +20 mV under stress conditions
of +2.5 MV/cm for 1000 hr at 150°C and mobile ions in
the film were no longer detectable after annealing. The
reliability of phosphorus-doped molybdenum silicide
gate technology is comparable to polysilicon gate tech-
nology.

These important advantages make doped molyb-
denum silicide material technology a viable alternative
to polysilicon in LSI fabrication.
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Shaping of Bulk Semiconductor Samples
by Photolithography and Chemical Etching

J. S. Blakemore, R. S. Mand,! and E. H. Wishnow
Oregon Graduate Center, Beaverton Oregon 97006

ABSTRACT

Semiconductor bulk samples, suitable for characterization of electronic
properties, have been made by simultaneous deep patterned mesa etching
from opposing faces of polished wafers. Outlines of the samples to be pro-
duced were delineated by areas of hard-baked photoresist on those faces,
with mirror-image masks aligned for the two opposing faces. Sample outlines
thus created included the well-known “bridge-shaped” and “clover-shaped”
forms used for electrical characterization. The etching action was quenched
when canyons etched from the two faces met, releasing individual sample
shapes. An HsSO04/H302/Hs0 etch was used in making GaAs samples, from
polished wafers of (100), (110), (111), and (211) orientations; wafers of
thickness in the range 0.2-0.5 mm could be used without excessive under-
cutting. Preliminary results are reported for silicon samples made by this

method, using an HNO3/HF/H;0 etch.

Numerous techniques have been developed for the
characterization of (nominally homogeneously doped)
bulk semiconductor materials (1). When the electrical
resistivity is moderate (no more than a few hundred
0 cm), some basic properties of isotropic monocrystal-
line materials can be assessed with reasonable accu-
racy from measurements on a bulk ingot or sliced com-
plete wafer, using contactless or temporary probe
methods. However, many characterization methods re-
quire a bulk sample of specific size and shape. There
are special problems associated with the interpretation
of data for an anisotropic solid (2, 3), for material
with inhomogeneous doping (4), or for a porous ce-
ramic sample (5). However, the concern of the pres-
ent work was simply to arrive at desired sample shapes
for isotropic monocrystalline semiconductors, with a
primary interest in semi-insulating GaAs.

Intricate sample shapes can be produced, in prin-
ciple, by mechanical, chemical, and electrochemical
methods of attack. For the high resistivity GaAs of
interest to us, electrochemical attack by spark erosion
cutting was not possible. This method has been used
for highly conducting semiconductors 6), though is
more traditionally thought of as a method for shaping
metallic samples (7). '

Mechanical shaping techniques include use of a
diamond cut-off wheel, string saw, airborne abrasive
particle stream, and ultrasonic impact cutter head. For
semiconductors which do not cleave excessively readily
(such as Ge and Si), complex sample shapes have been
made in many laboratories using a liquid slurry of
abrasive particles, directed by an ultrasonic tool with
a ‘“‘cookie-cutter” impact head (8). Since a thin GaAs

1Present address: Schooh of Applied Physics, University of

Bradford, Bradford, England.
Key words: sample shape, mesa etching, gallium arsenide, sili-
con,

wafer is prone to cleavage on {110} planes, impact
cutting is much less attractive for that material, if the
desired sample shape is to include arms with narrow
necks. We have been able to use mechanical methods
for making bulk GaAs samples in simple shapes such
as a filamentary one without sidearms; but attempts to
use impact cutting for shapes with narrow sidearms
had relatively poor success.

At that point, we were encouraged (by Dr. P. K.
Bhattacharya) to attempt sample shaping by unusu-
ally deep mesa etching, using photolithographic de-
lineation for the areas to be protected from etching. A
shallower version of this is, of course, a common pro-
cedure for electrical isolation of a thin conducting
layer on a semi-insulating substrate (9), or one sep-
arated from the underlying material by a p-n junction.

This paper reports on a procedure we have found
satisfactory for making GaAs samples, with simultane-
ous mesa etching from the opposing faces of a wafer of
thickness up to approximately 0.5 mm. The etching
action produced an array of “canyons” into the two
faces. The etching action was quenched when the
canyons from the opposing faces met, an event sig-
nalled by the release of individual sample shapes.

Some samples have similarly been made of silicon,
and Fig. 7 and 8 will show the appearance of these.
Whereas the procedure for GaAs has become a routine
in this laboratory, that for silicon is preliminary and
not optimized.

Some Useful Sample Shapes

The simplest shape for measurements of the basic
electronic transport parameters of a semiconductor
(conductivity, Hall effect, etc.) is an elongated fila-
mentary bar, of uniform cross section, If this cross sec-
tion is rectangular, then the rectangular parallepiped
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shape can be simply made with a series of cuts by a
diamond wheel or string saw. That shape was used in
Pearson and Bardeen’s 1948 investigation (10) of car-
rier transport in doped silicon, with electroplated areas
on ends and sides for current contacts and potential
probes.

It is advantageous to have potential contacts re-
moved from the region of current flow. This led to the
adoption of more intricate sample shapes, often cut by
impact grinding (8) through a parallel-faced wafer.
Among these shapes one of the most useful has been
the “bridge-shaped” one; a filamentary bar with side-
arms. Those sidearms were ‘“dumb-bell” shapes as
utilized and illustrated by Pearson and Suhl (11) and
by Debye and Conwell (12). Such dumb-bell shapes
can provide large areas for minimization of contact
resistance, though are not necessary if the contacting
procedure provides an adequately small specific con-
tact resistance, in Q-cm2.

Figure 1 illustrates a bridge-shaped sample we have
made by the procedure of photolithography and chem-
ical etching described in the present paper. The sample
shape of Fig. 1 uses simple rectangular sidearms; the
shape analyzed by Jandl et al. (13) as a “double-
cross.” Jandl et al. showed that relatively short
rectangular arms could permit adequate isolation of
the contact pad areas from the current flow in the
main bar. Thus current density and electric field
strength are essentially constant throughout the vol-
ume being analyzed, for a bridge-shaped or double-
cross sample of semiconductor material which is iso-
tropic and uniformly doped.

In contrast, some other geometries cause the equi-
potential surfaces to be markedly nonplanar, and un-
equally spaced. That is not a problem for some semi-
conductor materials, particularly if measurements are
to be made exclusively of low field transport in the
dark. However, some semiconductors are less tolerant
of field nonuniformity, especially if high electric fields
and/or a photoconductive response is to be involved.

The sample shapes most commonly used for which
the field pattern is markedly nonuniform are based on
the theorem of van der Pauw (14, 15) for the resistance
of a flat sample with peripheral contacts. These shapes
include the simple rectangular slab with corner con-
tacts (16), the “Greek cross” (17), and the “clover”
shape? that van der Pauw proposed and illustrated

2This shape has attracted many names in the ensuing liter
a:.xre, including “iron cross,” “papal cross,” “Maltese cross,” and
others.

Fig. 1. A bridge-shaped sample of chromium-doped semi-insulat-
ing GaAs, created from a polished 0.45 mm thick wafer of (211)
orientation, by etching inwards from both faces while the desig-
nated sample area was protected by photoresist. Etching was
carried out in (2)H2504-(1)H205-(1)H20 at 80°C.

BULK SEMICONDUCTOR SAMPLES 2411

(14, 15). Figure 2 illustrates a clover-shaped sample of
GaAs, made by the method described in the present
paper, and prior to the evaporation of Au:Ge contact
areas in the outer corners.

Experimental Procedures for GaAs Samples

As noted in the introduction, the procedure we
evolved consisted of removal of unwanted bulk ma-
terial surrounding designated sample outlines by
chemical etching, this action proceeding from both
faces of a wafer simultaneously. Meanwhile, the
sample areas themselves were protected with hard-
baked photoresist. This section describes the procedure
as evolved for making GaAs bulk samples of satisfac-
tory outline shape and profile.

Many factors determine the outcome when parts of a
semiconductor wafer are protected by photoresist, and
adjacent unprotected portions are chemically etched.
Thus, etching may be carried out in a plasma cham-
ber, or in a liquid. Our work as reported here used
aqueous etches.

The etching rate in aqueous solution depends on the
strength and freshness of the ingredients, on the solu-
tion temperature, and often on crystal orientation
(18, 19). Highly preferential etching can sometimes be
turned to advantage; thus, Otsubo et al. (20) used
citric acid/peroxide etches into {100} GaAs to create
flat-bottomed holes, and grooves of “tsuzumi” (hand-
drum) profile. [An even more dramatic anisotropy of
the etching rate has been demonstrated in the work of
Kendall (21) with {110} silicon, using KOH-based
etches to make deep narrow grooves.] However, our
preference was for an etch that would work with more
or less facility for GaAs wafers of various orientations.

The etch composition and strength that we have
found particularly useful for the present purpose with
GaAs of various orientations has been (2)HySO4-
(1)H20s- (1) H20, used in the temperature range 70°-
80°C. Tida and Ito (22) showed that the HySO4/H205/
H,0 system includes some compositions that are highly
selective, but found that the above-mentioned compo-
sition gave good polishing action for most low index
planes of GaAs with, of course, an inferior response
for the gallium (111A) plane. This has been our ex-
perience also. When the above-cited etch composition
is used at 80°C for a (111) GaAs wafer, the attack rate
on the (111A) plane is only about 30% slower than on

Fig. 2. A clover-shaped sample of semi-insulating GaAs, made by
the same method as the sample of Fig. 1. The polished starting
wafer here was of (100) orientation, 0.53 mm thick.
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the (111B) plane (7 um per min, compared with 10 um
per min), but microscopic examination of a partly
consumed wafer shows the attacked (111A) surface to
be much more pitted than the opposite face.

Figure 3 illustrates the effect of various etching times
on the total thickness reduction of wafers with orien-
tations of (100), (110), (111), and (211), determined
from microscopic measurement of the decrease of
distance between bottoms of opposing etched canyons.
These measurements, the consequences of using the
above-cited etch at 80°C, correspond to an etching rate
of some (10 = 1) um/min for fresh etch acting on a
GaAs surface with any orientation other than (111A).
That rate, and the reduction of some 30% for (111A),
is in general agreement with the findings of Iida and
Ito (22) for etching rate vs. composition, orientation,
and temperature. Figure 3, and similar results obtained
with other wafers, shows no signs of any pre-etching
induction period. Provided the etching solution is
freshly prepared, and of large enough quantity so that
reaction products do not slow the action, then etching
reduces thickness at an essentially linear rate until
sample separation occurs. For a wafer 0.5 mm thick,
this requires about 25 min for most orientations, and
perhaps 28-30 min for a {111} wafer.

The wording of the preceding paragraph was chosen
to indicate that reliable etching at a constant rate was
obtained when the etch (i) was used fresh, and (ii)
was of volume sufficient to minimize the effects of dis-
solved etching products on the continuation of the pro-
cess. Thus, for a part-wafer of area 5 cm? and thick-
ness 0.5 mm, one may need to etch away about 0.75g
of GaAs to separate out individual samples. It would
be our practice not to attempt this with less than 100
ml of mixed etch, with vigorous stirring of the etch
throughout to minimize the buildup of etch produects
near the surfaces under attack.

Since the procedure required that a wafer remain in
the etch for a time of up to half an hour at a tempera-
ture of 70°-80°C, it was extremely important that the
photoresist over designated sample areas adhere as
strongly as possible. That called for some changes from
the photoresist procedures normally encountered in
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Fig. 3. Total reduction in wafer thickness (sum of amounts
thinned from opposing sides) vs. etching time, for GaAs in
(2)H2504-(1)H202-(1)H20 at 80°C. These are representative data
for wafers etched in large quantities of the etchant, with umple
stirring, so that effects of etchant ion and/or p
were minimized. The results for (100), (110), and (211) are all
essentially the same. The total thinning rate is smaller for (111)
wafers because of the slower attack rate for the (111A) face.
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the integrated circuit industry, where etch depths are
typically no more than a few micrometers, and etch
durations quite short.

Our objectives of etching completely through wafers
up to a considerable thickness also placed requirements
on the layout of any sample shape on the mask, that
this allow for inevitable undercutting. Resist adhesion
and undercutting are related, since any tendency of
the resist to “lift off” around the edges will open up
new territory for undercutting.

Figure 4 shows part of a (211) GaAs wafer bearing a
repetitive array of hardened photoresist areas (each of
the van der Pauw clover shape) after etching for 1
min. The unprotected areas have been etched to a
depth of some 10 um. It will be observed that the re-
sist has curled up from one corner, and is showing
signs of doing so at two adjacent corners. That lack of
adherence is unacceptable in view of the 20 or more
minutes of additional etching time that would be
necessary to complete separation of samples from each
other.

The results of etching a wafer for a longer period of
time are exemplified by the almost edge-on view
shown in Fig. 5. The wafer here was of (100) orienta-
tion, patterned on both faces with photoresist, etched
at 80°C for 7 min, and cleaved to permit study of the
profiles of the canyons etched from the opposing faces.
Note in Fig. 5 that (i) overhanging ledges of photore-
sist jut out above the canyon walls, (ii) the canyon

Fig. 4. Part of a repetitive pattern for making clover-shaped
samples, as formed into hardened resist areas on the surface of a
(211) GaAs wafer. One minute in the HsSO;/H>05/H20 etch has
removed some 10 um of material from the unprotected areas. Note
that poor adherence of the photoresist for this wafer has already
led to curling back from some outer corners.

Fig. 5. An edge-on view of a 400 um thick (100) GaAs wafer,
which had been (a) patterned with hardened resist so that resist
edges would lie along <011>> directions, (b) etched at 80°C for
7 min, and then (c) cleaved to permit the edge-on view.
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floors are essentially flat and parallel, and (iii) the
canyon walls curve in a manner appropriate for com-
plete nonselectivity of etching action. Somewhat to our
surprise, we have found the canyon wall shapes to
curve in essentially the same fashion for any (100)
wafer (whether the edges of the resist are aligned
© with <010> or <011> types of orientation), and also
for wafers of other orientations including (111).

The literature provides ample citations for etch pits
produced in GaAs [and other zincblende structure
solids such as InSb (23) ] which show marked facets of
preferential etching. Thus Iida and Ito (22) showed
that slow action of an HySO4/H,05/H0 etch on (100)
could produce a flat-bottomed pit of trapezoidal cross
section (overhanging canyon walls) when the edge of
the resist-protected area was parallel to <010> or
<001>. We have not observed this to happen with the
relatively speedy etching action of the 2:1:1 composi-
tion at 80°C. With any orientation of the wafer and any
alignment of the mask pattern, the canyon wall shows
a curved profiile such as that in Fig. 5. Incidentally,
that figure shows undercutting to have proceeded by
some 40 um at a stage when the canyon floor lies some
75 ym below the original wafer surface plane,

Through the courtesy of M. Pope and M. Wright,
photographic masks were made for us through which
photoresist could be exposed. These masks had repet-
itive patterns for sample shapes (such as bridge-shape
and clover-shape). It was necessary to have pairs of
masks which were mirror images of each other, so
that a matched pair placed to sandwich a prepared
wafer would register the same pattern on both surfaces
of that wafer. A simple mechanical fixture was con-
structed which enabled the pair of masks to be aligned
with respect to each other, in respect of x, y, and 6.

Mask pairs of these kinds were made with opaque/
transparent patternings suitable for use with positive
resist, and additional pairs of the converse opacity for
use with negative resist. Our first crude attempts at
sample separation were made using a negative resist3
on the wafer faces, and were (not surprisingly)
accompanied by frequent failures owing to resist de-
tachment during the lengthy etching. There can be
little doubt that the procedure can be made to work
perfectly well with negative resist applied and baked
properly; but we have not persisted with this ap-
proach. For since it happened that we were successful
rather soon in persuading positive resist¢ to stay in
place until etching was complete, all our subsequent
work has been based on the positive resist approach.
Thus, for this we have been using masks with opaque
areas where designated sample areas are to be pro-
tected from the etching action.

Photoresist as used in the integrated circuit industry
is applied typically by spinning, with a resist layer
thickness of perhaps 1 um, and an emphasis on the
ability to create narrow linewidths (24). Our require-
ments were quite different. High spatial resolution was
not important, but a tenacious and adherent resist
layer on both faces was very important. These require-
ments were met most readily by dip coating of suitably
prepared wafers, at a temperature (T ~ 20°C) and
viscosity that would provide a hardened film thickness
in the range 12-17 ym.

Our wafer preparation now requires that both faces
of the wafer be polished. That admittedly involves
extra work, but we have found that undercutting pro-
gresses more slowly under photoresist that is firmly
adherent to a polished face.

Thus the procedure as it has evolved comprises
mechanical polishing of both faces, degreasing, baking
dry at 90°C, cooling to room temperature, photoresist
application by dip coating, a 1 hr “soft bake” at 90°C,
cooling to 25°C, exposure to u.v. radiation through a

3 MOS-Grade Negative Photoresist, available from KTI Chemi-
cals, of Sunnyvale, California.

+ AZ-1350J Positive Resist, available from the Shipley Company,
of Newton, Massachusetts.
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matched pair of facing masks, development in diluted
(Shipley AZ-351) resist developer, water rinse, air dry,
and then a 2 hr “hard bake” at 160°C. When cooled for
handling, the wafer is then ready for etching.

Two physical arrangements have been used for etch-
ing. In one of these, the wafer (and its eventual daugh-
ter samples) is supported above a glass frit in the etch-
ing solution, while bubbled nitrogen gas is supplied
from below to provide agitation. The other arrange-
ment uses a magnetic stirrer within the beaker of etch
on a hotplate. (The latter arrangement simplifies
positive control of the temperature.) The clover-
shaped sample of Fig. 2 happened to have been made
using the first of these systems, while the bridge-
shaped sample of Fig. 1 was made using the magnetic
stirring system.

The clover-shaped sample of Fig. 2 came from a
wafer 0.53 mm thick. Thus one might expect the
periphery of the top and bottom sample surfaces to
retreat by some 200-250 um if etching and undercutting
were completely isotropic. A comparison of this sample
with mask dimensions shows that the upper periphery
has actually been cut back by (215 = 10) um. How-
ever, Fig. 6 shows a magnified edge-on view of one
corner of this sample, and one may see that the cusped
profile protrudes by only ~100 xm. This was obtained
by allowing the etching to continue for some 30 sec
after the first sample was seen to “calve” from the
parent wafer. Now such a sample would normally have
the resist stripped from top and bottom faces (with
acetone and/or Shipley 1112A “photoresist stripper”),
and then be etched over its entire surface prior to con-
tacting, in order to remove the mechanical damage
associated with the prior polishing procedures. That
additional etching would further reduce the peripheral
protuberance before the sample was ready for electri-
cal measurements.

A clover-shaped sample with a protuberant profile
as just described and illustrated is in technical viola-
tion of a requirement of van der Pauw’s theorem
(14, 15), that a sample be of constant thickness over
its entire current-bearing area. However, a protuber-
ance of the size described appears to involve an error
in the analysis of van der Pauw resistivity and Hall
measurements of less than 3% by direct measurement;
an error in the (expected) sense of making the re-
sistivity (using van der Pauw’s expression) appear
slightly low. That estimate of the error involved was
obtained by first measuring a sample as resulting from

Fig. 6. A magnified edge-on view of one corner of the clover-
shaped sample of Fig. 2. This shows details of the edge profile
resulting from undercutting prior to sample separation, and the
partial rounding off of this cusped protuberance during an addi-
tional 30 sec of etching after separation,
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the photolithography/etching process, and then using
an abrasive particle stream to “trim up” the re-entrant
portions of the sample periphery.

The GaAs bridge-shaped sample of Fig. 1 shows
similar imperfections of profile. In that case, these
would be enough to require that the usual conversion
[e = (L/wt)(I/V)] from resistance to bulk conduc-
tivity be modified to take account of the slightly non-
rectangular cross section of the bar. Whereas the
bridge sample of Fig. 1 has a thickness t = 0.45 mm,
we have usually resorted to thinner wafers when the
desire was for Hall data with GaAs bridges of more
nearly perfect geometry. Of course, a sample shape
and profile such as that of Fig. 1 is perfectly adequate
for photoconductive or various relative measure-
ments.

Thus, for most of our purposes in measuring GaAs
of resistivity up to the semi-insulating range, the
procedure as described above needs little further
optimization.

Preliminary Results with Silicon Samples

A procedure for making silicon samples by simul-
taneous etching from both sides of a masked wafer
has not been tested by us so far beyond the stage of
crude feasibility. Results we obtained show that the
etch we used, of (2)HNO;-(2)HF-(1)H2O composi-
tion (25), was not ideal for this purpose.

Figure 7 shows a clover-shaped silicon sample, made
from a (100) wafer that had been polished on both
faces, equipped with patterned photoresist as described
in the previous section, and etched in the HNO3/HF/
H20 solution until individual samples separated. With
the etch brought to a temperature of 30°C prior to the
introduction of the wafer, separation of individual
samples from a wafer ~0.4 mm thick would occur in
approximately 3 min. As is well known (19, 25), this
is a fast-acting etch,

1t will be apparent from Fig. 7 that the periphery of
this sample (of 0.37 mm thickness) was undercut much
more severely than for the GaAs samples previously
illustrated. The extent of the undercutting is shown
clearly in the enlarged edge-on view Fig. 8 provides of
one corner of that sample. In this instance, etching
action was quenched with water as soon as possible
after the release of individual samples was spotted,
thus the cusp tip was not appreciably eroded. However,
note also in Fig. 8 that the edge of the sample blends
toward the upper and lower surface faces in convex
arcs. This shows that the etching action had preferen-
tially attacked the wafer/photoresist interface.

Fig. 7. A silicon clover-shaped sample, made by photomasking
and chemical etching of a polished (100) wafer 370 um thick.
Etching was carried out in (2)HNO3-(2)HF-(1)H20 ot T =~ 30°C,
and somple separation occurred (with severe undercutting as may
be seen) after etching from both faces simultaneously for 150 sec.

J. Electrochem. Soc¢.: SOLID-STATE SCIENCE AND TECHNOLOGY

November 1981

Fig. 8. An enlarged edge-on view of one corner of the silicon
sample of Fig. 7. The convex curvature of the edge surface ad-
jacent to the top and bottom faces indicates that the etch had
preferentially attacked the (SiOo-rich) silicon surface under the
edge of the resist layer,

That preferential attack is inherent in the mech-
anism by which an etch of the HNO3/HF/H,0 family
attacks silicon (19, 25), because the inevitable SiO,
layer on the silicon surface is attacked by HF, the com-
plexant in the mixture. That promotes undercutting,
and lift-off of the photoresist shapes. When we have
attempted to make silicon samples, but with the etch
solution cooled, to slow down the reaction rate, the
photoresist has always lifted off before the canyons
from the two faces have had an opportunity to meet.

Thus one can envisage preferable etching approaches
for making silicon samples. One possibility is that the
wafer might first receive a quick dip in HF (to remove
SiO, from the exposed areas), then be rinsed, and
placed for an extended period in an etch (such as an
alkaline one) that has a preference for dissolution of
Si itself rather than SiO,.
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Parameter Dependence of RIE Induced Radiation
Damage in Silicon Dioxide

L. M. Ephrath,* D. J. DiMaria, and F. L. Pesavento
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

Radiation damage in silicon dioxide films exposed to reactive ion etching
(RIE) in CF4 has been investigated. Capacitance-voltage ((C-V) and photo-
current-voltage (photo I-V) techniques were used to monitor charge trapping
and location after the films were incorporated into MOS capacitors. Blanket
etched films were used to study the trapping characteristics of bulk, neutral,
radiation-induced traps as a function of position in the reactor, rf peak-to-
peak voltage, and pre-RIE high temperature annealing. The trapping character-
istics of films etched in a CFy 4+ H; mixture were also studied. Oxide films
etched in CF4 4 Hj; show reduced trapping when compared with oxides etched
in CF4. The ability of gate electrode materials to shield an underlying oxide
during RIE was also tested. It was determined that aluminum and n+ poly-
silicon are effective in shielding oxide from RIE induced radiation damage.

Reactive ion etching (RIE) is a directional, dry etch-
ing technique that has been used in our laboratory to
fabricate micron dimension FET logic and array chips
(1, 2). RIE is used at several levels of processing in-
cluding definition of recessed oxide isolation, polysili-
con gate electrodes, and contact holes to polysilicon
and diffused regions. Extensive use of RIE is required
for the delineation of fine lines and openings with no
undercut of the etch mask. RIE is, however, carried
out in a radiation environment; substrates are sub-
jected to bombardment by electrons, ions, and photons.
For this reason, experiments have been carried out to
determine the effect of RIE on the reliability of de-
vices. RIE induced trapping was characterized by ex-
posing a blanket oxide film to RIE, incorporating the
etched oxide into an MOS device, and injecting charge
into the conduction band of the oxide by avalanche
injection. The numbers and cross sections of the traps,
the density of trapped charge, and the centroid of the
trapped charge distribution were determined by C-V
and photo I-V techniques (3). Three distinct trapping
sites were observed (4). The first was a buildup of
positive charge at the silicon-silicon dioxide interface.
These positive trapped charges present a coulombic
capture cross section for electrons in the range of 10—12
and 10-13 cm? and have a density of about 1012 positive
charges/cm2. These trapped positive charges are be-
lieved to be holes which were generated initially by
ionization across the bandgap of the oxide. Some of the
free positive charges in the silicon dioxide valence
band are subsequently trapped at pre-existing sites

* Electrochemical Society Active Member.
dKey words: reactive ion etching, plasma etching, radiation
amage.

near the interfaces. The second type of trapping site is
created by ion implantation damage within about 5 nm
of the surface. These traps are observed only when a
nonetching gas such as O, is used to clean the surface.
Presumably, an etching gas such as CF4 removes its
damage as it is produced leaving only a residual when
etching is stopped. The third type of trap is a neutral
trapping center. These sites are distributed approxi-
mately uniformly throughout the bulk of the oxide.
The electronic capture cross sections of these traps are
between 10-14 and 10-17 cm? and their density is be-
tween 101! and 10!2 cm~—2. These traps are very similar
to those observed by Aitken, Young, Pan, and Ning
(5-7) for oxides exposed to much higher energy radia-
tion than in the present case (20-25 keV x-rays or
electrons). In the comparatively low energy environ-
ment of RIE, the occurrence of trapping in the bulk
suggests, by process of elimination, the involvement of
photons which are sufficiently energetic to penetrate
the oxide. Ion energies are not sufficient fo penetrate
the oxide, and energetic electrons would not reach the
cathode because of its negative bias. High energy
photons, though, would be created in the reactor when
secondary electrons which are accelerated across the
cathode dark space strike ground planes. Photons
generated by secondary electrons in an rf sputtering
configuration have been shown to degrade the stability
of MOS devices (8). Secondary electrons vary in
energy depending on when they are emitted during the
rf cycle, but some may have energies corresponding to
the full peak-to-peak voltage. Photon energies, then,
could also approach this value, The trapped positive
charge and the ion implantation damage were not
studied beyond their initial characterization (Table I).
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Table 1. Summary of trapping center data
Cross
section  Density Anneal
Trapping center (cm?2) (cm-2) Source T°C

Positive charge 10-12.10-13 1012 Photons 400

Implantation damage 10-14-10-18 1018 Tons 1000
Neutral center 10-14-10-17  101-10'2  Photons 600
Background 10-7 1022 - —

The trapped positive charge is annealed at a low tem-
perature of 400°C on the aluminum gated structures
used in this study. The implantation damage can be
eliminated by dip etching the oxide since the damage
is confined to the surface or by avoiding the use of a
nonetching gas. The neutral traps, however, are pres-
ent throughout the bulk of the oxide and an anneal of
600°C or more is required for their removal. Thus,
they must be avoided or annealed before aluminum
metallurgy is in place.

In the present study, the RIE parameter dependence
of the neutral traps was studied. The RIE parameters
that were varied include position of substrate in the
reactor, rf voltage, and composition of etching gas.
Finally, the ability of gate electrode materials to shield
an underlying oxide from RIE radiation damage was
evaluated by etching oxide films masked with alumi-
num or n* polysilicon patterns.

Experimental

RIE system.—The reactive ion etching system used
in this work is shown in Fig. 1. The substrates were
loaded onto an 18 ecm diam aluminum plate. The alu-
minum plate was mechanically and electrically con-
nected to the water-cooled copper rf cathode. A per-
forated anode plate which is attached to the grounded
chamber was placed 3.3 cm from the cathode in order
to prevent backsputtering of aluminum sputtered from
the substrate holder. A perforated anode plate was
used so that wafers could be monitored visually during
etching, and also to ensure an adequate and uniform
supply of etchant in the vicinity of the wafers. The
chamber was evacuated with a 6 in. oil diffusion pump
and then backfilled with 40 sccem CF4 to establish a
dynamic pressure of 3.33 Pa (25 milliTorr). During
etching, 0.25 W/cm? is delivered to the cathode. Under
these conditions, the peak-to-peak voltage is 800V. The
d-c voltage at the cathode is approximately one-half
of the peak-to-peak voltage (9). The etch rate of sili-
con dioxide in CFy is about 50 nm/min.

Sample preparation.—Dry silicon dioxide films of
150 nm thickness were grown on boron-doped, <100>
orientation, 0.1-0.5 Q-cm resistivity p-type silicon sub-
strates. The oxide films were then exposed to a CF4 or
CF4 + H; plasma to etch approximately 50 nm of sili-
con dioxide. The wafers were then cleaned to remove
metals and hydrocarbons from the surface of the oxide
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Fig. 1. Schematic of RIE reactor
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in alkali and acid peroxide solutions using a procedure
similar to that used by Irene (10), but without HF.
Some wafers received a buffered HF dip at this point
in order to remove ~10 nm from the surface of the
oxide. After cleaning, some wafers were annealed in
an N, ambient for 30 min. Annealing temperatures
ranged from 600° to 1000°C. Circular aluminum dots,
13.5 nm in thickness and 5.2 X 10—3 cm? in area, were
then evaporated in vacuum from resistively heated
tantalum boats or rf heated crucibles. Finally, the
backs of the wafers were stripped and metallized, and
a forming gas anneal at 400°C for 20 min was carried
out.

Techniques.—To investigate the enhanced electron
trapping characteristics of silicon dioxide layers ex-
posed to plasmas in an RIE system, avalanche injec-
tion (11, 12) and internal photoemission (13-15)
techniques were used to inject electrons from the
contacts of the MOS structures into the oxide. The
experimental apparatus for avalanche injection (16)
and internal photoemission (17) have been described
in other publications. As the electrons traverse the film
in the presence of an applied electric field, some of the
carriers are trapped into sites created during RIE. This
trapping is not particularly sensitive to the mode of
carrier injection: avalanche injection from the silicon
or internal photoemission from the aluminum or sili-
con. The trapping rate is not particularly sensitive to
the average field in the oxide layer which is consistent
with the weak field dependence of the capture process
for radiation induced neutral traps recently reported
by Ning (7). This weak field dependence is in contrast
to the strong field dependence of electron capture on
trapped holes (3, 7, 18).

The buildup of this trapped charge is sensed through
the internal electric field it creates near the contacts by
the capacitance-voltage (C-V) (19, 20) and photocur-
rent-voltage (photo I-V) (18, 21, 22) techniques which
are well described in the literature. The voltage shifts
between the C-V curves depend on the product xQ@
where @ is the charge per unit area and x is the
centroid of trapped charge in the oxide layer measured
with respect to the aluminum-oxide interface (19, 20).
The voltage shifts between photo I-V data for both
positive and negative polarity allow separate deter-
mination of x and @ (18, 21). The combination of the
C-V and photo I-V techniques can also be used to sep-
arate silicon-silicon dioxide interface trapping from
bulk oxide trapping (18, 21, 22). Also by studying
charge buildup as a function of time, electron capture
cross sections ¢, and areal trap densities N can be de-
termined (3). These quantities (x, @, o, and N;) are
used to characterize the different traps created by the
exposure to RIE plasmas in the following sections.
Only a very small amount of trapping was seen for the
charging conditions used on samples fabricated in an
identical manner, but not exposed to RIE (4). The
results were reproducible for different locations within
a sample, and for samples fabricated over a time span
of several months.

Results and Discussion

RIE parameter dependence.—It was suggested earlier
that the neutral traps are created in the relatively low
energy environment of RIE by photons. To substan-
tiate this view, substrates were loaded onto the
grounded perforated plate with the oxide film fac-
ing away from the cathode. In this way, the oxide
film is no longer subjected to bombardment by ener-
getic ions. The oxide film is also protected from sec-
ondary electrons from the cathode by the silicon sub-
strate. The oxide film is, however, still exposed to
photons that are created when secondary elecirons
strike the walls of the reactor. A plot of the volume
density of trapped charge as a function of avalanche
injection time (Fig. 2) shows that the oxide etched
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Fig. 2. Yolume trapped charge density as a function of avalanche
injection time for oxides exposed to RIE on the electrode and on a
ground plane. Constant avalanche current — 8 X 10-9A.

by RIE and the oxide exposed only to energetic pho-
tons show enhanced trapping relative to that measured
in the control. Data points are taken at 44 sec intervals
and so are represented by a solid line. The error bars
included for data plotted against an expanded scale in
Fig. 7 are representative of data shown in Fig. 2-6.

In the second experiment, the rf power was varied
in order to vary the rf peak-to-peak voltage. Etch
times were increased as voltage was decreased so that
the amount of oxide removed was constant. The pur-
pose of this experiment was to determine whether
the introduction of traps exhibited a threshold in the
regime of power and pressure that is appropriate for
RIE. As can be seen in Fig. 3, enhanced trapping was
observed for all oxides etched by RIE even though
rf peak-to-peak voltage was reduced by more than a
factor of two, from 730 to 330V. Thus, radiation dam-
age is not avoided by etching for longer times at lower
rf voltages. It is not possible to carry out RIE at lower
voltages. RIE requires low pressures to maintain ver-
tical etching and a low pressure discharge could not be
sustained at voltages below 330V, It is possible, how-
ever, to reduce voltage if the requirement for direc-
tional etching is suspended. For the third experiment,
pressure was increased to simulate plasma etching.
Oxygen was added to CF4 so that a direct comparison
could be made with oxides etched in a commercial
barrel plasma etcher. The pressure of the CFy +
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Fig. 3. Volume trapped charge density as a function of avalanche
injection time for oxides exposed to RIE with rf peak-to-peak volt-
ages between 730 and 330V. Constant avalanche current —
2 X 10-9A,
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20%0, etching gas was increased to 0.5 Torr which
results in an rf peak-to-peak voltage of 120V. The
trapping data (Fig. 4) show that neutral traps are not
created during plasma etching or during etching under
plasma etching-like conditions in the RIE reactor. For
completeness, an oxide was etched by low pressure
RIE in the CFy 4+ O, mixture to assure that the addi-
tion of O, was not the significant factor. As expected,
this oxide shows the presence of neutral traps with a
trap density that is approximately equal to that of an
oxide etched in CFy.

The fourth and last experiment carried out with
blanket etched oxide films was to add Hs to CF4. This
experiment was suggested by speculation that the
neutral traps were created by breaking or relaxing
bonds in the lattice of the oxide (6). If correct, the
diffusion of atomic hydrogen into silicon dioxide might
anneal neutral traps in a way that is analogous to the
reduction in dangling bond density in amorphous sili-
con by atomic hydrogen (23). The data in Fig. 5 show
that the addition of H; does lead to a significant re-
duction in trapped charge when compared with an
oxide etched in CF, alone. A peak-to-peak voltage of
810V was measured. This value is slightly higher than
that measured during RIE in CF4. While the effect of
adding H; is reproducible and consistent with anneal-
ing of traps by atomic hydrogen, it was not possible
to reduce trap density by introducing hydrogen in
other ways. Trapping was not reduced by exposing
oxides to a hydrogen plasma before or after RIE in
CF4 or by annealing oxides in forming gas (90% N/
10% Hj) at 1000°C before RIE in CF4.
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Gate shielding.—The purpose of experiments carried
out with blanket oxide films is to understand the na-
ture and parameter dependence of the neutral traps.
During FET processing, however, the gate oxide is
covered by the material that is used as a gate electrode.
With this fact in mind, the ability of polysilicon and
aluminum to shield an underlying gate oxide from
the introduction of neutral traps was tested.

The procedure used to fabricate the samples begins
with the same cleaning and oxidation steps described
earlier. After the oxide was grown, a 350 nm thick film
of silicon was deposited by chemical vapor deposition
on some substrates and then doped n+ by the deposi-
tion and drive-in of POCl;. The polysilicon plus 50 nm
of oxide was etched using patterned photoresist to
delineate 32 mil diam dots. On other oxidized sub-
strates, 32 mil diam, 400 nm thick aluminum dots were
evaporated by resistive heating. 50 nm of oxide was
then etched by RIE. Appropriate control wafers were
included to determine background trapping in the ox-
ide, to provide a reference for the degree of shielding
by the gate electrode, and to provide a comparison
with wet etching of polysilicon. The data in Fig. 6 show
that 400 nm of aluminum does shield the oxide. The
shielded oxide exhibits the same increase in trapped
charge density as the control, while the unshielded
oxide again shows enhanced trapping. The trapping
data for oxides covered by polysilicon plus resist dur-
ing RIE also show that the oxide has been effectively
shielded (Fig. 7). The trapped charge density for the
reactive ion etched structure is shown on an expanded
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Fig. 6. Volume trapped charge density as a function of ava-
lanche injection time for oxides exposed to RIE with and without
an aluminum etch mask. Constant avalanche current = 8 X
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Fig. 7. Volume trapped charge density as a function of avalanche
injection time for oxide after RIE of polysilicon electrode. Sample
in which polysilicon was wet etched serves as a control. Constant
avalanche current = 8 X 10—9A,
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scale with the trapped charge density obtained for a
structure that was wet etched. The two samples show
the same low density of trapped charge. In fact, the
trapped charge density measured for both samples is
approximately half that measured on similar struc-
tures with aluminum electrodes. This reduction is at-
tributed to a decrease in background oxide trapping
as a result of the high temperature deposition and
doping of the polysilicon films. Other differences in
plots of the trapped charge density as a function of
the avalanche injection time on the Al-gated controls
(compare Fig. 2 and 6 with Fig. 3, 4, and 5) are due
to differences in the magnitude of the avalanche cur-
rent used.
Summary

The parameter dependence of neutral traps intro-
duced during RIE has been investigated under worst
case conditions of blanket etching and also with a gate
electrode in place. During blanket RIE of silicon di-
oxide, neutral traps are created., These traps are re-
moved by a 600°C anneal and so are of concern only if
an RIE step occurs after aluminum metallurgy is in
place. The trap density is reduced by adding H; to the
etching gas. Neutral traps were not introduced when
the reactor was operated under plasma etching-like
conditions. Finally, it is concluded that oxide is effec-
tively shielded during RIE by a polysilicon or alumi-
num gate electrode.
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lon Beam Analysis of Molecular Beam Epitaxy
InAlAs/InGaAs Layer Structures
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ABSTRACT

In this paper the Rutherford backscattering technique combined with
channeling is used to study the stoichiometry and perfection of molecular
beam epitaxial layers of InAlAs and InGaAs., Corroborative evidence from
SIMS and Auger profiling are used to supplement the RBS studies.

In recent years molecular beam epitaxy (MBE) has
emerged as a valuable tool for the growth of electronic
quality epitaxial layers of many compound semicon-
ductors (1, 2). The improvement of layer quality de-
pends critically on the development of analytical tech-
niques with which to characterize the material prop-
erties. These include parameters such as mobility, con-
ductivity, doping profile, deep level densities and en-
ergy levels, and crystal perfection. In this paper we
consider the application of Rutherford backscattering
(RBS) in evaluating the structure and quality of mo-
lecular beam epitaxial InGaAs and InAlAs layer struc-
tures. We also consider the use of ion beam channeling
for the measurement of crystal perfection, with par-
ticular interest in the interfaces between heteroepi-
taxial MBE layers. RBS has many limitations in the
present context including: (i) Poor sensitivity in the
measurement of light elements such as aluminum in
matrixes incorporating relatively heavy atoms such as
indium; and (ii) the inability to resolve neighboring
atoms in the periodic table (i.e., such as gallium and
arsenic). In order to resolve any ambiguities arising
from these limitations, complementary studies have
been conducted with secondary ion mass spectrometry
(SIMS) and sputter/auger profiling.

Experimental Procedures

Lattice matched Ings53Gao47As layers were grown on
(100) InP substrates by MBE. Substrates were heat
cleaned in situ under stabilizing arsenic fluxes at 505°C
for 2 min (3). A concentric double cell was used for
gallium and indium to improve the spatial and depth
composition uniformity of InGaAs layers, while sepa-
rate aluminum and indium cells were used for growth
of InAlAs alloys. Lattice mismatching to InP sub-
strates measured by x-ray diffraction were Aa/a, <
1 x 103 for InGaAs and Aa/a, < 2 X 1073 for InAlAs.
Layers grown on GaAs substrates were not lattice
matched. Typical substrate temperatures (Ts) = 490°C
for InGaAs and Ts = 510°C for InAlAs. Low field elec-
tron mobilities of unintentionally doped InGaAs layers
were as high as uge0 = 8800 cm2/Vsec with ngeo = 1 X
1016 em—3 and w77 = 15,000 cm2/Vsec with n7; = 8.5 X
1015 ¢m—3, while unintentionally doped InAlAs layers
were of high resistance (p > 3 X 1073 @ cm). Single

1 Permanent address: Devpartment of Electrical and Electronic
Engineering, University of Leeds, Leeds, England LS2 9JT.

2 Permanent address: Sakaki Laboratory, Institute of Industrial
Science, University of Tokyo, Tokyo, Japan.

Key words: channeling, MBE, RBS studies.

crystal epitaxial aluminum layers were grown on some
of the samples (below 120°C) without exposure to air
to obtain Schottky barriers.

The basic principles underlying the RBS/channeling
techniques have been discussed extensively in the
literature (4-7) and consequently, only a brief sum-
mary will be provided here. A collimated beam of
2-2.5 MeV He* ions is directed onto the crystal surface
and the energy distribution of particles scattered
through an angle ¢ degrees is measured using a surface
barrier nuclear particle detector. This energy spec-
trum of the backscattered ions yields information on
the mass and depth distribution of the scattering ions
(5). When the ion beam is incident in a random crystal
direction, the near surface composition of the crystal
may be deduced from the Rutherford scattering law
(6). The relative concentration Ns and Ns of species
A and B may be deduced from the respective yields Y
using the approximate equation (5)

Na Y(A) [Sla ( Zp )2 i
Ng _ Y(B) [Slz \Za
where Z4 and Zp are the atomic numbers for the atoms
A and B and the [S] terms are the compound stopping
powers in the crystal for scattering from the species A
or B, respectively, given by the expression (5)
[S]out

2
cos (6) 2l

[S1a = ka2[STin +

ka2 is the kinematic factor for the atoms A (or B)
and 6 is the scattering angle defined in the inset of
Fig. 1. The stopping powers [S1i and [STout correspond
to the ingoing and scattered beam. For the compounds
used in this work [S] was obtained from the stopping
powers of the elements concerned by the use of the
Bragg law (4, 8).

Results and Discussion

The straightforward use of RBS in the measurement
of the elemental composition (8) was of value to the
present study. Figure 1 shows a spectrum obtained
for random incidence from an IngAl—As layer 1.5
pm thick (x = 0.4) grown on GaAs. The random
spectra were obtained by aligning the crystals to the
<100> axis and then carefully misaligning to find a
random direction. In this figure we show both the
compound (raw) RBS spectrum obtained by scatter-
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Fig. 1. Rutherford backscattering spectrum (RBS) obtained from
an InzAl;—As crystal (x = 0.4) grown on a GaAs substrate.
(Incident helium ion energy E; — 2.0 MeV scattering angle 6 =
168°.) Both the composite spectrum and its component parts are
shown,

ing 2 MeV Het ions through 168°, together with the
individual component spectra from the indium, arsenic,
and aluminum and the substrate GaAs. In order to
estimate the component spectra, a simple iterative
procedure (9a) based upon the work of Ref. (9b)
was used. For each component spectrum an increase in
yield with depth was obtained by normalizing the sur-
face yield of each of the spectra to unity and using the
Rutherford scattering relationship [i.e., yield a (en-
ergy) 2] to generate the depth dependence of the
spectrum. In InAlAs grown on GaAs, for example, the
GaAs substrate spectrum would be extracted first.
The procedure described above would then be used for
the In spectrum, followed by the As and finally the Al
spectra. The heavier indium atoms give the clearest
near-surface spectrum, while the much lighter alumi-
num spectrum superimposed on the relatively large
background is more difficult to resolve and hence has
the largest uncertainty. From this spectrum the value
of x from the indium spectrum and (1 — x) from the
aluminum spectrum may readily be obtained.

RBS spectra have been obtained for a range of
In,Al; - As samples with ax ranging between 0 and 1.
The values of  and (1 — x) and the arsenic concen-
tration obtained from the corresponding RBS spectra
are shown by the circular and triangular points in
Fig. 2 as a function of the values predicted from the
molecular beam cell fluxes. The full lines are the best
straight lines through the experimental points. The
arsenic concentration is stoichiometric (i.e., at 50%)
in all the layers grown with x varied between 0 and 1.
This is as expected from thermodynamic considera-
tions. Observation of the indium concentration again
confirms that the x values measured by RBS agree
well with those estimated from the MBE flux monitor
(3). The one departure from this behavior is that of a
layer with * = 0.2 (Fig. 3); here RBS estimates a
value near to x = 0.1, which is confirmed by repeated
measurements at different areas over the crystal sur-
face. Another interesting feature of this spectrum is
the appearance of a surface indium peak where the
local x value rises to near the predicted x = 0.2. The
reproducibility of the surface indium peak across the
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Fig. 2. A summary of the results obtained from a series of crystals
grown with the value of x in In Al;_,As varied from 0 to 1. The
upper graph shows the normalized (stoichiometric value = 1.0)
arsenic concentration as a function of x. In the lower graph the
RBS values of x for indium and (1 — x) for aluminum are plotted
as a function of the predicted MBE flux values.

surface, confirms that it is not a local segregation of
indium [as would be expected with spitting from the
indium or aluminum source (10)]. The surface indium
peak in this case arises from the surface accumulation
of indium [or preferential incorporation of Al(Ga)]
in the nucleation stages, during growth at high sub-
strate temperatures or low Ass fluxes. Further con-
firmation comes from SIMS studies (Fig. 3 inset)
where results show that the indium concentration falls
by about 10% at about 0.5 micron inside the surface.
The spatial uniformity of the surface indium accumu-
lation was also confirmed by the SIMS studies. (Note
that the very high arsenic yield near to the surface is
an artifact of the present SIMS technique possibly as-
sociated with residual surface oxide persisting during
the erosion process.) In comparison with the SIMS
profiles, RBS spectra are relatively easy to interpret
and they yield quantitative data. However, the prob-
lem of obtaining an aluminum profile from the spec-
trum shown in Fig. 3 is not tractable, making com-
plementary SIMS profiles invaluable.

The ability of the backscattering technique to mea-
sure indium profiles is again indicated in Fig. 4(a)
which shows an RBS spectrum of a 1.5 um lattice
matched InGaAs crystal grown on an InP substrate.
The indium profile extracted from this spectrum shows
two regions of different composition, one at the surface
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Fig. 3. RBS spectrum from an InAlAs crystal (x = 0.2) grown
on a GaAs substrate. In this case E; = 2.5 MeV and 6 = 170°.
Both the channeled <<100>> and random spectra are shown. Also
shown in the inset is the corresponding SIMS profile.

and a second peak approximately 0.3 um inside the
crystal. This indium fluctuation was the result of in-
dium surface segregation at the relatively high growth
temperature (489°C). This was done to determine the
upper temperature limit to the growth and to identify
the growth problems that occur in this high tempera-
ture regime. We note that the surface indium concen-
trations indicate an almost 100% increase over the
bulk indium value. Note also that the close proximity
of the gallium and arsenic atomic masses makes it
difficult for the profiles to be separated unambiguously
from this spectrum. The reverse situation, namely a
drop in indium concentration at the surface, was asso-
ciated with an instability in the indium effusion cell
temperature control and is clearly shown in Fig. 4(b)
where the indium concentration in InAlAs falls from
the value corresponding x = 0.8 to x = 0.72. Note
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Fig. 4(a). RBS spectrum from an InGaAs crystal grown lattice
matched to an InP substrate. (E; = 2 MeV (He ions) § = 168°.)
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Fig. 4(b). RBS spectrum from an InAlAs crystal (x = 0.8)
grown on a GaAs substrate. (E; = 2.5 MeV, § = 170°.)

also that it becomes more difficult to identify fluctua-
tions unambiguously where the indium and arsenic
spectra overlap.

In some potential device applications where the de-
vice active layer is of a composition that does not
lattice match that of the substrate used, it is necessary
to grade the ratio of the component elements to reduce
mismatch strain and strain induced defects ete. (i.e., x
in In,Alj- As). Such structures provide good test
vehicles for material characterization techniques. RBS
alone can provide information on the compound com-
position and its depth dependence. When comple-
mented by channeling measurement, however, infor-
mation on crystal quality may also be obtained. This
latter point is discussed later. The crystal analyzed in
Fig. 5(a) is an In Al;—.As sample where x was stepped
down from 1.0 at the interface in 20% steps to 0 at the
surface. To avoid oxidation of the AlAs surface re-
gion a thin InAs layer was deposited on the top sur-
face. This is seen as the near surface peak at the high
energy end of the spectrum of Fig. 5(a). From the
main spectrum the indium yield is readily obtained by
extracting the arsenic profile, which is known to be a
constant from thermodynamic considerations and is
also confirmed from sputter Auger and SIMS profiling
studies. The indium profile lies close to that predicted
by the growth parameters and is again confirmed by
the Auger and SIMS results. The steps in the com-
position are apparent only for In; (x stepped from
1.0 to 0.8) which is also confirmed by Auger sputtering
profiles. The 20% steps from x = 0.8 down to x = 0
are reduced due to mismatch strain-induced interdiffu-
sion at the high growth temperature (480°C). This
strain becomes apparent in the channeling measure-
ments discussed later in this paper. It is interesting to
note that the Auger sputter profiling of the inverse
layer structure (i.e., where x was stepped in 20% in-
crements from 0 at the interface to 1.0 at the surface)
grown at 375°C [inset shown in Fig. 5(b)] shows dis-
crete steps, although this is not observed on the cor-
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Fig. 5(a). RBS spectrum from an InAlAs crystal where the indium
concentration x is varied from 1.0 at the interface in 209% steps to
0 at the surface. The AlAs surface is protected from oxidation by
the growth of a thin InAs layer. [E; = 2.0 MeV (He) and 6 =
168°.]

responding RBS spectrum as the ion beam energy and
incident angle were not optimized for the best depth
resolution. The RBS spectrum again illustrates the
difficulty of extracting the aluminum profile. The ex-
tracted indium and aluminum signals are compared
to the Auger profiled results in Fig. 5(b) inset. Here
both techniques confirm the relative integrity of the
individual alloy layers and interface regions when
grown at the lower temperature.

So far we have considered only the basic RBS tech-
nique. The following considers the use of the channel-
ing process (6) to investigate bulk layer crystal qual-
ity and more importantly the crystalline perfection of
interfaces. Figure 6 shows two RBS spectra obtained
for aligned and random incidence from a multilayer
structure consisting of an InGaAs (25004)/InAlAs
(1000A)/InP (substrate). Using the channeling tech-
nique there are two basic measures of crystal quality,
the minimum yield Xmin and the dechanneling rate
a(= dxmin/dz) where z is the depth of the penetration
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Fig. 6. The RBS spectrum for channeled and random incidence
from an InGaAs/InAlAs/InP crystal, where the two epitaxial layers
are grown lattice matched to the InP. [E; = 2.5 MeV (He ions),
8 = 170°, axis for channeling <100>>.] The inset shows an en-
larged version of the near surface channeled spectrum.

in the crystal (11). These parameters provide only a
relative measure of crystal quality. In order, therefore,
to provide a standard we note that for channeling
along the <100> axis in a good quality GaAs layer
values of Xmin ~ 0.04 and « ~ 10~¢ (nm) ! are typical.
For the crystal shown in Fig. 6 (i.e., channeling along
the <100> axis) we obtain near surface values of
Xmin(In) = 0.04 and a(In) = 5 X 10—¢ (nm)—1, The
minimum yield shows excellent agreement with the
best GaAs experimental results (12). In the case of
the dechanneling rate «, this result is a factor five
larger than that typical of premium grade GaAs. How-
ever there are two reasons why this is reasonable. In
the first instance dechanneling is a much more sensi-
tive parameter than the minimum yield. Wood and
Morgan (12), for example, have observed fourfold in-
creases in « in GaAs epitaxial layers at a growth in-
terface, A second important consideration arises from
the disparity in the atomic numbers of the component
atoms—indium, arsenic, and aluminum. A large dis-
parity gives rise to a much larger intrinsic dechannel-
ing rate. In the case of planar channeling, computer
simulation (13) results show that this factor alone
could result in a 300% increase in going from GaAs to
a material such as InAlAs. In view of these considera-
tions it is concluded that the value of « = 5 x 104
(nm) —1 is comparable to those obtained for high-grade
epitaxial layers and indicates that the uppermost
InAlAs layer exhibits a high degree of perfection,
justifying the care in lattice matching to the sub-
strate InP. -

A second interesting feature of these spectra may
be more clearly seen in the inset to Fig. 6, which shows
an enlarged plot of the near surface indium peaks (i.e.,
the indium in the InAlAs and the InGaAs). At the in-
terface between these two layers the indium channel-
ing curve undergoes an abrupt transition resulting
in a fourfold increase in the dechanneling parameter
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a(In) (i.e., « increases from 5 X 10—4 to 20 x 10—4
(nm) —1). This indicates that the lattice structures are
strained at the interface, presumably a result of im-
perfect matching, local segregation, or diffusion of
group III elements within the alloy sublattice across
the interface. It is clear that such strain can result in
undesirable deep levels which could adversely affect
the performance of FET’s made from such layers. Fur-
ther clarification of the interface strain may be gained
from the random spectrum of Fig. 6. At the interface
the indium yield decreases indicating that a deficiency
of indium occurs during the transition from the
growth of InGaAs to InAlAs. The indium deficiency at
the interface is further evidence for accumulation of
indium in these two ternary alloys growing under con-
ditions of low Ass fluxes or high temperature sub-
strates. The total indium deficiency at the interface
corresponds to a total equivalent of 1.5 monolayers of
pure indium. Because of the limited depth resolution
(~2004) it is not known how localized this deficiency
is.

A third measure possible from a channeling spec-
trum is the area under the surface indium, gallium,
and arsenic peaks (9). These peaks give the ratio of
unscreened components in the surface disordered layer.
From the <100> channel spectrum shown in the inset
of Fig. 1 we obtain a value of N(In)/N(Ga + As) =
0.63 which is significantly larger than the expected
bulk value of 0.36. One of the difficulties of this mea-
surement is that the Ga and As peaks cannot be sepa-
rated and hence the source of the nonstoichiometry
cannot be identified. Before leaving the topic of inter-
faces we note in the random spectrum in Fig. 3 that
there exists a dip in the gallium yield when InAlAs is
grown on a GaAs substrate which is explained by an
Al/Ga exchange and redistribution reaction during
growth of the first few atomic layers of any aluminum-
containing alloy or compound on any gallium-contain-
ing alloy or compound. It is also observed that the
dechanneling curve in Fig. 3 undergoes an abrupt in-
crease as the interface between InAlAs and the GaAs
substrate is approached. This is presumably a result
of the interface strain expected since this interface
is not lattice matched. The dechanneling results indi-
cate that this strain extends some 2000A into the epi-
taxial layer.

In order to further investigate the value of channel-
ing measurements, studies have been carried out on
the range of samples studied earlier (i.e., those with
In Al; —;As for x ranging from 0 to 1). The clear trend
in these results is that the best channeling (i.e., lowest
Xmin) Was obtained in crystals with x ~ 0.5 (i.e., the
InP lattice matched system). We note also that layers
grown on GaAs (not lattice matched) give poorer
channeling. For example, in the case of x = 0.8 [Fig.
4(b)] the crystal structure is so poor that it is very
difficult to observe any channeling dips with any de-
gree of certainty. The same conclusions may be drawn
for other crystals with variable x [Fig. 5(b) 1, the near
surface Xmin(In) = 0.52, confirming that the crystal-
linity is very poor.

Another example of the value of this technique is
shown in Fig. 7 in the spectrum from a lattice matched
layer of InGaAs/InP. This layer exhibited a very low
mobility compared to normal. The reason for this low
mobility is apparent from the RBS spectra shown in
Fig. 7. Consider first the random spectrum. This shows
a series of peaks in the indium concentration culminat-
ing with a large surface accumulation (i.e., a 15-20%
increase over the average bulk value). These oscilla-
tions occur and can be seen even when the indium and
GaAs spectra overlap. Clearly any variation in indium
concentration must be matched by a complementary
change in the gallium. Of particular interest is the

3 The background correction procedure used to extract the sur-
face peaks was that described by Morgan and Wood in Ref. (11).
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Fig. 7. RBS spectrum of an InAlAs grown on a GaAs substrate
[E; = 2.5 MeV (He ions), 8 = 170°.]

channeled spectrum; here the oscillations are greatly
amplified (i.e., a maximum of 100% change). The rea-
son for this greater sensitivity lies in the nature of the
channeling process. The channeled component of the
beam is screened from violent collisions. However,
when the indium concentration increases, the channel
becomes distorted and some channeled ions are no
longer screened, resulting in the increased backscatter-
ing. In this way the effect of the indium fluctuations
are amplified (i.e., 10% variation in the random RBS
spectrum becomes a 100% change).

Conclusions

Both random and channeling RBS have been used
with complementary sputter Auger and SIMS tech-
niques to study epitaxial InAlAs and InGaAs multi-
layer structures on (100) InP and GaAs substrates.

Results indicate that at higher temperatures or re-
duced arsenic fluxes indium accumulates on the surface
during growth of both InGaAs and InAlAs alloys. The
net effect is to leave an indium deficiency at near sub-
strate layer interface regions. The effect was confirmed
by observing depth fluctuations of the In/Ga ratio in
layers grown with intentionally fluctuating arsenic
fluxes. A further effect seen only by RBS was the
preferential exchange of aluminum for gallium at the
nucleation stage of InAlAs on GaAs substrates or on
InGaAs layers.
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Plasma Oxide FET Devices'

A. K. Ray* and A. Reisman*
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

Plasma oxidation techniques described in this issue (1, 2) by the authors were
employed alone, or in conjunction with thermal oxidation processes in the
fabrication of n-channel polysilicon gate field effect transistors. Horizontal
dimensions were delineated using optical lithography, and ranged from 2.5
um minimum dimensions up, to enable assessment of device parameters.
The characteristics of 500°C plasma oxidized structures were compared to
those fabricated in a conventional manner at 1000°C. Gate oxides were 35 nm
thick and field planar oxide regions were 350 nm thick. Using wafers of a
given resistivity, the thick and thin oxide thresholds of plasma oxide struc-
tures were higher than their thermal counterparts due, it is believed, to the
absence of surface boron depletion in plasma oxidized regions. In line with
this, threshold sensitivity to substrate bias (substrate sensitivity) was greater
in plasma oxidized structures for a given starting background substrate
doping level. Also because of the absence of impurity spreading, the sheet
resistivity of n+ junctions was higher in plasma oxidized structures. Aside
from doping level effects which can be advantageously accommodated for by
appropriate device design, plasma oxidized devices are otherwise quite com-
parable to their thermal counterparts. They exhibit obvious device design and
process control attributes due to shorter processing time at high tempera-
tures, i.e., absence of oxidation induced stacking faults, confinement of
junctions, and absence of surface impurity depletion. In n-channel devices,
the absence of boron depletion during plasma oxidation has enabled the fab-
rication of surface and junction ion-implanted devices with lower boron doses
and lower substrate sensitivity.

In the fabrication of micron or submicron device
structures, there is an increasing interest in the use of
lower processing temperatures to minimize impurity
redistribution and defect generation effects. Oxidation
is a key process in semiconductor device fabrication.
High temperature oxidation is accompanied in addi-
tion to the problems mentioned above by surface de-
pletion of impurities (3), oxidation enhanced diffu-
sion (4), generation of stacking faults (4, 5), and so-
called bird’s beak generation (6). In Parts I and II the
authors have described a low temperature plasma oxi-
dation process (1, 2) in which uniform thickness oxides
exhibiting excellent physical and electrical properties
can be grown on 57 mm diam silicon wafers, In the
process described, an oxygen plasma is generated at
pressures above 10 mTorr in an electrodeless fused

* Electrochemical Society Active Member.

1See Parts I and II prior to reading this paper: This Journal,
128, 2460, 2466 (1981).

Key words: silicon, oxygen plasma, boron depletion, substrate
sensitivity.

silica reaction chamber using a 3 MHz rf generator
and a 1 kW power output. The system is pumped con-
tinuously during oxidation and the oxygen pressure is
varied by varying the oxygen flow rate. Silicon wafers
are placed on either side of an rf coil, mounted per-
pendicular to the direction of gas flow, with the sili-
con surfaces to be oxidized facing away from the
plasma. Oxide grows primarily on the silicon surfaces
facing away from the plasma, while much thinner ox-
ide grows on the silicon surfaces facing the plasma.
The temperature of the wafers during plasma oxida-
tion is about 500°C, and is measured by a Chromel-
Alumel thermocouple placed adjacent to the wafers.
The plasma oxides can be grown at rates less than,
equal to, or greater than that obtainable via dry ther-
mal oxidation processes at 1000°C, depending upon
oxygen partial pressure, wafer position relative to the
rf coil, temperature, and generator output power. The
high-low thickness uniformity of the grown oxide
was better than +=5% and the standard deviation was
of the order 1-3%. The etch rate and refractive index



Vol. 128, No. 11

of the as-grown plasma oxides were comparable to
thermal oxides grown at 1000°C. The as-grown oxides
exhibited large negative flatband voltages with high
interface trap density (3 X 10!2/cm2 eV). However,
after a conventional low temperature postmetalliza-
tion anneal (400°C, 20 min, forming gas), the interface
charge and trap densities decrease to 6 x 1010, The
electrical breakdown strength (3-4 MV/cm) was
somewhat lower than the thermal counterpart. How-
ever, after a postoxidation heat-treatment at 1000°C
for 15 min in dry O, followed by 5 min in Ar, the
breakdown strength improved to 7-8 MV/cm and the
interface charge and trap densities dropped further to
the 2 x 1010, The properties of plasma grown oxides
after a short anneal at 1000°C are thus comparable
to the thermal oxides grown at 1000°C. The thickness
change associated with this annealing treatment is less
than 5 nm. In addition, boron depletion effects are
absent, as are oxidation-induced stacking faults and
bird’s beak effects (2). Elimination of the bird’s beak
is due solely to the fact that an oxide pad is not re-
quired under the oxidation mask to avoid defect gen-
eration during the low temperature plasma oxidation.
Based on these results, the present study was con-
ducted to evaluate plasma oxides in terms of poly-
crystalline silicon insulated gate FET device charac-
teristics.

Experimental Techniques

Polysilicon gate FET devices were fabricated using
optical lithographic techniques in conjunction with the
plasma oxidation process alone, or in combination
with thermal oxidation. For the present studies,
plasma oxide growth rates considerably faster than
1000°C dry oxidation rates were employed. For ex-
ample, 35 nm gate oxides were grown in 5 min and
350 nm field oxides were grown in 330 min. The com-
parable times for dry thermal oxidations at 1000°C
would have been 38 and 1220 min, respectively. The
plasma oxides were all grown at 500°C, 30 mTorr sys-
tem partial pressure, 1 kW generator output power,
and a generator frequency of 3 MHz. As mentioned,
the growth of these plasma oxides occurs on the sur-
faces of the wafers facing away from the plasma
which was described earlier (2). No external bias was
applied to the wafers. There were three oxidation
steps involved in the device fabrication; field isolation
oxidation, gate insulator oxidation, and simultaneous
source-drain: gate electrode oxidation. Four groups of
wafers, two in each group, were employed in the ex-
periments, These included: (A) wafers with plasma
field, plasma gate insulator, and plasma source-drain:
gate electrode oxidations, (B) wafers with plasma
field, plasma gate insulator oxidations, and thermal
gate electrode:source-drain oxidation, (C) wafers
with plasma field oxidation, thermal gate insulator,
and thermal gate electrode:source-drain oxidations,
and (D) control wafers with thermal field, thermal
gate insulator, and thermal source-drain:gate elec-
trode oxidations. In order to keep the device fabrica-
tion process as simple as possible, no field or channel
tailoring implants were employed in this first series of
experiments, and source and drain regions were
formed by diffusion. In addition, field regions were
planar (as opposed to semi-ROX configurations). 0.5
Q-cm p-type (B ~ 3.2 x 10!6/cm3) Czochralski grown
silicon wafers were used as substrates. About 350 nm
of blanket field oxides were grown over the entire
wafer using either plasma or thermal oxidation tech-
niques as the starting point. Field regions were sub-
sequently defined using standard photolithographic
techniques. Gate oxides (35 nm) were then grown
using plasma or thermal oxidation processes. Wafers
with plasma gate insulators were given a postoxida-
tion heat-treatment at 1000°C for 15 min in dry Oy
followed by 5 min in Ar. As mentioned before, this
heatTtreatment reduces the interface traps and charge
density, and improves the breakdown strength of
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plasma oxides. During this postoxidation heat-treat-
ment, as mentioned, about 5 nm of thermal SiO; is
grown in addition to the 30 nm of plasma gate oxide
already present on the wafers. If the postoxidation
annealing of the plasma oxides is conducted only in an
inert atmosphere (argon), the interface electrical
properties of the oxides are essentially equivalent to
those obtained using the procedure described (2).
The breakdown strength of the oxides following inert
gas annealing does not improve however, although it
is still adequate for device applications. Our normal
procedure is to use the two-step annealing procedure
so as to obtain the higher breakdown strength oxides.
Wafers with conventional thermal oxides received a
1000°C, 5 min Ar postoxidation heat-treatment. After
growing field and gate oxides, about 350 nm of un-
doped polysilicon films were deposited over the wafers
and subsequently doped with phosphorus. Polysilicon
gate electrodes, source, and drain regions were defined
by photolithography. Source and drain were then
formed by phosphorus diffusion. Following source-
drain diffusion, 100 nm of oxides were grown over
these regions using plasma or thermal oxidation pro-
cesses. Subsequent device fabrication steps, e.g., CVD
SiO; deposition (250 nm), PSG formation, contact
metallurgy, pre (500°C, 30 min, forming gas) and
post (400°C, 20 min, forming gas) metallization an-
neals were common to all wafers.

Results and Discussions

Threshold voltage comparisons of FET devices were
made using a standard I-V technique. Measurements
were made on devices with a 10.8 um channel length
and an 89.5 um channel width, unless otherwise spe-
cified. About ten devices on each wafer were mea-
sured to obtain the average threshold voltage. Figure
1 shows the I-V characteristics of FET devices in
wafer type A which were fabricated using only plasma
oxidation steps. Threshold measurements were made
with a source-substrate bias of —1V with the source
grounded and 0.1V applied between the source and
drain. The threshold voltage as determined from the
straight line portion of the curves was 0.88 = 0.07V.
Figure 2 shows the I-V characteristics of FET devices
in control wafer, type D. The threshold voltage of
FET devices made by conventional processes was
0.74 + 0.065V. Comparing slopes of the straight lines
in Fig. 1 and 2, it is seen that the channel transcon-
ductance of FET devices fabricated with plasma oxi-
dation processes is essentially the same as those fab-
ricated by conventional thermal techniques. The ther-
mal oxide devices exhibited lower threshold voltages,
but the spread in threshold voltages is essentially the
same for the two types of wafers. This spread is quite
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Fig. 1. I-V characteristics of FET devices fabricated using only
plasma oxidation steps.
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Fig. 2. I-V characteristics of FET devices fabricated using only
thermal oxidation steps.

common in devices which do not have channel implant
tailoring and is due to bulk doping variations. Figure 3
shows the variation of the threshold voltage with
channel mask length for the four types of wafers being
examined. The effective channel length for each device
size which would differ from the mask length by a
value Al could not be determined from the mask set
employed, because the device width was different for
each channel length. The channel etch tolerance for all
devices should, however, be the same and the Al value
would depend then on junction diffusion spreading in
each wafer type. Consequently, the comparison of
similar devices in Fig. 3 is of less value than device-to-
device comparison along each curve, and the relative
position of one curve to the others. Devices on all the
wafers showed the expected short channel effect below
L = 3.5 um. The straight line portions for the wafer
types A and B may have a slight upward slope, because
the large devices (L = 50.8 um, W = 508 xm) in both
wafer types A and B exhibit thresholds of 1.1-1.2V
compared to values around 0.88V for somewhat smaller
devices (L = 10.8 ym, W = 89.5 um). Corresponding
devices on wafer types C and D, both of which have
thermal gate insulators show no such effect. If we now
examine the curves for wafer types C and D of Fig. 3,
it is seen that devices on wafer type D appear to show
a lower threshold than corresponding devices on wafer
type C. This is believed to be due to surface boron
depletion (7) in wafer type D which underwent ther-
mal field oxidation as compared to wafer type C which
underwent plasma field oxidation. Since wafer types
C and D both received a thermal gate insulator oxida-
tion sequence, the relative threshold difference cannot
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Fig. 3. Variation of thin oxide threshold voltage with channel
mask length,
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be due to gate insulator thickness difference between
them. This was verified via C-V measurements on
capacitor pads present on the device wafers on which
flatband values were also determined to insure that the
difference could not be attributed to difference in in-
sulator charge levels. More definitive boron depletion
experiments which confirmed the above are discussed
more fully below.

Figure 4 shows the variation of thin oxide threshold
voltage as a function of substrate bias voltage. It is
seen that the control wafer D exhibits slightly lower
substrate sensitivity than the plasma oxidized devices.
This is also consistent with the existence of a boron
depletion effect in the control wafers. The boron deple-
tion effect is even more pronounced in the substrate
sensitivity curves for Al gated thick oxide devices
(Fig. 5). Thermal thick oxide devices (D) have much
lower thresholds compared to plasma thick oxide
devices (A, B, and C), again consistent with boron
depletion effects in the former. The slight variation in
thresholds of thick plasma oxide devices in wafer types
A, B, and C is probably due to variation in oxide thick-
ness (493, 507, and 509 nm, respectively) or bulk sub-
strate doping level variations.

2.5
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Fig. 4. Variation of thin oxide threshold voltage as a function of
substrate bias voltage.
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Fig. 5. Variation of thick oxide threshold voltage as a function of
substrate bias voltage.
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The absence of boron depletion effects during plasma
oxidation was confirmed via pulsed C-V measurements
on polysilicon gated capacitors in separate experi-
ments. 350 nm of SiO; was grown on 2 Q-cm p-type
(B ~ 8 x 1015/cm3) silicon wafers using either plasma
oxidation at 500°C or thermal oxidation at 1000°C.
These thick oxides were grown to enhance boron de-
pletion effects, if present, as they would be in a con-
ventional field oxidation. The thick oxides were then
stripped off, and thin oxides (35 nm) were grown on
the same wafers by plasma or thermal oxidation pro-
cesses. Polysilicon gated capacitors were formed on
this thin oxide, and the boron concentration profile
near the Si-SiO, interface was determined via the
pulsed C-V technique. Figure 6 shows the boron con-
centration profile near the Si-SiO; interface after
plasma oxidation, indicating the absence of boron de-
pletion effects. Figure 7 shows the boron concentration
profile after thermal oxidation. The boron concentra-
tion gradually decreases from its bulk value as the
Si-SiO, interface is approached. In Fig. 6 and 7 the
profile is shown to within 2Lp of the Si-SiO; interface,
(Lp = Debye length), because at <2Lp the pulsed C-V
data are not considered reliable. The sheet resistivity
of n+ junctions for devices with thermal source-drain:
gate electrode oxidation was lower (30 Q/[]) than de-
vices with plasma source-drain:gate electrode oxida-
tion (41 @/[). This is an indication of the formation
of deeper junctions during the thermal source-drain:
gate electrode oxidation step at the higher tempera-
tures employed, since the same doping cycle was used
for all the wafers during initial source-drain forma-
tion. The sheet resistivity of polysilicon gate electrodes
(25 9/0) was essentially the same for all wafers.

The results of the first device test run led to the
fabrication of a second device test run to test semi-
ROX plasma field oxides against thermal field oxides.
Plasma oxidation was used only to grow field oxides in
this test run with the gate oxides being grown ther-
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mally at 800°C. During the gate oxide growth at 800°C,
we would expect minimal surface boron depletion. The
absence of boron depletion during plasma oxide growth
should enable the fabrication of ion-implanted devices
with lower boron field doses than that used in con-
ventional processing. The use of lower boron doses in
field ion implantation should also result in lower junc-
tion capacitance and lower substrate sensitivity. Field
ion implantation conditions were chosen so as to ob-
tain the same thick oxide thresholds for the plasma
and thermal thick oxide devices with —0.75V on the
substrate. For the plasma field oxides, boron implanta-
tion dosage was 1.15 X 1012 and 80 keV while that for
thermal field oxides was 7.5 X 1012 and 65 keV.
About 450 nm of semi-ROX plasma field oxides were
grown on wafer type E at 550°C, 15 mTorr system
pressure, and 1 kW generator output power in 6.5 hr.
200 nm of MgO on top of 5 nm of SiO; was used as an
oxidation mask. About 450 nm of thermal field oxides
were grown on wafer type F at 950°C. As mentioned
abaove, gate oxides (22.5 nm) were grown on all wafers
by thermal oxidation at 800°C. Channel tailoring ion
implantation (B ~ 1.1 x 1012, 34 keV) was employed
in this test run, and source-drain regions were formed
via ion implantation. Other device fabrication steps
were essentially the same as described before., Figure
8 shows the thick oxide thresholds for polysilicon gate
plasma (wafer E) and thermal (wafer F) thick oxide
devices as a function of substrate voltage. At —0.75V
substrate bias voltage, the threshold for the thermal
thick oxide devices is about 1V higher than the plasma
oxide devices. It is seen from Fig. 8 that the plasma
oxide devices have much lower substrate sensitivity
compared to the thermal oxide devices because of the
lower boron dosage required for field ion implantation.
It is thus possible to obtain desired threshold voltage
accompanied by lower substrate sensitivity in plasma
oxide devices by adjusting ion implantation conditions,
since no boron is lost to the grown oxide via a boron
depletion effect.

Since the thin oxides in both types of wafers were
grown thermally at 800°C, and same channel tailoring
ion implantation was used, we expected the thin ox-
ide threshold voltages to be the same for both wafers.
Figure 9 shows the variation of thin oxide threshold
voltage as a function of substrate bias voltage for the
two types of wafers. Thin oxide devices have similar
thresholds and substrate sensitivity. Threshold mea-
surements were made on devices with nominal di-
mensions (L = 10.8 ym, W = 89.5 um). Since plasma
field oxides were grown at much lower temperature
compared to thermal field oxides, there will be less
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Fig. 8. Variation of plasma and thermal thick oxide threshold
voltage as a function of substrate bias voltage.
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dopant redistribution in plasma oxidized structures
and as a consequence, the boron concentration near
the semi-ROX edges may be less for plasma field ox-
ides compared to thermal field oxides. This could lead
to leakage along the width of an FET channel often
called “sidewalk leakage.” This effect would be more
pronounced for narrow width devices. In order to ex-
amine this phenomenon, the subthreshold character-
istics of thin oxide FET devices with nominal dimen-
sions L = 3.18 ym and W = 3.18 um were determined.
Figure 10 shows the subthreshold I-V characteristics
of FET devices with plasma (E) and thermal (F) field
oxides. Both devices exhibit similar subthreshold be-
havior with no indication of abnormal leakage current,
i.e., normal subthreshold conduction characteristics are
observed.
Conclusions

The characteristics of FET devices fabricated using
plasma oxidation processes were found to be normal
and comparable to devices fabricated in conventional
manner. With a given starting substrate resistivity,
the threshold voltages of plasma oxide devices are
higher than thermal oxide devices because of the ab-
sence of boron depletion effects during plasma oxida-
tion. A higher observed substrate sensitivity of plasma
oxide devices is also consistent with the absence of the
boron depletion effect. The higher sheet resistivity of
n+ junctions in plasma oxide devices is presumably
due to the formation of shallower junctions because
of the lower source-drain:gate electrode oxidation
temperature. The doping level employed during
source-drain formation can be adjusted for desired
junction sheet resistivity, It has been demonstrated
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that a required threshold voltage and lower substrate
sensitivity in the field regions can be achieved in
plasma oxide devices by using lower dosage implants,
since no excess boron is lost to the grown oxide via a
boron depletion effect. A similar but smaller effect
would occur in the channel regions. In general, then,
plasma oxide devices have advantages over thermal
oxide devices in terms of lower processing tempera-
tures, absence of defects, absence of surface dopant
depletion and junction depth containment, as well as
minimization of “bird’s beak” phenomena.
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A Modified SEM Type EB Direct Writing System
and Its Application on MOS LSI Fabrication

Y. lida* and K. Mori

Nippon Electric Company, Limited, Basic Technology Research Laboratories, Takatsu-ku, Kawasaki 213, Japan

ABSTRACT

A modified SEM type electron beam exposure machine adopts an auto-
registration function and it is converted to a direct writing purpose system.
One-chip-one field and chip-by-chip registration scheme is adopted to in-
crease the field size and to eliminate stage-related problems, such as laser
interferometric control complexity and stage movement slowness. 2 ym rule
64 k ROM, shrunk to 4/10 from the original design, is used as a device for
testing the developed EB system capability. 0.8 xm high, 2 um wide, L-shaped
step made from bulk Si is used as registration marks and +0.1 yum of 2 level
overlay accuracy is achieved. Although no special optimization or device de-
sign modification is done on the shrinkage, the device fabricated by all EB
direct writings and dry etching process shows no noticeable difference in elec-
tric functions from one made by photolithographic (DSW) processes. The
system is stable without intensive maintenance jobs and overlay accuracy
through the process (7 exposing levels) is better than +0.25 ym, although the
registration mark structure is changed by the fabrication processes. It becomes
clear that this kind of direct writing machine is very useful for research of EB

lithography and the LSI development.

Master mask fabrication using electron beam ex-
posure has become usable on the factory level. A
raster scanning machine is most popular for this pur-
pose (1-3).

However, it is not clear yet which is the best system
for direct writing and there is no commercial machine
used for production. For a while the electron beam
direct writing machine was used as an experimental
or LSI development purpose tool, due to the small
throughput from its serially exposing nature but
quick turn around time. The system under these cir-
cumstances should have the following characteristics
to compete with ever improving photolithographic ma-
chines (4): (i) Achievability of highly accurate re-
registration, even though the wafer is distorted (5)
and the registration mark is degraded by the fabrica-
tion processes; (ii) reasonable throughput to fabricate
developing devices; (iii) high stability and high up-
time ratio; and (iv) connection to computer aided de-
sign system is possible.

To satisfy (i), a vector scanning electron beam ex-
posure is one of the best ways, because of its scheme
to register the writing pattern on a chip by chip basis,
using registration marks on each chip corner. If chip
by chip registration is possible, necessary stage move-
ment accuracy becomes less and reregistration could
be realized even without laser interferometric control.
It also reduces the EB system cost and complexity.

About (ii), a one-chip-one field strategy for large
field would be one of the better choices, since it can
reduce the stage movement time, which could be a
large part of exposing time after the advent of high
resolution high speed DAC for steering the electron
beam. While this technique results in bigger writing
field distortion, if all the exposure is accomplished by
the same machine, there should not be any problem
including overlaying.

To satisfy (iii), magnetic field scan and separation
of main scan and correction for reregistration are im-
portant. About (iv), PG-3000 format! could be an in-
terface.

The system developed in this research is a vector
scanning type using prelens double deflection correc-

* Electrochemical Society Active Member.

Key words: electron beam exposure, direct writing system,
auto-registration, MOS LSI process, registration mark.

1 A pattern data format, proposed by David W. Mann Company.

tion for registration and postlens main scanning. Field
size is relatively large, 5 mm. It can accommodate
various developing test devices like 64 K ROM, 4 k
static RAM, 256 k bubble device, SAW device, etc. It
could give important information for larger scale inte-
gration, which is often an ally of these devices (6). A
testing tool selected for clarifying the system charac-
teristics through its direct writing application is a 64 k
ROM which simply reduced the conventional 5 wm
rule into the 2 um rule. Emphasis was placed on de-
termining degradation in registration marks on the
wafer by the process chosen to fabricate the 64 k ROM.
The technologies used in the process were not only a
direct writing, but reactive sputtering in combination
with beam resists.

System Description

A vector scan electron beam system? is modified
for direct writing by the adoption of auto-registration
system. A block diagram of the system is shown in
Fig. 1. The electron beam column has a main postlens
magnetic scanning coil and an additional small prelens
double deflection coil for registration purposes. Main
scan is achieved by a combination of positioning pur-
pose high accuracy 16 bit DAC and fill-in mode high
speed 12 bit DAC. Accelerating voltage is set at 20
kV, but is adjustable from 2.5 to 30 kV. A tungsten
filament is used for its high stability. Also, a single
crystal LaBg is used sometimes for tests. The modified
machine is balanced to operate at an equivalent 0.5
MHz data rate with electron resist sensitivities of 5
uC/cm? for W filament and 30 xC/cm? for single crystal
LaBg. The column can provide a minimum beam diam-
eter less than 500A at 56 mm working distance. Typi-
cal probe size used for this work is 0.25-0.40 um. Beam
blanking is electrostatic. A scintillator system is used
to provide video signals for setup and registration.
Registration has been accomplished in two stages.

First, the wafer is roughly registered in the stage
movement direction and writing field, using large
wafer registration mark. Next, the writing field is finely
and automatically registered on a chip by chip basis
using chip registration mark. Figures 2 and 3 show the
wafer setting errors in shift and rotation, respectively,
without preregistration to the cassette. Both errors

2 LEBES, ETEC Corporation, Hayward, CA 94544,
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include that of wafer to cassette and that of cassette to
column. They are fundamentally gaussian distribution.
From the data, the auto-registration system correction
range was designed to shift £150 ym and rotate +2.5°
at maximum. Field size is adjustable +2%. Any correc-
tion is accomplished by 12 bit multiplication DAC in X
and Y directions, separately. Resolutions are 0.073 um
in shift, and 0.045 and 0.039 um at the field corner in
rotation and magnification, respectively. Drive ampli-
fier for registration correction has high level response,
close to 10 MHz. After registration pattern writing
commences, the system can select a data file to expose,
and multiple chip fabrication is possible aiming at
small volume but quick fabrication.

Patterns are exposed in serpentine, rectangular, or
raster format with pattern generation providing sev-
eral primitive shapes such as rectangles, parallelo-
grams, and triangles. Proximity correction has not been

Fig. 3. Wafer setting error (rotation)

included, because of the relatively large design rule
employed.
Writing Method and Hysteresis

To minimize the settling time, jumping distance from
one pattern to another is restricted through subfield
sorting (7). For this method, a basketweave shift be-
tween subfields is the best (8). However, it causes a
hysteresis error at the connection point of each sub-
field stripe. This error comes from magnetization of
stage parts in the column by leakage field.

This problem is partially alleviated by shielding with
Permalloy, as shown by the dotted line in Fig. 4. How-
ever, a system aiming at a large field, like the present
one, cannot escape from the error completely. Stripe
raster shift should be adopted. Using this method, the
error is completely eliminated. A drawback is that
longer settling time (typically 20 times the subfield
jump time) is needed when the subfield is shifted
from one corner to the other of a stripe. It is, how-
ever, only 10 msec (field jump settling time) X 20
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(number of stripes), making 200 msec. There is no
problem compared with writing time, typically 3 min/
chip for 64 k ROM.

Pattern Data Preparation

The pattern data are first created in an interactive
computer aided design (CAD) system, and are output
in PG-3000 format. The shapes are sorted to minimize
long jumps between shapes using a large computer
system (ACOS-700).

Consequently, pattern writing time will contain
minimum overhead necessary for settling the deflection
system. This is achieved by first sorting the chip data
into subfields through which the writing will progress
in a stripe raster fashion.

The typical size of a subfield is 1/20 of the field size.
Within a subfield, the shapes are connected to compact
the data. The resulting set of sorted records is then
translated into code in the format required by the
modified E-beam machine. Typical CPU time to treat
100 k data is about 10 min.

Resist Process

A key to this work is the resist system, which must
provide high durability against reactive sputter etch-
ing and adequate sensitivity. Commercial availability
of resists might be another important factor in order
to make the fabrication process reliable. AZ-24003 was
chosen as a positive electron resist (9) and NER-1 was
chosen as a negative electron resist. The former is a
well-known photoresist. The latter is made from nar-
row molecular weight dispersion polystyrene, which is
easily available as molecular weight standard synthe-
sized by living polymerization. Selection of negative
resist molecular weight is important. The higher the
molecular weight is, the greater the severity of the
swelling problem and the “kissing” problem between
lines, while soaking in the developer. A 4:1 tetrahy-
drofuran-ethanol mixture was selected as a low swell-
ing developer. However, the smaller the molecular
weight, the stronger the tensile stress and the more

3 Shipley Company, Newton, MA.

MOS LSI FABRICATION 2431
Table 1. Direct writing resist characteristics
RESIST NER=1(polystyrene) AZ-2400
TYPE NEGATIVE POSITIVE
ETCHED MATERIAL | Si;N, [Poly-Si | Al Si0,
ETCHING GAS CFa-*I'[i: CClaF:O; C?I,; CFa+H,
woaTor|  pator || iouagTon 76T
ETCH RATIO
(MATERIAL RESIST) | 43 2.1 6.5 2.8
TYPICAL
PATTERN

severe the distortion in the L-shaped pattern results.
This is due to the polymer cross-linking by exposure
and concomitant volume shrinkage.

Relatively large 600 k molecular weight was chosen
to optimize swelling and shrinking problems. It is
called NER-1. Table I shows a summary of character-
istics for both resists.

Linewidth Control and Registration Mark

All EB direct writing process is practically usable
when the device patterns are directly etched by EB
resist mask; without metal mask transfer step the
registration mark is compatible with the process. De-
lineation accuracy values, when using SiOz, SizNy,
poly-Si, and Al are #+0.15, =0.15, =0.15, and —0.25 =
0.15 um, respectively. It is achieved by using reactive
sputter etching (10) and highly durable EB resist
against dry etching mentioned above.

For accurate registration, it is desirable to fabricate
registration marks using electron beam exposure. The
registration marks used in this work are 0.8 um hi.gh
silicon pedestals, which are completely compatible with
the silicon process. The fabrication process is illus-
trated in Fig. 5. There are several advantages to the
process: (i) There is no foreign material like refrac-
tory metal, CVD poly-Si, etc.; (ii) the resist area for
the registration mark is small and resist deformation
caused by dry etching does not affect pattern accuracy.

I. Electron Beam Exposure and Development

EB Resist

Wafer registration mark

chip registration mark

2. Dry Etching of SiOz and Si

resist
shrinkage

3. Remove resist and wash out SiO2

Fig. 5. Si pedestal registration mark fabrication process with EB
resist mask and dry etching.
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The larger the continuous resist area, the more critical
the pattern deformation or positional shift. (iii) Device
area; cleanliness is protected by the SiO; during the
process. The SiO; is etched away after the process.
Figure 6 shows the X direction and Y direction detec-
tion accuracy for the registration mark coated by dif-
ferent thickness resists. There is no notable difference
between them. After two scans, the detection accuracy
is better than 0.1 um, Though the reason for relatively
large error in the first scan is not clear, it could be
because of resist deformation by the first beam scan.
It is desirable to practice dummy scanning before the
detection. Figure 7 shows an example of the two layer
registration accuracy for the 5 mm field. Since the sys-
tem has field distortion, the registration condition
shown by the arrows is slightly different for different
positions. They are, however, within *+0.1 um.

Direct Writing Process and the Function of the
Fabricated Device

The direct writing process is fundamentally an n-
channel polysilicon MOS process. Figure 8 shows key
steps in the etching process. Table II shows exposure
and doping processes. After registration mark pattern-
ing, device areas were isolated by boron diffusion in
the field and by the local oxidation of silicon (LOCOS).
Threshold voltages for driver enhancement transistor
and load depletion transistor are adjusted by boron ion
and arsenic ion implantations, respectively. Gate in-
sulator thickness was 4004A; 5000A CVD polysilicon
was used as gate metallization. The polysilicon was
covered by 1600A CVD Si3N,. Arsenic ions were im-
planted to form the self-aligned source and drain.
Wafers were annealed at 1000°C in a steam atmosphere
to form the sidewall insulator of the polysilicon gate
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and thick silicon dioxide on the source and drain by
heavily doped arsenic enhancing oxidation. After SizgNy
removal, phosphorous was thermally diffused into the
polysilicon. Double layers of phosphorous silicate glass
and CVD SiO; were used as an insulator. PSG made
it possible to topographically smooth the device sur-
face, preventing discontinuing the Al metallization and
thin SiO; eliminated the wetting and poor resist ad-
hesion problems of PSG. Contact holes were etched
into the double layer to write ROM information. Phos-
phorous-doped polysilicon 0.2 um thick and 1.2 ym Al
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Fig. 8. Fabrication step draw-
ings.
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Table 1I. N-MOS process parameters used for the experiment

starting material P-type , 50-cm (511)

exposure (1) registration mark (2um)
exposure (2) gocos pattern (2um)
"'B*, 100KeV, 2 x10%cm
1000°C, 4hr, 0.8um Si0,

950°C, 85min dry Oz , 400A

field 1/1
focos oxidation
gate oxidation

"B*, 150 KeV, 3x10" cm?
40KeV,5x10" cm2

channel 1/1

exposure (3) Load pattern (5um)

depletion Tr I/1  ™as*, I50KeV, 2x10"% cm?
exposure (4) Direct contact
exposure [(5)

S/D 1/1

Gate pattern (2 pum)
as’, 150KeV, 5x10%cm ?

exposure (6] Contact pattern (2.5um)

exposure (7] Al pattern (2um space)

exposure (8) Pad pattern

were continuously deposited and etched as intercon-
nectors. Annealings to remove the irradiation damage
were carried out in H; atmosphere at 450°C.

Figure 9 shows an overall view of the fabricated 64 k
ROM and enlarged views. The 2.5 um contact hole is
centered in 3 um width Al metallization. It is clear
that the registration mark is kept well through the
fabrication processes. Details are discussed in the fol-
lowing section.

Figure 10 shows a function of the device fabricated
by all E-beam direct writing. As can be seen, the rise-
time for the fall time of the signal are unbalanced. It
was, however, assumed that the input and output buffer
is not optimized, although high reduction (4/10) has
been accomplished. The same design rule device, fab-
ricated by photolithographic process (DSW), has
shown very similar results (11).

Overlay Accuracy

Table III shows an example of overlay accuracy
through the process. The Vernier method was adopted
to measure the accuracy. On the table, for example,
GR-load shows overlay accuracy for load I/I pattern
on the guard ring pattern.

The overlayed pattern always has little X and Y
shift and distribution. The shift error origin is not
clear, but the registration mark structure change
caused by unbalanced resist or material coating of the
mark are considered reasons. Similar phenomena are
often discussed on Al metallization coverage.

Table I11. Overlay accuracy through the all EB direct
writing process

MOS LSI FABRICATION

X [pm] Y [p#m]

X o Y -
GR- Load -002| 013 | -005 |0.13
GR- D.Contact 0.12{003| -004 |0.12
GR- Gate 0.13| 0.06| 0.07 |0.12
Gate- Contact 0.08| 0.08 0.02 | 0.03
Contact- Al 0.07| 0.07 0.09 | 0.06
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Registration Mark;

chip size
34mmX 2 5mm

2 pm-wide
0.8 um high
Si Pedestal

overall chip organization
with registration marks

—

e

OUTPUT|——

'——-‘
500 nsec

Fig. 10. An example of output waveform

Even considering shift and distribution, the results
shows that the system well satisfied the required +0.25
wum overlay accuracy, using registration mark damaged
by various coating and etching processes.

Conclusion

The systems described here are a fundamentally
modified SEM machine, not those machines which could
be fabricated only by a huge company laboratory. The
systems are easily modified to research fundamental
electron optics and new strategy to write pattern, such
as double deflection correction, hysteresis, and stripe
scanning. It has, however, enough capability to fabri-
cate LSI such as 64 k ROM by all direct writing pro-
cess. The beam is focused into a small diameter area,
less than 5004,

The system could be used for quick fabrication of a
wide variety of devices, like bubble memories, Joseph-
son circuits, GaAs FET, etc. It is also used for new
resist evaluation, research in physics related to elec-
tron beam damage, electron scattering, and delineation
limitation.
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MOS Device Fabrication Using X-Ray Lithography

K. Suzuki and J. Matsui
Nippon Electric Company, Limited, Basic Technology Research Laboratories, Takatsu-ku, Kawasaki 213, Japan

and T. Ono and Y. Saito

Nippon Telegraph and Telephone Public Corporation,
Musashino Electrical Communication Laboratory, Musashino, Tokyo 180, Japan

ABSTRACT

X-ray lithography has been applied to fabricate n-MOS devices such as
transistor matrixes, ring oscillators, and MOS capacitors. A propagation delay
time as low as 200 psec/gate, and about 0.12 pJ power-delay product were
obtained from the ring oscillator with 0.7 um effective gate length. From the
threshold voltage measurements of the transistor matrixes, it was found that
the standard threshold voltage deviation in MOSFET’s with 1.5 um effective
gate length in a chip and the deviation in a wafer were as low as 5 and 7

mV, respectively.

. X-ray lithography has been expected to be useful
as a fine pattern replicating technique, because of its
high resolution and productivity. Recently, a high
power x-ray lithographic system using a water-cooled
rotating Si anode for x-ray source and a beam vibra-
tion method for mask alignment has been developed
and its performance was demonstrated (1,2). An SiN/
Si0y/SiN sandwich structure membrane mask (3)
has also been developed and was applied to fabricate
poly-Si gates in ring oscillators (2).

In this experiment, MOS devices have been fabri-
cated using the above-mentioned x-ray lithographic
system for four mask levels. The present paper de-
scribes the x-ray lithography process followed by dry
etching, and also the device characteristics.

X-Ray Lithography Process

The IC chips which have been fabricated in this ex-
periment contain transistor matrixes, ring oscillators,
and MOS capacitors. Of the five lithographic steps,
local oxidation of silicon (LOCOS) (4), gate, contact
hole, and metallization were processed by x-ray li-
thography. Only the channel doping step was pro-
cessed by photolithography. In order to examine the
x-ray exposure influences on the devices, a few wafers
in the lot were processed by photolithography through
all lithographic processes.

A water-cooled rotating Si anode x-ray source was
operated at 20 kW (20 kV, 1A) electron beam input
power, which generates about 6 X 10~5 W/Sr SiKe
x-ray radiation.

Key words: fine pattern, x-ray mask, dry etching, transistor
matrixes.

X-ray masks (3) consisting of an SiN (0.2 xum)/SiO;
(1.0 um)/SiN (0.2 ym) sandwich structure were pre-
pared by CVD for SiN and by rf-sputtering for SiOg,
respectively. The membranes have as high as 85%
transparency for both the SiKa line and visible light.
X-ray absorber patterns, consisting of a 0.8 ym thick
gold, were fabricated by a double lift-off method (5),
in which 1.2 um thick polyimide spacer patterns are
used for gold plating masks.

Details of the x-ray lithographic levels are shown in
Table I. In three mask levels, i.e.,, LOCOS, gate, and
metallization, negative resist SEL-N! has been used.
Figure 1 shows a scanning electron micrograph of 2
um gate patterns exposed in a 0.8 ym thick SEL-N. The
SEL-N patterns show trapezoidal cross sections. This
is caused by the swelling of SEL-N patterns in a de-
veloper followed by shrinking in rinsing solution and
postbaking process. The swelling magnitude changes,

1SEL-N is produced by Somar Industy Corporation, in Japan.

Table I. X-ray lithographic levels

Etch
rate
ratio
Etching (film/
Level Film Resist method Gas resist)
LOCOS Si02 SEL-N Wet etching —_ —_
(0.7 um)
Gate Poly-Si SEL-N Reactive sput- CBrFs 3.5
(0.4 um) (1.0 um) ter etching
Contact G FBM Reactive sput- C:Fe 13
(0.8 um) (1.0 um) ter etching
Metalli- L-N Plasma etching CCl 1.0
zation (0.8 um) (1.5 pm)
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Fig. 1. Scanning electron micrograph of 2 um gate patterns ex-
posed in a 0.8 um thick SEL-N.

depending on the resist volume, and also on the kind of
developer. In this experiment, methyl alcohol was used
for developer, which resulted in rather small swelling.
However, in contact hole level, negative resists, includ-
ing SEL-N, are hard to use because of the large re-
sist-covered area that leads to conspicuous swelling
(narrowing or plugging up of the contact holes). In this
level, therefore, a positive resist poly hexafluorobutyl
metacryrate (FBM) (6) was used, which showed little
swelling in the developer. A scanning electron micro-
graph of 4 um wide contact holes, exposed in a 1.3 um
thick FBM, is shown in Fig. 2. FBM contact holes pre-
served squarish shoulders, and the side walls were in-
clined from the surface at 75 degrees.

Dry etching has been employed for constructing
gates, contact holes, and wiring. The etching method
after each lithographic step is presented in Table I
with gases used, and film to resist etch rate ratio. A
scanning electron micrograph of 2 um poly-Si gates
etched by reactive sputter etching (7) is shown in
Fig. 3. Side walls of the poly-Si gates show 45° ~ 50°
tilts, which reflect SEL-N pattern profile used for etch-
ing mask. Figure 4 is an SEM photograph, which indi-
cates good step coverage of the poly-Si gate at the
0.5 pm guard ring projection.

Figure 5 shows the appearance of aluminum metal-
lization in the transistor matrix after plasma etching.
Although the etch resistance of SEL-N against plasma

Fig. 2. Scanning electron micrograph of 4 um wide contact holes
exposed in a 1.3 um thick FBM.

X-RAY LITHOGRAPHY

Fig. 3. Reactive sputter etched 2 um poly-Si gates

Fig. 4. Scanning electron micrograph showing good step coverage
at the 0.5 um step.

Fig. 5. 3 um wide aluminum metallization in a transistor matrix

etching using CCly is the same as that of aluminum, a
considerably thick (~1.5 um) SEL-N resist layer is re-
quired for x-ray exposure of the metallization level,
because the decrease in the resist thickness at the
shoulder of contact holes is significant. In this case, 0.8
wm thick, 3 um wide, 2 um gap aluminum metallization
is successfully fabricated, as shown in Fig. 5.
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The x-ray masks were aligned to the wafer using the
beam vibrating method (1, 8). The alignment marks on
the wafer were made by preferential etching using
hydrazine solution. It was found that the S/N of this
mark was not changed through the five lithographic
processes. Therefore, the same mark was used for all
lithographic processes without any protection. The
total alignment error by the above-mentioned method
was found to be less than 0.3 um (2¢) in a 2 in. diam
wafer, from measurements using vernier patterns
which were made in each lithographic process.

Device Characteristics

An example of the threshhold voltage (Vi) distri-
bution for transistor matrixes with 1.5 um effective
gate length is shown in Fig. 6. The upper numeral in
each of the sixteen squares shows Vi, the average
values of the Vi, of 120 FET’s in the transistor matrix.
The lower numeral shows oo, the standard deviation in
the V. The average value of ¢,, over all chips in the
wafer, represented by o, is 5.0 mV. The standard Vi,
deviation in the wafer, o1 is 6.7 mV. Other wafers show
a similar tendency. These results show highly uniform
characteristics in devices made by x-ray lithography
followed by dry etching.

Figure 7 is a photomicrograph of the ring oscillator
fabricated by x-ray lithography. The ring oscillator is
a 3l-stage E/D mode unit with a fan-in and fan-out
ratio of 1. Effective channel length is 0.7 um in the
driver transistors, and 2.3 ym in load transistors.

The output waveform for the ring oscillator at Vgq =
5V is shown in Fig. 8. The oscillation period is 12.5
nsec, which corresponds to 202 psec/gate propagation
delay time. The power-delay product is about 0.12
pJ/gate.

The C-V curve for the MOS capacitor, fabricated
using x-ray lithography for four mask levels and that
by using photolithography for all mask levels, is shown
in Fig. 9. Both MOS capacitors have the same design,
and have been made in the same lot, except for the
lithographic processes. There was no special annealing
process after the x-ray lithographic process. Figure 9
shows that there is no x-ray radiation-induced damage
in the MOS capacitor, when every standard process is
over. It is reported, however, that the C-V curves from
MOS capacitor irradiated by AlKa (8.3A) shift from
the original state (9-11). It is considered that, in the

888| | 878

45

885
3.7

884
5.7

39 6.2

898

38| |a2||PL]|Pt

887| [879] |874| |878

26||47||40] |35
Vih =884 mV
0,=5.0 mV
0. =67 mV

Leff =1.5pm

Fig. 6. An example of Vi, distribution map in the wafer
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Fig. 7. Ring-oscillator fabricated by x-ray lithography

Leff=0.7pm
Voo =5V
Vsub=—2V

tpd =0.20nsec
tpd x POWER=0.12pJ

Fig. 8. Waveform of ring-oscillator fabricated by x-ray lithog-
raphy.

35~ PHOTO

30

Frequency : 1 MHz

1 1
0—=p =5 0 5

BIAS (V)

Fig. 9. C-V curve for MOS capacitor fabricated by x-ray lithog-
raphy and that by photolithography.

present experiment, radiation-induced damage was an-
nealed out at the high temperature processes, such as
impurity diffusion, oxidization, and CVD.

Conclusions
MOS devices, such as transistor matrixes with 1.5
um effective channel length, ring oscillators with 0.7
wm effective channel length, and capacitors for C-V
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measurements, have been fabricated using x-ray
lithography, including automatic mask alignment.

Results obtained from the present study are as
follows.

1. High contrast x-ray masks with 0.8 um thick gold
patterns have been prepared on SiN/SiO/SiN mem-
brane by double lift-off method.

2. Alignment marks made by preferential etching
work well through all mask processes without any pro-
tection.

3. High registration accuracies, better than +0.3 um
(2¢) on 2 in. wafers, were realized.

4, Dry etching is successfully applied to fabricate
poly-Si gates, PSG contact holes, and aluminum metal-
lizations.

5. Standard deviation in Vi, as low as 5 mV in a
chip, about 6.7 mV in a wafer, was realized.

6. Propagation delay time reaching 202 psec/gate,
and the power-delay product of 0.12 pJ/gate were ob-
tained from the ring oscillator.

7. No x-ray exposure damage in devices has been
observed from the C-V measurements, without any
special annealing after the x-ray lithography pro-
cesses.
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Measurement of the Diffusion Coefficient

of Gallium in Molten Germanium

E. D. Bourret,! J. J. Favier, and O. Bourrel

Laboratoire d’Etude de la Solidification,
Centre d’Etudes Nucleaires de Grenoble, 85X, 38041 Grenoble Cedex, France

ABSTRACT

The diffusion coefficient of 72Ga in molten germanium has been measured
at T = 1219 K using the shear-cell technique. The concentration profile was
obtained from the intensity of the y-emission detected in the range 0.740-0.900
MeV. The diffusion coefficient was found to be 2.1 X 10—8 m?sec—! at this

temperature.

The accurate determination of diffusion coefficients
of solute in the liquid phase (Dp) is becoming more
and more important for the understanding of solidifica-
tion in metallurgical processes as well as in crystal
growth. Up to now, very few measurements of these
coefficients have been made (1). In the germanium-
gallium system, the lack of data for D has been
pointed out by different authors (2, 3). In order to re-
late the diffusion phenomenon to the segregation dur-
ing solidification, an accurate value of the diffusion
coefficient near the solidus temperature is badly
needed. This is of prime importance for determining
the type of mass transport which took place during the
growth of Ge-Ga crystal in a microgravity environ-
ment (2, 4). This paper reports the measurements of Dr,
at 1219 K.

1Present address: Department of Materials Science and Engi-
neering, Massachusetts Institute of Technology, Cambridge, Mas-
sachusetts 02139,

Key words: shear-cell technique, gallium, diffusion.

The melting point of pure germanium is Tm =
12104 K.

Experimental Procedure

Measurements were made using the shear-cell tech-
nique developed by Potard et al. (5). The shear-cell
consists of several graphite disks mounted coaxially
in which three off-center holes (1.5 mm diam) are
drilled to form three capillaries when they are aligned.
As shown in Fig. 1, solvent and solvent + solute metals
were kept separate until an experiment was begun by
aligning the upper and the lower capillaries in a
vertical position. After diffusion, the disks were ro-
tated so that the liquid columns were sheared. This last
rotation of the disks avoids subsequent change of con-
centration due to solidification; thus there was no need
for quenching the samples. Upper capillaries were
filled with pure germanium and lower capillaries con-
tained the dilute alloy germanium-gallium. Diffusion
occurs from bottom to top for preventing additional
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Fig. 1. The shear-cell: 1, filling; 2, diffusion; 3, shearing

effects due to segregation of gallium. Densities of gal-
lium and germanium are, respectively, 5.91 and 5.32
g/cm?. In order to obtain a direct and precise concen-
tration measurement of the samples, 72Ga was used as
a radioactive tracer. Under irradiation by thermal neu-
trons, gallium of normal isotopic composition, which
contains 39.8% of 7'Ga, produces 72Ga. "2Ga emits g~
particles with a maximum energy of 2.54 MeV, fol-
lowed by y-emission with a maximum energy (96%) of
0.835 MeV. One gram of gallium was irradiated for
700 sec under a neutron flux of 1.6 X 10! nm~3 sec—!,

The active gallium was then melted with pure ger-
manium to obtain a Ge-Ga alloy containing about 600
ppm of Ga.

Diffusion occurs at 1219 K, a “stabilizing” gradient of
100 K m~! being maintained between the bottom and
the top of the cell to reduce convection.

Results

A practical diffusion time was determined from theo-
retical considerations to be 20 min. A preliminary ex-
periment, using nonactive gallium, confirmed that
this time was correct. The gallium was found to diffuse
over 4 disks. Concentration measurements which were
made, in this case, by x-ray fluorescence cannot be used
to evaluate the diffusion coefficient since, due to the
small size of the samples, the surface of integration is
very small and induces large experimental errors. In
the shear-cell configuration, the boundary value prob-
lem is that of diffusion between a pair of semi-infinite

2
solids. A solution of Fick’s second law (a—c- =D ﬁ),
at 9x?

with the boundary conditions C = Coatx > 0att = 0
and C = 0atx < 0att = 0is given by

C(x,t) b <1+ T )
Tb) = er
2 2\/Dt

Knowing x, t, and C(x,t), D is given by
1

D=—r
4b2t
b being the slope of

2C %
erf-1 (——1):——
Co 2\/Dt
The gallium concentration is proportional to the in-
tensity of the y-rays emitted with an energy in the
range 0.740-0.900 MeV. Each measurement was cor-
rected to account for the weight of the sample and the
intensity of the 72Ga peak as a function of time (to5 —
51,000 sec for 72Ga). If the intensity of the source at t is
Iy, then at t + At, it will be
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It+ae = Irexp (—AAt) [1]

A being the disintegration constant, A = 0.693/t,s. The
mean intensity during At is

= 1 (o
I=1 T s exp (— At) dt (2]
and then
— 0.693 At/to,
L=T o 13]

1 — exp (— 0.693 At/ty5)

The intensity represents the accumulated counts per
time units. Every measurement is corrected using a
reference time; in this case, the reference time is ¢t = 0
at the beginning of the countings.

Another correction is made to account for the dead
time of the detector. To account for the dead time, an
apparent half-life is determined using the decreasing
curve of the activity of 2Ga (log N = — At) (Fig. 2).
This curve exhibits three different slopes correspond-
ing to three apparent half-lives, as shown in Table I.
The apparent half-lives are used to calculate the in-
tensity of accumulated counts per time unit (Eq. [3]).
The concept of apparent half-lives is used because the
correlation (Table I) with straight lines is good enough
so that specific corrections for each count rate ac-
cording to Fig. 2 are not necessary and the corrective
calculations are then simplified. Finally, the diffusion
coefficient obtained from the measurements reported
in Fig. 3is D, = 2.1 X 1078 m2sec™! at T = 1219K.
The coefficient of determination for the straight line is
0.999.

In earlier studies, Schmidt and Verhoeven (6) mea-
sured this diffusion coefficient at T = 1303 K. The
method used was the capillary-reservoir technique and
led to the value of 2.4 X 1078 m2sec—1.

Considering an activation energy of 0.32 eV given by
Kodera (3), this value, corrected to 1219 K, becomes
2.0 x 10—8% m2sec—!, which is in good agreement with
our direct measurements at this temperature.

The shear-cell technique is a very appropriate one
for direct measurement of the interdiffusion coefficient
in the vicinity of the liquidus temperature (less than
10K above) and should be used before investigating

=N6oq

time in hours

2 p 18 s © 20 o0

———tp 2, 2 9 g0 0
dead 20 0 o

time

Fig. 2. Decreasing curve of the 72Ga activity
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Fig. 3._Diffusion profile. Experimental data. Slope = 34.68 —
1/2\/Dp; T = 1219K.

solidification problems for which mass transport takes
place partly by diffusion.

MOLTEN GERMANIUM
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Table I. Correction due to the amount of dead time
Apparent
Dead Coefficient of half-life
time by determination (hr)
10-20% 0.0425 0.999 16.3
0-10% 0.0465 0.998 14.9
0 0.0491 1 14.1
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A Mathematical Assessment of Chemical Diffusion
Measurements in Transition Metal Oxides

Frangois Morin*
Institut de Recherche d’Hydro-Québec, Varennes, Québec, Canada JOL 2P0

ABSTRACT

The relaxation method lends itself to the measurement of chemical diffusion
coefficients in transition metal compounds. By means of various mathematical
calculations, it is shown that the significance of experimental results can
be greatly improved. A better insight into the interrelations between physical
parameters like nonstoichiometry, defect mobility, and electrical conductivity
should be gained by proper consideration of various experimental parameters.
The effects of many parameters such as slow surface reaction, large departure
from stoichiometry, and varying defect mobility, are reviewed. The elec-~
trical conductivity is perfectly equivalent to weight measurements when
properly applied to relaxation experiments. Moreover, in some cases, it may
contain some specific information regarding the interrelation between elec-

tronic and ionic defects.

Chemical diffusion in transition metal compounds is a
common phenomenon. It has already been associated
with various important physical processes like oxide
growth and sintering of ceramics. There is also a re-
newal of interest in the search for new battery elec-
trode materials. Various formalisms have already been
developed in order to describe the basic mechanisms
involved in the course of chemical diffusion (1-7), most
of them largely based on C. Wagner’s transport theory.
Besides, most of our point defect theory originates

* Electrochemical Society Active Member.
Key words: defects, dielectrics, diffusion, kinetics.

from Wagner and Schottky (8). Wagner et al. also
applied the simple mass action law to point defects
for several oxides (9-11). This last approach was con-
siderably developed and also described with a con-
venient notation by Kroger and Vink (12-13). There
are a few widely accepted examples, like CoO and
Cu,0, where the diffusion and the point defect theories
merge in a simple manner (14). Such a simple picture

is also commonly transferred to other compounds.

Several controversial arguments were set forth in

the recent years, regarding either coulombic interac-
tions (15) or the prevalent existence of clustered de-
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fects (16-17) and nonrandom walk diffusion (18). In
view of those complex considerations, the usual treat-
ment of experimental data looks rather crude. Any
comparison of experimental data with a more sophisti-
cated theory would be faced with a crucial problem re-
garding the actual precision of those data. Thus, ex-
perimental diffusion phenomena would require a de-
gree of accuracy that is neither intrinsically available
for certain types of experiments nor has been com-
pletely evaluated in a peculiar experimental method.

The relaxation method might be one of the most
suitable means for studying chemical diffusion with
both a high precision and a simple procedure. The
compound is first equilibrated with the outer atmo-
sphere, whether pure oxygen or an oxidizing-reducing
mixture. The compound must thus possess a nonnegli-
gible electronic conductivity. The chemical activity of
that atmosphere is suddenly changed from its original
value to a different one and the evolution of the defect
within the compound is normally recorded as a varia-
tion in weight or electrical conductivity wvs. time.
Diinwald and Wagner (19) also formulated the ana-
lytical solutions for various sample shapes such as
plates, cylinders, and spheres. An equivalent solution
has been described by Newman for brick-shaped sam-
ples (20). A few comprehensive reviews on the subject
are available (21-23). The precision commonly reached
with the relaxation method might suffice normally if
the aim were simply to verify a largely accepted dif-
fusion mechanism coupled with a very simple defect
model. However, if one wants to make full use of
this method, further consideration must be given to
the various sources of error. Certain criteria have al-
ready been suggested by J. B. Wagner et al. (21, 23,
24) such as the equivalence between oxidation and
reduction runs, the effect of gradated sample sizes or
diluted atmospheres for nonnegligible surface reac-
tions, and also some preference for thermogravimetry
instead of electrical conductivity. Such criteria deserve
a complete mathematical analysis of all experimental
parameters as has already been described (25). The
basic simplicity of relaxation experiments is not an im-
pairment of the significance of their results. Analysis
of the relaxation method is considerably refined and
more completely described here.

The Relaxation Technique and Its Analytical Solution
The chemical diffusion coefficient 5 is unequivocally
defined by Fick’s first law
~ 9q

D-— [1]

n=- o

where ¢; is the concentration of the chemical species,
but can also sometimes be considered as a point de-
fect concentration, and ji is the flux of the same species.
In the case of a transient concentration state, the pre-
ceding equation becomes, according to the mass con-

servation law

c ~  dc

a0 ( D- _‘_) (21
ot ox ox

which is equivalent to Fick’s second law of diffusion.

If 5 is concentration independent, Eq. [2] then reads
éc = 9%y
ot

The following set of time and boundary conditions

fully describes the normally expected conditions for
relaxation experiments

ci(x,0) =¢c, at t=0
Cj(O,t):Cf at t>0

where ¢, is the initial equilibrium concentration within
the sample, ¢t is the final equilibrium concentration,
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and x is the length along the diffusion axis. Equation
[3] can be extended to a three-dimensional case. Ac-
cording to Newman (20), the concentration ¢; in a
prism with overall dimensions equal to 2aj;, 2as, and
2a3 is expressed by the following relation

(X, T) = ¢o - (X1, T1) + f(Xo, To) - (X5, T5) [4]

where

HX,T) =

al e

z": (—1)n
-~ cexp {— T(n + ¥%)2n2}

n+ %
ccos {(n+ ¥%)n - X}
Dt
T=——
a2
X =x/a

The reduced coordinate X varies from zero to one
while T varies from zero to infinity. The average

concentration ¢ is a more readily accessible parameter
than the local concentration ¢;(X, T') so that

c=cf— (cr— co) ": "‘01 fol (X1, T1)

f(Xy, To) - (X5, T3) - dXy - dXp-dXy  [5]

Again, c can be transformed to a dimensionless pa-
rameter

e = (¢t —¢)/ (e — o) (61
By introducing Eq. [6] into Eq. [5] and integrating
cr =g(T1) - g(T2) - g(Ts) [71
where
2 w1
T = e Sy _T. 2.

For equilibration runs, ¢ is usually interpreted in
terms of weight or electrical conductivity variation
vs. time. Therefore, both a relative weight W, and a
relative electrical conductivity have to be defined

or = (ot — 0 )/ (ot — 00) (8]
We= (We— W)/ (Wr — W) [9]

In most cases, W: can be shown to be strictly equiv-
alent to c,. But o is identical to ¢, only when a linear
relationship between ¢ and ¢; is obeyed and when the
average conductivity is measured perpendicular to the
diffusion axis. Any approximation of Eq. [7] or any
actual departure from the ideal case should be as-
sessed in comparison with that solution. A correction

parameter, AS/B is accordingly defined
(AD/D) = (Dtrue — Dapparent) /Dapparent [10]
so that
Dtrue = Dapparen!. [1 + (AD/B) ]
The significance of Dirue and Eappa,em is two-fold.
First, if all conditions are fulfilled for the exact ap-
plication of Eq. [7], Bm,e is derived directly from that

equation and Dapparent comes out from the approxi-
mations usually encountered with the same equation.
Second, if any departure from the ideal relaxation case

occurs, Dirye is then derived from a more appropriate

exact numerical solution. Then, Dapparent comes out
from the normal analytical equation since that equa-
tion is often assumed to still correctly apply to the
experimental case.
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A Detailed Approach to Various Errors on D
There are several potential error sources associated

with the relaxation method. The precision of D and,
consequently, its physical significance can be enhanced
only if those error sources are properly identified and
controlled. The most common ones are listed in Table
I. Mathematical handling is straightforward for types
one and two while numerical integration is required
for the third type. It has been found convenient to il-
lustrate each case numerically. Generally speaking,

values of AD/D can be extrapolated readily up to
about 10%. All errors do not add up necessarily, but
the maximum uncertainty criterion may prove to be
useful for type two. Not all the error sources men-
tioned in Table I lend themselves to a global statistical
analysis based on the least squares fit. Some of those
errors always behave in a systematic manner. Others
would vary randomly from one relaxation run to an-
other, but would systematically affect any single ex-

periment, The graphical representation of D wvs. ¢
bears much significance in finding potential error
sources and also in evidencing unexpected phenomena.

Consequently, a normalized representation of AB/E
vs. ¢r has been developed and is used throughout the
present analysis.

Mathematical approximations.—The most common
tendency when handling a large number of relaxation
data within any single run, is to use a linearized graph-
ical fit of these data and to measure the resulting slope.
Equation [7] does not lend itself readily to that opera-
tion unless some approximation is made. In fact, the
summation represented by g(T) rapidly reduces to its
first term as ¢, tends toward zero. Hence, a linear re-
lationship between In ¢, and T should work properly at
low c¢r values (19-21) and it also corresponds to the
common practice. For the three-dimensional case

o 12/78) — 1 e
B, In (512/x8) n (cr) (1]

a2 ( 1 1 1 )
4 \a;2 + as? + as2
Analogous relationships can also be easily deduced
for one- and two-dimensional processes. By comparing
such equations with the reference analytical equation,
one gets the results shown in Fig. 1. One-, two-, and
three-dimensional approximations, such as in Eq. [11],
are illustrated by means of specific examples. All cor-
responding curves were identified with their respec-
tive dimensional ratios. The worst approximation usu-
ally pertains to the three-dimensional equation. Under
certain unfavorable geometrical conditions, Eq. [11]
would even lose all of its original sense.
Another common approximation consists of neglect-
ing either one or two diffusion axis out of the three
possible ones. This is illustrated in Fig. 2. Equation

Table I. !dentification of most common error sources in relaxation
experiments

Classification Description

Reduction to a two- or a one-dimensional
diffusion process N

Reduction to a simple logarithmic equa-
tion

Uncertainties on co, ct, and ¢, respectively

Uncertainties on time and dimensions

Uncertainties on temperature and partial
pressure

Slow surface reaction

Initial gas exchange period

Large departure from stoichiometry; mov-
ing boundaries

Concentration dependent mobility

Temperature and pressure fluctuations
during reequilibration

1. Mathematical ap-
proximations

2. Experimental un-
certainties

3. Nonanalytical con-
ditions

MATHEMATICAL ASSESSMENT OF DIFFUSION

T T

0
1 0
t=0 t=

Fig. 1. Validity range for the use of a simple logarithmic rela-
tionship between ¢ and T. One-, two-, and three-dimensional

cases are considered.

AD/D (%)
T

o T T

0
4 X X
t=0 Cr

Fig. 2. Application of the full analytical equation, reduced to
a two- or a one-dimensional diffusion process. The last figure, for
any ratio, corresponds to the specifically neglected sample dimen-
sion,

t=

[7] has been successively applied to the full and to the
approximated sample geometries. The last figure ap-
pearing in any one ratio, corresponds actually to the
neglected dimension. In contradistinction with Fig. 1,

the correction factor AB/B never completely disap-
pears. Only for the most favorable cases does it remain
within acceptable limits.

Actual uncertainty on ¢,.—Most of the accuracy of D
relies on a precise determination of c. during the re-
equilibration process. A crude estimate of the uncer-

tainty of D, due to cr, is a mathematical derivation of
the reference equation and is shown in Fig. 3, mainly
reflecting the mathematical behavior of Eq. {7]. Based
on this behavior, it is often believed that the best pre-

T T 1] T T T T
+20 j
L (ACr/cr)=-002 2}
2}
w
iRl
<
0 |
10 X L
t=0 Cr t=0

Fig. 3. Effect of the relative uncertainty Acy/cr on the correc-

tion factor AE/B, for a one-dimensional diffusion process.
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cision of D might be obtained for the lowest ¢, values,
i.e., the longest diffusion times. However, the overall
uncertainty of c¢r is normally not constant due to its
definition given by Eq. [6]. In fact, the relative con-
centration c, is the combination of three experimen-
tally independent variables: c,, the initial defect con-
centration, c, the evolving average defect concentration
and cg, the final defect concentration. An optimum ¢,

range for the determination of D becomes evident when
those three terms are dealt with separately as in Fig. 4.
That range is more or less defined by the flattened
portion of those three curves. It should vary somewhat
from one experimental case to another but, roughly
speaking, it will extend from about ¢, = 0.55 to ¢r =
0.1. By averaging within such a region, the precision of

b values will be increased.

Other experimental parameters.—In Eq. [7], the un-
certainty of T is rather simply estimated more directly

by considering D, t, and a? and adding the uncertain-
ties for those terms together. A high degree of accu-
racy can be readily achieved on the measurement of
time except for the absolute determination of the
origin t = 0 at the startup of the experiment. Mathe-
matically speaking, that uncertainty is readily calcu-
lated. In practice, however, there is some risk that the
lack of precision on t = 0 be inadvertently used as a
fitting parameter for the whole experimental curve.
Slow pressure changes are more specifically dealt with

later on. The expected uncertainty of D due to sample
dimensions is very easily deduced for the simplest
cases. For a one-dimensional diffusion process, it is
equal to 2(Aa/a), and equal to 6(Aa/a) for a perfectly
cubic sample. Aa/a is the uncertainty on one single di-

mension. For any intermediate sample geometry, AD/D
would stand somewhere between the two former
values.

Finally, D is also intrinsically influenced by tempera-
ture, and more occasionally, by partial pressure. With
a perfect constancy of these two parameters during

any single run, the uncertainty of D is limited to the
lack of precision on temperature. It is rather insensi-
tive to an exact absolute value of the partial pressure.

For example, D varies by about 0.9% for a 1°C varia-
tion in CoO at 1000°C. Much greater attention should
be paid to the temperature or the partial pressure fluc-
tuations during the course of a single reequilibration
experiment; c; is then appreciably affected through its
experimentally fluctuating ¢ and ¢; components. The
surface concentration c¢¢ is instantaneously modified

T T T T T T T
1:ACo/(Cf-Co)=+0.02
2:ACt/(Cf- Co)=-0.02
3:AC/(Cf-Co)=-0.02

T

0

10 08 06 04 02 0
t=0 & t=0

Fig. 4. Reconsideration of the uncertainty on c, in view of its

experimental components ¢, cf, and ¢ for a one-dimensional
diffusion process.
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while ¢ is influenced more progressively. The true
diffusion coefficient is only slightly affected compared

to the estimated B That also explains why the use-
fulness of the experimental data become severely lim-
ited at cr close to zero, i.e., at the largest values of t.

Departure from the analytical solution.—The third
type of error, in Table I, is related to the occurrence of
nonanalytical experimental conditions. Mathematical
solutions for various specific sets of conditions can be
developed by means of numerical analysis and, more
precisely, with Crank-Nicholson’s method (26). Little
would normally be added to our present aims by deal-
ing with two and three diffusion axes. Emphasis is
placed on the one-dimensional process. Two- and
three-dimensional diffusional processes are expected
to behave in quite an analogous manner and this has
been checked already for a few cases.

Initial partial pressure modification.—According to
Eq. [7], the surface concentration must be abruptly
modified at time t = 0, which is a condition difficult
to achieve. The gas handling operation is a time-con-
suming process and slow surface reactions are also
likely to occur. The use of pure oxygen appreciably
simplifies the rapid establishment of new partial pres-
sures, but limits the physically achievable partial pres-
sure ranges. In many circumstances, gas mixtures must
be employed, which implies either an additional gas
flushing or gas sweeping operation. A specific example

is depicted in Fig. 5. The greatest effect on AD/D ap-
pears immediately after emptying out the gas mixture.
More explicitly, the value T = 0.0015 is approximately
equivalent to t = 10 sec for a 1 mm thick CoO sample
at 1000°C. For the quite common case where no flush-
ing operation is used, the gas composition changes
only very progressively, in a more or less logarithmic
manner, even with a rapid switching between different
mixtures. This process can be accelerated by faster
sweep rates, but with an appreciable penalty on ther-
mogravimetric measurement accuracy. Close attention
to the initial partial pressure modification is especially
important with faster reequilibrating compounds.

Slow surface reaction.—At the beginning of the re-
laxation process, the incoming defect flux in the first
few layers of the solid sample is, theoretically, ex-
tremely large. The surface reaction may not be fast
enough to accommodate such a flux, with the resultant
occurrence of some deviation from the true surface
equilibrium concentration. This departure from the
ideal reequilibration process vanishes more or less rap-
idly as the relaxation process goes on, but the actual

determination of D remains affected for longer times.
In the following somewhat simplified model, the sur-
face reaction rate is assumed to be proportional to
the surface concentration departure from equilibrium

10 08 06 04 02 0
t=0 Cr t=0

Fig. 5. Effect of a gas emptying operation for two distinct cases.
¢s is the instantaneous surface concentration.
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with the outer atmosphere. Hence
i(0,t) = A{ci(0,t) — cq} [12]
By combining with Fick’s first equation

acy
(——) =B {c1(0,t) — c} [13a]
ox /z=0

where C is defined as (ci — ¢o)/(cs — ¢o). Conse-

quently

aC

—_— =B{1 —C(0,t)} [13b]
x /z=0

where j;(0,t) is the flux at the gas-solid interface, A

is a constant specific to the gas mixture, and B is

equal to (A - a/D). Equation [12] is analogous to the
drying process already discussed by Newman (27) and
the wustite surface reaction model used by Landler
and Komarek (28) for a combined surface and volume
rate-limited process. Other models have also been de-
scribed and discussed at some length (29-31). But the
main purpose of the present approach is to quantify
the effect of a surface rate-limited reaction on the de-

termination of D rather than identifying the exact sur-
face mechanism responsible for that rate-limiting ac-
tion. Equation [13b] has been introduced as a boundary
condition for the numerical integration of Fick’s second

law. The results for AD/D are shown in Fig. 6. To scale
up the phenomenon, various values were attributed to
B, e.g.,, B = 25 leads to a limiting surface flux equal
to the flux that would be theoretically observed at
c¢r = 0.976 in the absence of a slow surface reaction.
Since the individual curves uniquely depend on the
magnitude of B, the present numerical solution is con-
centration independent. In contradistinction to Fig. 5,
and to the error on the estimation of time at t = 0,
there is a largely persistent effect of the surface re-

action on Dapparent, €ven at very low cr values.
Oxidizing-reducing mixtures like Ho/H2O and CO/
CO; are quite susceptible to the kind of phenomenon
presently discussed. Experimental results on wustite
have been discussed at some length by J. B. Wagner
et al. (24). Even pure oxygen should theoretically not
be overlooked for a partly surface rate-limiting action.

Large stoichiometric variations.—Several compounds
like FeO, MnO, and UO; exhibit large departures from
stoichiometry. Large concentration variations have
often been applied to those compounds for relaxation
experiments. On fundamental grounds, the effect of a
large stoichiometric variation within any single re-
laxation experiment is two-fold: (i) the outer crystal
surface cannot be considered any more as a fixed
boundary, in the case of a mobile cationic sublattice;

0
10 )
t=0 Cr t=00

Fig. 6. Effect of a slow surface reaction on AD/D. B is used here
as a scaling parameter and it is proportional to the surface reac-
tion rate constant.
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and (ii) there should be a stress-induced effect due to
the concentration gradient. Case one must be numeri-
cally integrated. The apparent value of ¢ (see Eq. [8]),
i.e., its value obtained without correcting the initial
sample dimensions for the continuously advancing
boundaries, departs from the actual value of o or, else,
cr. It can be shown that

cr = 1— (ag/a)[1 — (or) app] [14]

where a is the instantaneous sample dimension and as,
the final one. Weight and apparent conductivity varia-
tions vary in exactly the same way, so that a strictly
equivalent equation also holds for W.. The correction
to be brought vs. ¢, to compensate for the departure

from the true D value, is shown in Fig. 7. The other
effect, concerning internal stresses in the course of dif-
fusion, has been theoretically discussed at some length
elsewhere (32-33). Practically speaking, there is no ab-
solute need for large stoichiometric variations except
for more sensitivity in a few thermogravimetric ex-
perimental procedures.

Concentration-dependent diffusion coefficient.—The
eventual defect mobility variation, which has some-
times been reported for transition metal compounds
(22, 34), is a rather controversial problem. That phe-
nomenon is likely to be accompanied by either a change
in the defect nature or by defect interactions. Taking

into account the sole effect of 5 variation and numeri-
cally integrating Fick’s second law lead to the results

shown in Fig. 8. In that solution,B = f(ci) was defined
as follows

D(¢s) = Dintn, + (Dmaax — Drntn) * (€1/€max)  [16)

Because B is concentration dependent and should
likewise vary continuously during the course of the re-

T T T T T T T T T
+0 4
-
L /Oxidotion i
- =
g r // | i
R N
= l
: \Reduclion ]
-0 o
| | 1 1 U 1 L. 1 1
10 08 06 04 02 0
t=0 G t=o

Fig. 7. Description of a large departure from stoichiometry in
MeOj 4+ . Here, y varies between 0 and 0.05.
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10 08 06 04 02 0
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Fig. 8. Study of a chemical diffusion coefficient linearly de-
pendent on concentration.
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laxation process, Etme is arbitrarily taken as equal to
its arithmetic mean, (1’.)‘,,.,ilx + B_min,) /2. Whenever the
correction factor AB/B is applied to the analytically

calculated 5 values, the corrected 5 value becomes
identical to the preceding arithmetic mean. From Fig.

8, the analytical D values should be slightly biased
either positively or negatively depending on reequili-
bration being an oxidation or a reduction process. The
expected analytical deviation during the course of a
single experiment is somewhat smothered both by the
actual diffusion process and by the use of the arith-

~ ~
metical average on D. A true D variation vs. concentra-
tion would consequently be more easily detected by
several small successive concentration changes over a
desired range, instead of a single large concentration
variation.

Thermogravimetric and Electrical Conductivity
Measurements

One last and major point of interest in relaxation ex-
periments is the physical means used in measuring
the concentration evolution within the sample. Weight
and electrical conductivity are the most suitable and
the most widely used physical properties. The prefer-
ence for either of these must be discussed on its respec-
tive merits. Theoretically speaking, one major advan-
tage in using weight is that it always relates more di-
rectly to a chemical component activity than conductiv-
ity would, in agreement with a perfectly general ther-
modynamical formulation of diffusion. However, struc-
tural interpretation of defects is usually done currently,
hence invalidating the preceding argument. Experi-
mentally speaking, thermal noise, simple buoyancy,
and gas flow effect limit the useful sensitivity of weight
measurements. These factors can be quite well con-
trolled in carefully designed experiments. An addi-
tional difficulty may come from the initial gas handling
procedure associated with a rapid weight variation. The
accuracy of thermogravimetric measurements depends
on the magnitude of the absolute concentration change.
Weight variations are thus easily recorded for large
stoichiometric changes but at the same time, they be-
come rather less sensitive at low defect concentrations.

For the counterpart, electrical measurements can in-
trinsically be made very precise so that their accuracy
is usually limited by external factors like temperature
and partial pressure control. The relative error made in
conductivity measurements being generally constant,
makes them very suitable for extended defect concen-
tration ranges. The electrical conductivity is related
to ce, the free electron concentration or else the elec-
tron hole concentration in the following way

Oe = fie * Qe * Ce [16]

where we is the electron mobility, ge is the elementary
charge, and the mobility u. is normally considered to
be constant. The mobility is quite often temperature
dependent, but to a much lesser degree than the de-
parture from stoichiometry. Four different conductivity
types have been accordingly distinguished in Table II
The first two types, showing a linear relationship be-
tween electronic and ionic defects, are readily com-
patible with relaxation experiments. Type IV is the
main exception to the use of electrical conductivity
measurements. The conditions for types I and II do not
need to be strictly obeyed to be used for relaxation ex-
periments because the electrical conductivity is inti-
mately related to defect concentration and to defect
nature. In fact, ¢ only needs to be unequivocally re-
lated to the departure from stoichiometry. The effect of
an eventual nonlinear relationship between oy and c¢,
can be readily evaluated by numerical integration of
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Table I1. Electrical ductivity in ichi ric d
in relation to the relaxation method

Conductivity type Example Ref.

I Electrical conductivity is directly propor- Co0 (36)
tional to departure from stoichiometry;
electronic mobility is temperature de-
pendent

IL. Electrical conductivity is directly propor- MnS (36)
tional to departure from stoichiometry;
electronic mobility is temperature inde-
pendent

III. Electrical conductivity is dependent on non- MnO (37)
stoichiometry; a mixed defect state pre-
vails for a certain oxygen activity range.

IV. Electrical tivity is identified with NbO (38)
metallic duction; it is ind dent of
nonstoichiometry

that relationship. A power law between equilibrium
values of ¢ and c; is taken here as an example

¢ = constant - ¢ [17]

In this type of equation, ¢; is normally dealt with as
a defect concentration. The present treatment partly
resembles that described by Campbell and O’Keeffe
(35), and r can either be thought of as an arbitrary
exponent or it can be deduced from already existing
experimental data on ¢ and c;. For example, » = 3/4
may also be interpreted in terms of n, equal to 4 and
ny equal to 3. One other example is that of » equal to
0.5. Again, that may also correspond to n, = 8 and
ny = 4 in Me;O. Typical calculations, reported in Fig.
9 and 10, have been performed for various r and c¢/co
ratios. Oxidation and reduction processes are identified
by ct/c, greater or smaller than unity, respectively.
These results can also be summarized as follows:

+20- (Cf/Co) =04

L =05 Y
— _._\
2 =08 I
S or =125 E
a [ M
_20_

T I WO NN HRN NN S S
10 08 06 04 02 0
t=0 or t=0

Fig. 9. Nonlinear dependency between electrical conductivity and
concentration. The effect is shown for various concentration ratios,
during both oxidation and reduction runs.
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Fig. 10. Nonlinear dependency between electrical conductivity
and concentration. Effect of an inverted power law coefficient on

the correction factor AD/D.
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1. The effect on AD/D is most important during about
the first half of the relaxation run; it diminishes asymp-
totically at the very end of the experiment.

2. The greater the departure of r from unity, the

greater the correction factor AB/S,- AE/B reverses sign
when r goes fromr < 1tor > 1.

3. AB/B increases with increasing ci/c, departure
from unity; that effect is symmetrical for low enough

AS/E values.

4. The nonlinearity effect on D tends to become negli-
gible as r or c¢/c, tend toward unity.

Other empirical relationships between ¢ and ¢; have
also been tested. The observations are quite analogous

to those previously formulated. Therefore, the AD/D
behavior is not specifically tied to a peculiar relation-
ship, but is generally dependent on (i) the degree of
curvature between o and c;, combined with the magni-
tude of the concentration change and on (ii) the abso-
lute sign of that curvature.

Finally, Fig. 11 is an exact representation of the most
generally accepted defect model in cuprous oxide. Neu-
tral cation vacancies are assumed to be the major de-
fects and electrical conduction would come from the
simultaneous and minor existence of electron holes and
singly ionized cation vacancies (14). The present cal-
culations provide the guidelines for correcting eventual
relaxation experiments in CuzO or for probing the ac-
tual existence of the preceding model.

In brief, the effect of a nonlinear relationship be-
tween ¢ and c; is predictable. The calculations involved
in that process can either be used to correct diffusion
coefficient measurements or, inversely, to detect the
existence of a nonlinear relationship between those two
fundamental parameters.

Electrode configuration.—The electric conductivity
technique should normally be quite attractive, None-
theless, there is a very common source of discrepancies
which is directly related to the electrode configuration.
For relaxation experiments, there should be two basic
types of electrode configuration as illustrated in Fig.
12. According to type a, the electric current is perfectly
parallel to the diffusion axis through the whole sample.
Hence, the average conductivity is related to the aver-
age defect concentration by the following equation

- a
» = constant j; (1/¢y) + dx [18a]

or, sinces = 1/p

— a
¢ = constant / J; (1/¢y) - dx [18b]

where ; is the average sample resistivity. The electrode
is simultaneously assumed to be perfectly porous and

7 T 1 T T T T T T T
T tei/e)z05 i
g i h\-
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<
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t=0 O t=0

Fig. 11. Characterization of the cuprous oxide model behavior
during relaxation runs with electrical conductivity.
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Type a
- Infinitely long somple
-Perfectly porous electrodes

Type b
-Finite length somple
-Perfectly impervious electrodes

Fig. 12. Idealized electrode arrangements for relaxation runs

perfectly conducting. In type b, the current flow is
strictly perpendicular to the diffusion axis and the elec-
trodes are assumed to be completely impervious to dif-
fusion. Hence

— a
¢ = constant - _’; c - dx [19a]

or

o = constant + ¢ [19b]

The two preceding sets of equations represent a
perfectly linear relationship between ¢ and c;. The dif-
ference between Eq. [18b] and [19a] is obvious. Thus,
directly substituting ¢, for ¢r would lead to erroneous
results in the first case. Regarding type a configuration,
the assumption that the electrode layer is perfectly
porous is hardly feasible. Type b is to be preferred. The
use of electric conductivity measurements would thus
be limited to one- and two-dimensional processes. Any
intermediate configuration would lead to a nonohmic
interpretation of the measurements. Wrapping the dif-
fusion samples with electrode wires at a finite length
from one another is one such case. It leads to at least
partially incorrect results unless a full specific mathe-
matical treatment is allowed for it. Such a treatment
would be rather lengthy and cumbersome. The elec-
trode configuration suggested here is simpler and more
reliable.

Final Comments

The relaxation method has been discussed here from
the experimentalist’s point of view. All calculations
were based on a very few fundamental equations or
else on very simple assumptions. These calculations
were developed to let the relaxation method gain
more potential regarding the study of defect diffusion
and point defect behavior in transition metal com-

pounds. The actual significance of D has not been dis-
cussed outside its basic definition given by Eq. [1].
That would naturally be the next important step in dis-
cussing present diffusion theories.

A graphical representation of D vs. ¢ is suggested to
give a better statistical weight to all data during any
single experiment and to make use of all the informa-
tion contained within any data set. Several numerical
examples have been worked out in order to obtain
more specific ideas about the actual effects of the most
common error sources. Those examples were mostly
done in dimensionless parameters so that they might
be transferred to the practical design or assessment of
experiment. Moreover, an optimum range for ¢r that

would lead to more accurate D values has been indi-
cated.

The electrical conductivity measurements applied to
the reequilibration method were thoroughly discussed.
As long as there is a nonstoichiometric dependency of
electrical conductivity, this measurement technique ap-
pears to be useful for all defect concentration ranges.
Large concentration changes should generally be
avoided. Nevertheless, the electrical conductivity may
then, on the base of preceding calculations, be a useful
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means of detecting some eventual nonlinear relation-
ship between ¢ and c;.

Finally, experimental papers on the relaxation
method are still very representatively described by
Childs et al. (23). Quite surprisingly, there is only a
limited number of works in the field and there is ample
room for further experimental development. The most
useful aspect of the present mathematical analysis is in
redesigning relaxation experiments so that not only
more precise and reproducible data are made available,
but also the experimental observations keep in pace
with the constantly developing defect theory. In that
sense, relaxation experiments have been performed
recently on CoO and they are reported extensively
elsewhere (39). Not only do we observe a clear tend-

ency for BCQO to vary with the oxygen activity but

any discrepancy with previous assumptions on Dceo is
explained by the present analysis.

Manuscript submitted Dec. 18, 1980; revised manu-
script received May 15, 1981. This was Paper 357 pre-
sented at the Hollywood, Florida, Meeting of the So-
ciety, Oct. 5-10, 1980.

Any discussion of this paper will appear in a Discus=
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by the
Institut de Recherche d’Hydro-Québec.
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Comparison Between C.V.T. of Titanium Diboride
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ABSTRACT

In order to explain the differences experimentally observed in the chemical
vapor transport of titanium diboride by various transporting agents we have
used thermodynamics to model the process. Two different calculating methods
have been undertaken. The first one is based upon the consideration of the
transport process as two successive thermodynamic equilibria whose chemical
compositions have been obtained by minimization of the Helmholtz free energy.
The second one refers to the Richardson and Nolidng model and accounts for the
mass transport by calculating the flux functions of the vapor phase constitu-
ents. The comparison between experiments and results of each calculating
method shows that the two models give fuller information, contribute to a
satisfactory explanation of the experiments, and allow one to chose avail=

able transporting agents.

In order to grow titanium diboride single crystals
of a relatively large size (about a few millimeters),
we have undertaken a set of chemical vapor trans-
port experiments in sealed tubes using a great variety
of transport agents:! halogens, hydrogen halides, tita-
nium and boron halides, tellurium tetrachloride.
While doing these long-lasting experiments we could
reveal very different behaviors for each transport
agent (1, 2). This is the set of results we use to test
predictive models based upon thermodynamic con-
siderations. Two different types of approaches are
tested in this way. As both use the minimization of a
thermodynamic function of the system, their simula-
taneous implementation is very easy. The compara-
tive study of their respective pros and cons points
out how pertinent a simultaneous use of both models
is in predicting the transport phenomenon in closed
tubes.

Experimental

Experiments have been carried out in silica sealed
tubes (6 mm diam 100 mm long, and 12 mm diam
100 mm long). The starting materials are industrial
titanium diboride powder (> 99%), halogen, and
halides. The quantities are about 300 mg of TiB; (an
excess) and 6 X 10—% mol of t.a. per 10 cm3. The tube
is air evacuated to 10—5 Torr for 6 hr then sealed
under low pressure transport agent. The ampuls are
heated by electric horizontal furnaces in temperature
gradient of 10 deg. cm—1! for one month.

Experiments have been carried out for nine trans-
port agents and transport was observed except in the
case of Tily. The transport occurs from the cold to
the hot end of the tube with some t.a., from the hot to
the cold end with the others. Table I gives the ex-
perimental observations with an average evaluation
of the amount transported in each case.

Chemical analyses have been made by spectrophoto-
metric measurements on the transported crystals.

® Electrochemical Society Active Member.

Key words: chemical vapor transport, flux function, thermody-

namic model, titanium diboride, transport agent.
1t.a. in the following text.
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They show a variation in the boron-titanium ratio
when changing the transport agent.

After cooling of the ampul, in most cases the tube
was unpolished showing an etching of silica at the
source end. Gaseous or liquid halides remain on the
tube and except in the case of tellurium halides no
solid compound other than TiBs appears at the sink
end.

First Thermodynamic Model: Equilibria in Closed Tubes

The model consists in decomposing the transport
process into two successive equilibria. The first one
is at the source end of the tube at temperature T, tak-
ing into account the powdery titanium diboride, the
transport agent, and the silica of the tube. The com-
position of this system at equilibrium is determined
by minimization of the Helmholtz free energy.2 The
gas phase of this equilibrium causes the transport.

The second equilibrium system consists of the gas
phase taken at the sink end of the tube together with
silica at T, temperature. A second minimization of
the Helmholtz free energy gives the composition of
the sink system at equilibrium.

2The computer program used for the minimization is a slightly
modified version of the one used for the minimization of the
Gibbs free energy (3).

Table I. Data and results for TiBy transported from T1 to T2

TiB2

transported
t.a. Ti (K) T2 (K) (mg/month)
ol 1125 1225 50
Bly 1050 1200 50
AHCL 1075 1225 10
=
TeCl 1255 1125 150
& TeBri 1255 1125
v BBra 1235 1105 150
Cl 1270 1125 20
& TiBre 1320 1270 10
iCle 1300 1190 0



2448 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

Such systems are of great complexity because of
the number of chemical reactions which are feasible
between halogen, titanium, boron, silicon, and oxygen
but the number of constituents is not limited in the
calculation method. The only limit is the knowledge
of the thermodynamic values of all the compounds.
All the values used in the calculations are reported
at the end of the text in the Appendix.

The Helmholtz free energy is minimized; that is,
the very one which falls to a minimum at equilibrium
in a sealed tube (under constant V and T). Let us
consider a system involving I' phases, each phase it-
self involving Ny constituents. The Helmholtz free
energy is

F=G-PV

after the Euler’s theorem
Ny
G= 2 Gy
i=1
e G
with Gi=| — = uy® + RT In P; (for one gase-
oni/ pr

ous species for example

F [my" ]
—_— Y| —— In P 1-— Inay
RT yé Ex ng BT + ¢y 14 (1= ¢y) Inay

¥

¢mRT
1

1

RT 4

i M "

| =
|
M~
2
—

& (1 BT o 1)
n— + Inny —
RT + ¢v v + Inn{

+ (1—¢v)1nﬂ4"]

with n;¥ = mols of the ith species in yth phase; uyy° =
standard chemical potential of the ith species in the
4th phase; ¢y = 1 if a gaseous phase; ¢y = 0 if nongas-
eous phase; a; = activity of the ith species in the yth
nongaseous phase; and V = volume of the tube.

The nongaseous phases are assumed to be pure,
their activity is taken equal to 1, and the chemical
potential gradients are contingent on the temperature.
The gaseous compounds are assumed to follow the
ideal gas law.

The compositions of the two equilibria have been
calculated for the following conditions: temperature
gradient 1200-1300 K (or vice versa), transport agent
6 x 10— mol, volume of the tube 10 cm? and with
five series of transport agents: (i) halogen Cl,, Brs,
Ip; (ii) hydrogen halides HCl, HBr; (iii) tellurium
halides TeCly; (iv) titanium halides TiCly, TiBry,
Tily; (v) boron halides BCl;, BBr;, Bls.

The set of calculations provides a number of indi-
cations. The whole set of numerical results gives too
many tables, so we have limited the presentation to
one series of transporting agents, the boron halides
for example (Table II). This table shows the com-
plexity of the vapor phase and the non-negligible
role of silica; as to the presence of titanium diboride
at the sink it means the suitability of the chosen tem-
perature gradient (if the gradient is not in the good
direction we do not obtain TiB; at the sink).

In the order to determine the amount of TiB; ex-
pected at the sink when the equilibrium state has
been reached, we have reported in Table III the cal-
culated values which indicate the tendency of the
system to transport TiBj, together with experimental
results when obtained. The poor agreement between
the two sets of results is obvious. So, while TiCly is

Tuble lI Compositions in mols of
ization of the Helmholtz free
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source and sink equilibria by
energy for BClg, BBr3, and Bls

as transport agents

Source
1<TiB:> + 1<Si0Gs>
+ 80.10-¢ BXs

Sin
Gas phase nf the It
equilibrium + 1<SiOn>
T: 1200 K

T1 = 1300 K s =
(mol) (mol)
BCls
TiCl 177 x 10-° TiCls 8.9 x 10-7
TiCls 14 x 10-7 TiCls 3 x 10-8
BCls 2.2791 X 10-¢ BCls 2.0082 X 10+
BClz 3 x 10-8 SiCle 2.9327 X 10-¢
BClO 3 x 10-8 SiCla 7.11 x 10-¢
SiClL 2.6630 X 10~ SiClz 13 x 10-7
SiCls 1.815 x 10-8 <Si0s> 9.9998144 x 107
SiCle 5.0 x 107 <B30s> 1.238 X 108
<TiBs> 9. 805 X 10-1 <TiB2> 1.19 X 10-¢
<8i0:> 9.9971803 x 10-t
<B30s> 1.8796 X 10-¢
P = 5.46 atm P = 495 atm
Source Sink
= 1300 K Ts = 1200 K
(mol) (mol)
BBrs
Br 2 x 10-8 Br 1 X 10-2
TiBr« 43 x 107 TiBr. 3.7 x 10-7
TiBrs 8 x 10-2 TiBrs 3 x 10-*
BBrs 6.362 x 10-8 BBrs 4.790 X 10-8
BBro 2 x 10-8 BBr:; 1 X 10-8
SiBrq 4.0141 X 10-¢ SiBre 4.1358 X 10-¢
SiBrz 7.7 X 10-7 SiBr; 1.6 x 10-7
<TiB:> 9.9999948 x 10-2 <Si02> 9.9998841 X 10-1
<Si0:> 9.9959781 x 10-1 <B:0s> 7.7 x 10-¢
<B20:> 2.6810 X 10+ <TiBs> 9 x 10-8
P = 498 atm P = 4.55 atm
ource Sink
T = 1200 K Ty = 1300 K
(mol) (mol)
Bl
I 1.291 X 10-8 I 1.439 x 10-¢
I 9.17 x 10-8 1 1.692 X 10-8
Til 2.08 X 10~ TiL 2.02 x 10~
Bl 1.6 x 10-7 Tils 2 x 10-2
Sil 43 52 x 10 Bl3 13 X 10-7
Silz x 10-8 Sile 43327 X 10-¢
<TiBz> 9999 787 x 107 Silz 6.30 x 10-¢
<Si02> 9.995 041 X 10-1 <Si10:> 1
<B2:03> 2.9305 x 10~ <B20:> 0
<TiBs> 2 x 10
P = 4,57 atm P = 5.06 atm

Table I1l. Number of mols of TiBy

“deposited” at sink when gas

is first equilibrated with TiB2 at source and experimentally
transported amounts (after one month)

Transport Calculated Experimental
agent values (mol) (mg TiBz2)
HBr 7.0 x 10-¢ —_
TiCls 2.0 x 10-¢ 0
HCl 1.7 x 10-¢ 10
TiBr: 1.5 x 10-¢ 10
BCls 1.2 x 10-¢ —
TeCl 1.1 x 10-¢ 150
Clz 6.6 x 10-7 20
BBrs 9 x 10-8 150
Bra 4 x 10-8 -
Bls 2 x 10-¢ 50
In 2 x 10-8 50

Table 1V. Percentages of silicon halides in the source vapor phase

Z S1Xn Z SiXn

t.a. N t.a. IN
Bl 0.95 TeCL 0.30
BBrs 0.86 Br 0.128
BCLs 0.55 HCl1 0.08
Iz 0.54 TiBr« 0.013
Brz 0.51 TiCl 0.004
Clz 0.30

Z SiXn: number of mols of all silicon halides.
3 N: total mol number of the gaseous phase.
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expected to work a hundred times better than B,
it is the latter which produces experimental transport.

In Table IV the relative importance of the silicon
halides in the vapor phase is reported. These values
represent maximum limits of silica etching never
reached in facts because of the passivation of the
tubes.

So this first model gives the appropriate transport
direction, accounts for the silica etching, but does not
enable us to anticipate the importance of mass trans-
port. In such experiments in which weak transport
occurs (few milligrams a month), it seems interesting
to implement a method which optimizes, or at least
provides indications about the speed of transport;
that is the reason why we refer to the Richardson
and Noldng model.

Second Model

In his thesis (6) Richardson has demonstrated (4,
5) the influence on the transport rate of all the vapor
species, even when they had very low partial pres-
sures. Moreover, when studying the transport of SnO;
by iodine and sulfur (4), he points out the competi-
tion between two tin halides that constitutes a case
similar to ours in which the titanium is present in
the gas phase as TiX; and TiXy, both responsible for
the transport of TiB: (in a few cases TiX: also ap-
pears).

We have applied this model to our systems to pre-
dict the rate of chemical transport. The principal as-
sumptions are that the gaseous diffusion follows the
laminar flow model, that the system has reached a

TITANIUM DIBORIDE
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steady state, and that the total pressure is equal to
the average value of the pressures at sink and source
calculated by the first method. Then, the reactions
of the walls of the ampul are assumed infinitely ki-
netically hindered so that the fluxes are position in-
dependent. It is therefore necessary to neglect all the
products of reactions with silica. The Gibbs free en-
ergy of the systems TiBg/t.a. is minimized at the as-
sumed pressure successively at source and sink tem-
perature. The results of these minimizations for a
number of transport agents experimentally tested are
reported in Tables V-XII, the compositions of the
equilibria are given as partial pressures (atm) for
the gaseous species and number of mols for the solid
ones. These partial pressure values allow us to obtain
the flux functions of the various species.

In the approximation of the experimental model
the flux function of a species can be written as

w=ar (3) ()
[E(E‘; Mr-:;-:-,i / (E;Mrﬁ() _-:qu]
==(2) (3) (@)
with

— P, P
B i+ Pig
2

Table V. 126 X 10~4 mol, <TiBz> 1 mol, Ty = 1200K, T2 = 1300K, P = 3.3 otm

Py = Py
Compositions of source (1) _
and sink (2) equilibria T:—T: P
Gas phase Py, (atm) Py, (atm)
0 1.7878 1.1674 —6.204 x 10— 1.477
T 2.325 x 103 4.471 x 103 2.146 x 10-8 3.4 x 10-3
Bls 4.628 x 10-2 5.602 x 10-2 9.97 x 10-5 5.11 x 10-2
I 1.1876 1.5066 3.19 x 1 1.347
I 2.759 x 10t 5.655 x 10-1 2.89 x 10-2 4.21 x 101
Solid phases ni, (mol) 7, (mol) Py — Py
<TiBs> 9.9978 x 10-! 9.9983 x 10-1 S hr
<B> 4.26 x 10~ 3.25 x 10~¢ Tz — Ts
— = -1.65 x 10~
ZhrPe
Table VI. Clz 6 X 10—4 mol, <TiB2> 1 mol, Ty = 1300K, T2 = 1200 K, P = 3.4 atm
Py, — Py
Compositions of source (1) —_— —
and sink (2) equilibria Ts—T: P
Gas phase P¢, (atm) Pi, (atm)
TICL 1.0%333 1.1b326 —2.993 x 10-+ 1.0883
TiCls 5.996 x 10-2 3.10 x 102 2.986 x 10-¢ 4.5 x 10-3
5 Bh%la 5 2.26641 i 2.26656 -1.6 x 10-¢ 2.2665
olid phases n¢, (mol) ney (mol) Py —-P
<TiB:> 9.99879 x 10-1 9.99880 x 10~ b
T:—Ts
— = —2.72 x 108
Zher Pe
Table VII. HCI 6 X 10—4 mol, <TiB2>> 1 mol, Ty = 1200K, Tz = 1300K, P = 5 atm
Piy — Py
Compositions of source (1) _
and sink (2) equilibria T:— T P
Gas phase Py, (atm) Py, (atm)
TiCls 4.8217 x 101 4.33795 x 10-t —4.42 x 10-¢ 4.60 x 10-1
TiCls 1,729 x 10-2 3.271 x 10-2 1.54 x 10~ 2.500 x 10-2
BCls 8.9738 x 10-* 8.3116 x 10~ —6.62 x 104 8.64 x 10-*
HCl 1.1144 1.3613 2.469 x 10-3 1.2379
BHCl 1.0154 x 10~ 1.099 x 102 8.45 x 10-8 1.058 x 10-t
Solid phases ni, (mol) nig (mol) Piy — Py
<TiBs> 9.99949 x 10-1 9.99952 x 10-1 Z Aer

= =109 x 10~
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Table VIII. TeCls 6 X 10~4 mol, <TiB2> 1 mol, Ty = 1300K, Tz = 1200K, P = 7 atm

Py, = Py
Compositions of source (1) _—
and sink (2) equilibria T:—~T1 P: (atm)
Gas phase P4, (atm) P, (atm)
TiCL 1.9860 2.2838 —2.378 x 108 2.085
TiCls 9.158 x 10-2 4.893 x 10-2 4.265 x 10-¢ 7.02 x 10-2
BCls 4.1151 4.5056 —3.905 x 10-3 4.3103
TeClz 2,52 x 10-3 8.80 x 10-¢ x 10- 1.71 x 10-3
Solid phases n¢, (mol) ni, (mol) Pi, — P¢
<TiB:> 9397589 x 10-1 9.997595 A ——2
<Te> 4.069 x 10-¢ 5.486 x 10-¢ To— T:
= —9.26 x 10~
Zhr Py
Table IX. TiClg 6 X 10~4 mol, <TiB2> 1 mol, Ty = 1300 K, Tz = 1200 K, P = 6 atm
Pty — Py
Compositions of source (1) —_— .
and sink (2) equilibria T:—- T P
Gas phase Py, (atm) Py, (atm)
TiCls 5.4203 5.6685 —2.48 x 10-3 5.5444
TiCls 4,830 x 10-1 2.762 x 10-3 2.07 x 10-3 3.796 x 10-1
BCls 9.664 x 10-2 5.525 x 10-3 4.14 x 104 7.59 x 10-2
Solid phases n4, (mol) nt, (mol) Pi, — P¢.
<TiBs> 9.99995 X 10-1 9.99997 x 10-1 ik 3
T: - T
= —1.06 x 10~
Zhr Pt
Table X. TiBrgs 6 X 10~4 mol, <TiB2> 1 mol, Ty = 1300K, T2 = 1200 K, P = 6 atm
Pi; — Py
Compositions of source (1) _
and sink (2) equilibria Ta=T1 Py
Gas phase Py, (atm) P¢, (atm)
TiBr: 5.3474 5.6%60 —3.086 x 10-8 5.502
TiBrs 5.4136 x 10— 2.8612 x 10-1 2.55 x 10-3 4.14 x 101
TiBra 1.925 x 10-3 4.46 x 10— 1.48 x 10-5 1.18 x 10-3
BBrs 1.0894 x 10-* 5.737 x 10-2 5.15 x 10—+ 8.31 x 10~
Solid phases ni, (mol) ni, (mol) Pi;— Py,
<TiB:> 9.99994 x 10-7 9.99997 x 10~ e
T =T
= ~1.32 x 10+
Z Ntr Py
Table XI. Bl3 6 X 10~ 4 mol, <TiB2> 1 mol, Ty = 1200K, To = 1300K, P = 4.7 atm
Pyy — Py
Compositions of source (1) PN S . .
and sink (2) equilibria T: =T Py
Gas phase Pi, (atm) Pi, (atm)
Tils 663 2.02 —8.41 x 102 2.4457
Tils 3.323 x 10-° 6.772 x 103 345 x 10-5 5.05 x 10~
Bl 6.595 x 10-2 8.468 x 10~2 1.87 x 10~ 7.53 x 10-2
I» 1.5038 1.9843 4.80 x 10-3 1744
1 3.1051 x 10-! 6.490 x 10-* 3.38 x 10-3 4.80 x 101
Solid phases n¢, (mol) ni, (mol) Piy — Py
<TiBz> 9.99655 x 10-* 9.9972 x 101 2 Air
<B> 1.281 x 102 1.151 x 10— Tz—Th
= —143 x 102
Zhr Py
Table XII. BBrg 6 X 10~4 mol, <TiB2> 1 mol, Ty = 1300K, T2 = 1200K, P = 5 atm
Py, — Py,
Compositions of source (1) —_— —_
and sink (2) equilibria T2z — T P
Gas phase Pi, (atm) Py, (atm)
iBr 6.407 x 102 6.107 x 10-2 3.0 x 1 626 x 10-2
e e e b e e 4D
BBrs 5 . —6.24 x 3
T 4.67 x 10-¢ 9.5 x 10-5 3.7 x 10-¢ 2.81 x 10-¢
Solid phases ni, (mol) nig (mol) Pyy — Py,
<TiB: 9.99991 x 10-1 9.99992 x 10-1 Ay
<B> 2,72 X 10-5 2.50 x 10-5 T2 =T
= 1.14 x 10-°®
Z\r Py
mean partial pressure value between the two equi- . T1+Ts
libria P —

AP; P g — Pi1

AT . T, — T

« is a constant used in the relationship D = D, (P./P)
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(T/T,)® to describe the temperature and total pres-
sure variation of the diffusion coefficient. Its value
lies between 1.5 and 2.

Air is the stoichiometric coefficient of the rth ele-
ment in the i species where r is present only in the
vapor phase (here r is the halogen). The relation
between ¢; and the flux of the i species is

= AT
Ji= Dopi
Azx

in which Az is the length of the tube and D, the mean
diffusion coefficient; this single average value re-
places the diffusion coefficients D,.

Richardson and Nolédng (4, 5) wished to optimize
the flux function, in this paper we shall only com-
pare the values of this function for different trans-
port agents.

The transport of TiBj, for the titanium.part, being
due to TiXs and TiXy, we can write

#[TiB;] = ¢[TiXs] + ¢[TiX4]

() ()
=—\| = —— Ti (Ti
7T\ P T [f(TiXy) + f(TiXs)]

The different values obtained (Table XIII) show
that, with the exception of BBrs, the functions ¢
of the halides have opposite signs. Therefore, there
is a competition between them and only one is re-
sponsible for the transport.

A means of comparison of thi transport agents in
spite of the different values of P and D, is the con-
sideration of the ratio

flux of the transporting halide
flux of the second halide

R=—

When the ratio tends toward 1 (equal fluxes), in-
finitely slow transport is expected. The values of R
for the various transport agents are reported in Table
XIII against the amounts experimentally trans-
ported. There is now a very good agreement between
the two series of results except for TeCly and Cls.

These two transport agents will be studied to-
gether with TiBrg and TiCly, all of them producing an
R value close to 1. Let us consider the case of Cly:
For that carrier, just like for TiCly and TeCly, there
appears neither boron (unlike the cases of Bl;, BBrg,
and I3) nor BHCl, (unlike the case of HCl) and, as
Cl; acts only as a solvent and is completely consumed,
the relation between the partial pressures results in

1
Prricial + Prriciy = z—P[BCIs]
and

2
Pracisy = -s—Ptom

The model assumes the same pressure at source and
sink and, in the absence of chemical potential gra-
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dient, transport becomes impossible. The same phe-
nomenon occurs in the case of TeCly (with trans-
port of tellurium in the process). In the cases of
TiBr, and TiCly, transport can be described by the
equation

9TiXy 4 <TiBy> 22 10 TiX; 4 2BXs
and as we started from TiX4, we necessarily have

Pyrixs1 = 5P(Bxa)

which gives for the flux functions

#rTiX3] = SP[BXs)
now

1
#ITiB2] = PITiX3) {+H{PLTiXg] + £y $1BX3]

In the absence of solid boron we shall have
#rrixg = —4,5 $(Bx3)
and

5
PITiXsl = —1,11 (cf., Table XIII)
PITIX4) 45

These few equations explain why the Richardson
model predicts no transport in these cases. To under-
stand why two of these transport agents still give
experimental transport, it is necessary to come back
to the first model and to consider Table IV showing
the side reactions with silica of the tube. In the case
of TiCly and TiBry, there is almost no attack so that
the restraints on the partial pressures remain and,
as predicted, there is no transport. On the contrary,
in the case of Cl; and TeCly, silicon halides are formed
by attack of the tube, and the restraints fall down,
and the transport becomes possible.

Conclusion

The application of thermodynamics and flux func-
tions, while pointing out their limitations, provides
a useful insight into investigating transport system.

The grouping of the two submitted models brings
an approach of the complicated chemical processes
which occurs. From that approach we deduce the
transport direction and the importance of the wall
etching as well as its influence on the transport.
Lastly, it allows one to make a priori choice between
the different transport agents.

Manuscript submitted Nov. 7, 1980; revised manu-
seript received April 6, 1981, This was Paper 425 pre-
sented at the Los Angeles, California, Meeting of the
Society, Oct. 14-19, 1979.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by the
Ecole Nationale Supérieure de Chimie.

Table XIIt. Results of calculations after the Richardson model

t.a. BBrs Bls I TiBrs TiCli TeClL Cl
F(TiX4) -3 x 10-5 49 x 10-3 3.8 x 102 .9 x 10+ 2.3 x 10-3 19 x 10= 4.5 x 10-+ 2.7 x 10+
£(TiXs) —2.7 x 105 —3.4 x 10-5 —2.7 x 10-5 —1.6 x 10-+ —2.60 x 10-2 —2.1 x 10-8 —4.9 X 10+ —3.0 x 10-¢

.h.* TiBrs + TiBre Tils Til, TiCls TiBra** TiCls TiCls TiCls
Rees 142 138 2! 111 111 11 11
exp. (mg) 150 50 50 <10 <10 0 150 20

® t.h. = halide effective ln the transport
+ TiBra with f(TiBrz) = =15 x
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APPENDIX

The various constituents taken into account in equilibria calculations are:

Cl (a) Br (a) <Te> (e) <TiHs> (a)
Cly (a) Brp (a) Te (e) <TiBg> (a)
TiCl (a) BBr (a) Tey (e) <TiB> (a)
TiCly (a) BBry (a) TeCly (e) <Ti> (a)
TiCls (a) BBry (a) TeCly (d) Ti (a)
TiCL (a) TiBr (a) <TiTex> (f) TiO (c)
<TiClg> (a) TiBrp (a) TiTe (e) TiO, (c)
(a) TiBrg (a) TeO (e) <Ti20s> (c)
BCl (a) TiBry (a) TeOy (e) <TigOs> (c)
SiCly (b) <TiBrg> (a) Teg0, (e)
SiCls (a SiBry d) <SiOg> (a)
. (cristobalite)
SiCle (b) SiBry (d) <B> (a) <SigTis> (d)
SiCl (a) BBroO (a) BO; (a) SiOg (a)
BCl10 (a) HBr (a) B30, (a) Sio (a)
TiClO (a) BHBr, (a) B20s (a) <Si> (a)
TiCl,0 (a) (B203) (a) i (a)
a) 1 (a) Hy (a) Oz (a)
CIHgHSi (a) I (a) H (a) H4Si (a)
ClyH,Si a) BI (a) BH, (a) H,0 (a)
ClH;Si (a) Bl (a) BHg (a)
CIHO a) Bl (a) BoHs (a
BHCl; (a) Til (a) ByoHys (a)
Tily (a) BH303 (a)
Tils (a) B3H303 (a)
Til, (a) BH20, (a)
<Tils> (a) BHO a)
Sily (d)
Sily (d)

(a) 1\;{f&%‘h&l«;)thermot:hemical tables, U.S. Department of Commerce, N.B.S., 2nd ed., Dow Chemical Co, Mid-
land, 1 .

(b) JANAF thermochemical tables, U.S. Deparment of Commerce, N.B.S., supplement (1974).

(c¢) JANAF thermochemical tables, U.S. Department of Commerce, N.B.S,, supplement (1975).

(d) I. Barin, O. Knacke, and O. Kubaschewski, “Thermochemical Properties of Inorganic Substances,” Spring-
er Verlag, Berlin, Heidelberg, New York, supplement (1977).

d (ez 5{4 ;’J Mills, “Thermodynamic Data for Inorganic Sulfides, Selenides and Tellurides,” Butterworths, Lon-
on (1974).

(f) For <TiTes> the following thermodynamic values have been used: Afsgs° = —50900 cal mol—1, after Mills
(e), S298° = 28 cal. deg.—! mol—1, estimated by the Latimer’s method (e), the function Gr — Haes/T has been
estimated to 35.1 cal. deg.~! at 800 K (e) and the approximations of the method being taken of, it has been con-
sidered as a linear function of the temperature: Go — Hgogs = 23.785 — 0.01414T.
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2. R. Feurer, G. Constant, and C. Bernard, J. Less- 5. B.(lli.9 %‘é())lang and M. W. Richardson, ibid., 34, 205
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3. C. Bernard, Y. Deniel, A. Jacquot, P. Way, and M. 6. M. W. Richardson, Acta Univ. Upsaliensis, 464 (1978).



Vacuum Plasma Electron Beam Melting of Reactive

and Refractory Metals and Their Alloys
One Step Melting of Low Oxygen Content Titanium Scrap by Using VPEB
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ABSTRACT

Vacuum plasma electron beam (VPEB) melting with a hot hollow cathode
gives satisfactory results for recovery of low oxygen content titanium scraps
and Zircaloy-2 scraps. The yield of relatively high vapor pressure elements,
such as Cr, can be controlled easily to meet with the tolerance. The VPEB
has a high energy density and purification effect which is similar to that of
high voltage electron beam melting. Power input of the VPEB to a target of a
molten pool is by far more stable and the yield of materials throughout the
melting of reactive and refractory metals and their alloys is quite satisfactory
compared to those of high voltage EB or the vacuum arc melting process.
The VPEB process is also safer, easier to operate, and suitable for automa-
tion. Three examples of VPEB application at VMC-ULVAC are described

in this paper.

A simple recycle process of reactive metal and alloy
scrap to sound ingots is aimed at. Low oxygen content,
loose-shape titanium scraps (Fig. 1), the chemical
composition of which is shown in Table I, are melted
by using VPER. Oxygen content of the VPEB melted
ingots satisfied the high quality level of JIS Grade-1
specification. One-step melting of high purity reactive
metal scrap by using VPEB is feasible both technologi-
cally and economically.

Figure 2 illustrates a VPEB one-step recycle furnace.
A schematic drawing of the furnace is shown in Fig.
3. By using a 200 mm diam water-cooled copper cruci-
ble and an ingot pulling mechanism, a 1m length of ti-
tanium ingot (weight 130 kg) is produced. Melt stocks
of titanium scraps, which are represented in Table II,
are charged to a material feeding chamber and moved
over the lip of the crucible. An 18 in. gate valve is at-
tached to the furnace for semicontinuous feeding of
the melt stock. A 20 in., 8 m3/sec oil ejector pump, a
1 m3/sec mechanical booster pump, and a rotary piston
pump with a capacity of 7 m3/min are equipped in
series. A d-c power supply of 100V and 3 kA maximum
output is used as the VPEB power source.

Figure 4 illustrates the melting operation. An ex-
ample of operating parameters are represented in

Key words: VPEB, titanium, metals.

Fig. 1. Loose shape titanium recycle scraps
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Table I. JIS* chemical composition of Ti in ppm

H o N Fe
Grade 1 <150 <1500 <500 <2000
Grade 2 <150 <2000 <500 <2500
Grade 3 <150 <3000 <700 <3000
* JIS H 4670.

Table III. Figure 5 illustrates the surface of the one-
step melted titanium ingot. Table IV represents the

Fig. 2. Overall view of the VPEB one-step recycle furnace
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Fig. 3. Schematic drawing of VPEB one-step recycle furnace

Fig. 4. Molten pool of titanium is bombarded by means of VPEB

results of the oxygen level of the recycled ingot. Table
V represents the results of the chemical analysis of the
3 mm diam titanium wire which is forged and drawn
from an ingot made by the VPEB process. A standard
chemical analysis value of a commercially used high

Table Il. Typical value of oxygen content

Ti scraps O (ppm)
No.1 630
No. 2 750
No.3 790
No. 4 830
No. 5 500

Table I1l. Operating parameter of VPEB for Ti scrap melting

Operating pressure (Pa) 6.7~9.3

VPEB out put Voltage (V) 80 ~ 85
Current (kA) 1.8~2.0
Wattage (kW) 140 ~ 170

Melting rate (kg/hr) 23

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

November 1981

Table IV. Typical value of oxygen content

O3 content (ppm)

Ingot No. Material Ingot®
1 650 5 ey
12 580 z o
13 670 2 2
14 750 g A
15 580 £ H

* T: Top of the ingot. B: Bottom of ingot.

Table Va. Chemical analysis of 3 mm od Ti wire

Impurity content (ppm)

Lot No. o Fe C
W-1 750 490 130
W-2 710 300 110
W-3 690 410 93
W 730 430 140
W-5 670 360 75
Average value 710 400 110

Table Vb. Impurity

level of JIS Grade-1 Ti wire

Impurity content (ppm)

(o] Fe C
Lower limit 400 200 50
Average 650 450 100
Upper limit 850 600 150

Table VI. Chemical composition of Zircaloy-2

Sn Fe

Cr Ni

1.20-1.70 0.07-0.20

0.05-0.15 0.03-0.08

Table VII. Preliminary test of YVPEB melt

Raw
mate-
1 I I VI rial
OpeArating pressure 1.2 11 1.2 5.3
r
Melting time (min) 7 0.5 2 2
VPEB melting power 50.4 51.6 52.8 514
(kW)
Charged weight (g) 1049 1466 1322 1458
Weight loss (g8) 2 2 1 <1
Chemical analysis
(%) 4 Sn 1.27 138 1.35 139 1.40
Ni 0.052 0.053 0.054 0.054 0.057
Cr 0.023 0.060 0.018 0.058 0.097
Fe 0.104 0.120 0.117 0.124 0.139

Table VIIl. Operating parameter of VPEB

Operating pressure
Voltage

Current

Melting power
Melting speed
Hearth size

Table IX. Oper

Ar 1.9-2.0 Pa
44-50 (V)
1500-1700 (A)
70-80 (kW)

Approx. 1.6 (kg/min)
w 125 x D 135 x L 1650 (mm)

ating parameter of VAR

Operating pressure
Voltage

Current

Melting power
Melting speed
Crucible size

0.7-1.3 Pa

1D 250 (mm)
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Fig. 6. Vapor pressure of additional elements of Zircaloy-2

Fig. 5. One-step melted titanium ingot

purity grade titanium wire is also shown as the refer-
ence.

A low oxygen content 200 mm diam titanium ingot
can be produced by VPEB one-step melting. Results
are shown as follows: (i) The increase of the oxygen
content level by one-step melting is less than 100 ppm.
(i1) The melting rate of titanium one-step melting is
0.2 kg/kA - min. This value is acceptable in practical
application. (iii1) Variations of pressure, voltage, and
current are very small so that extremely stable opera-
tion continues throughout melting. (iv) Argon gas
consumption for VPEB discharge is small and can be
neglected. It is, however, possible to recycle the argon,
if required. (v) Operating experience has proved that
the VPEB process is economically advantageous.

Direct Recovery of Zircaloy-2 Scrap by Using VPEB . ]
Zircalloy (Table VI) scraps are conventionally Fig. 7. General view of the VPEB scrap recycle furnace
shipped back to a chemical processing plant. In this

1) Scrap Material 2) VPEB 1st Melt 3) VPEB 2nd Melt
Cathode Dathede
I "
\ 1y
VPEB ,I 1 Additional Material [' \ VPEB
\

Water Cooled Cu Hearth Fig. 8. Process of direct re-
covery of Zircaloy scrap.

VAR
S @) Consumable

6 Finished Ingot

Electrode
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Table X. Chemical analysis of finished ingot (%)
Sn Fe Ni Cr Rate of Cr
ASTM B-350 1.20-1.70 0.07-0.20 0.03-0.08 0.05-0.15 addition
Raw material® 149 0.139 .051 .082
Ingot 1 TC-1 .59 0.149 060 1122 059
TS-1 .35 0.142 053 .124 .059
BC1 52 0.136 049 .120 .059
BS-1 48 0.141 .046 .123 .059
Average 53 0.142 .051 122 .059
Ingot 2 TC-2 .67 49 .060 .151 .061
TS-2 .59 40 .054 .142 .061
C-2 .50 16 048 .134 .061
S-2 48 1068 .043 .125 .061
Average .56 127 051 .138 0.061
Ingot 3 'C-3 .52 144 .054 .102 .025
TS-3 .49 .138 .052 .098 .025
BC3 .48 .125 .047 .091 .025
BS3 .43 .110 .045 .100 .025
Average .48 .129 .049 .098 .025
Ingot 4 TC4 .69 127 .060 .087
TS-4 .66 .123 059 .087
BC4 .54 .088 .047 .073
BS4 .53 .095 .047 .072 0
Average .60 110 .054 080 0
* Average value of 10 sampling.
Top Bottom

Sampling

Position

paper, however, a new process for direct recovery of
Zircaloy scrap is proposed. Surface-cleaned Zircaloy

Fig. 9. VPEB melting of Zircaloy scrap for electrode

Power Source

scraps are converted in a specially designed vacuum
plasma electron beam furnace to an electrode for vac-
uum arc remelting which is a part of a conventional
process. Sufficient mechanical strength and electrical
conductivity are the two factors required with the
VPEB processed electrode, while compensation for
chromium loss (Fig. 6) during the melting was con-
sidered. The result of the development work is satis-
factory and the new process can be a big improvement.

Figure 7 illustrates the specially designed VPEB
scrap recovery furnace. Scraps are laid on a water-
cooled copper hearth which has dimensions suitable
for electrode to successive VAR. The hearth is mov-
able back and forth in the vacuum chamber while
VPEB bombards the surface of the scraps. A simple
scanning mechanism is equipped for the VPEB gun.
A chromium charging mechanism feeds the necessary
addition of chromium granules following the first melt
down. A larger charging mechanism feeds Zircaloy
scraps over the first melt for additional second melt-
ing as is illustrated in Fig. 8. VPEB melting in this ap-

Gas Flow Controller

e Electrode Driving
Mechanism

Fig. 10. Schematic drawing of
the VPEB melting equipment.

=

MSQ-150 8%

Quadrupole Residual
Gas Analyzer

Rotating &
Cross Feeding
Mechanism

Patent Pending

L.N. Trap
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plication is aimed at joining scraps to a satisfactory
electrode, so a complete melt down of the charge is
not required. Figure 9 illustrates melting operation.
An example of the operating parameters are repre-
sented in Tables VII and VIII. Table IX represents the
parameters for successive VAR operation. Table X
represents the results of chemical analysis of the fin-
ished ingot.

The addition of chromium is not required at least
for several recyclings. This is a favorable result for
actual production. Chromium loss as a whole is kept
small because of the relatively short thermal history
of the electrode. However, it will be required to add
chromium if, for example, all scraps charged are of
chips and thin sheets.

The VPEB is considered to be the ideal heat source
for the direct recovery of Zircaloy scraps. VPEB is
operable at low voltage and medium to high vacuum.
There is no danger of damage to the water crucible
with sufficient power density to melt down refractory
metals. Power input can be controllable and main-
tained constant for as much time as is required. Prac-
tically any shape of raw stock can be charged.

Melting Tantalum by Using VPEB
Tantalum ingot is conventionally produced by using
either a vacuum arc (VA) furnace or high voltage
electron beam (HVEB) furnace. A vacuum sintering
(VS) furnace has been an alternative for producing
smaller rod shapes. An example of VPEB melting,
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A Ta Melted Rod (27°X6002 4.8kg)
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which is new, economical, versatile, easy for mainte-
nance and operation, and produces a similar grade of
purification to that of HVEB, is presented in this
paper.

Figure 10 illustrates a schematic of the equipment.
Melting and purification of a tantalum rod or ingot by
using the VPEB is aimed at. A mechanical drive gives
rotation and push-pull transfer motion to the tantalum
rod through vacuum-tight seals while VPEB melts the
surface. A quadrupole residual gas analyzer (RGA) is
used for dual purpose: monitoring the purity of back-
ground environment and gaseous or vapor composi-
tion degassed during the melting. Partial pressure of
any active gases or vapors which may react with hot
tantalum must be kept below a certain level. Argon
pressure to keep VPEB is roughly between 3 x 10-!
and 10 Pa measured in the vacuum chamber. Figures

Table XI. VPEB operating parameters
Ta melted rod (22¢ x 500 L. 3.15 kg)

Ar flow Pres- Pool Pool di-
rate (1 sure Power depth ameter
usec) (Pa) input (mm) (mm)
250 4.3 220A 1.2-15 34

(5.15 kW)
250 0.27 5.0-7.0 15-17
(5.45 kW)

Cathode: Ta 7¢ x 8¢ x 55 L. Cathode distance: 13 mm. Rotat-
ing speed: 1 rpm.

200 300 400 500

Ar Flow Rate (lusoc)

11 and 12 illustrate the minimum current and corre-
sponding voltages required for melting the tantalum
surface, respectively. Shift of operating pressure was
made by changing pumping speed and argon flow rate.

Figure 13 represents electrical power input vs. oper-
ating flow rate. Table XI summarizes a comparison of
operating parameters at the two typical conditions.
Details of basic experiment and data were published
elsewhere (1, 2). Table XII represents some of the
purification effects obtained for surface melting of
powder compacts 22 mm ¢ X 500 mm L, 76% density
made by hydrostatic compaction of 100 mesh Ta. Car-
bon powder was additionally mixed for the No. 02
series in order to promote oxygen removal by CO reac-
tion. The result indicates that partial pressure of H.O
and the total pressure played a major role in this case.
Figures 14 and 15 represent monitored gas composition
during the processing.

A new product, SMTR (3) (surface melted tanta-
lum rod) is an example of optimized use of VPEB. The
SMTR has pure, dense, and sound surface made by
VPEB melting while the inside (central portion) of
the rod is composed of sintered smaller density tan-
talum. Figure 16 represents an example of the process
flow. Figure 17 illustrates the purification effect at the
surface. Figure 18 illustrates radial density variation
from the surface to the center. Average density before
and after surface melting is 76% and 88%, respec-
tively. The fabricated square rod 5 X 5 mm cross sec-
tion and annealed at 1200°C 1 hr showed mechanical
properties represented in Table XIII, which is, by far,
over the specification JIS H4701. Similar surface treat-

Table XII. Surface purification effect of SMTR

Surface Surface Surface Pugpo Po,
before after hardness (Pa) (Pa)
melting melting after before before
Sam- 02 ppm Oz ppm melting Pres- melting melting
le —_ Hv sure 4
0. C ppm C ppm (1kg) (Pa) melting melting
01-5 810 490 172 5.1 0.35 7 x 104
47 8 172 5.1 0.13
02-1 920 420 175 5.1 0.(}'5 7 x 10-¢
410 30 175 5.1 0.13
017 870 111 86 033 0.309 5 XJ'M)‘6
42 6 868 0.33 0.01 4 x 10+
023 940 142 82 0.33 0.(108 8 xill)-“
530 24 82 0.33 0.01 4 x 10+
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ment applied for VA melted ingot eliminates surface
machining and results in more utilization of the preci-
ous metal. A few percent of evaporation loss which is
unavailable in the case of HVEB purification is not
necessarily the case for SMTR: That is also valuable
for saving tantalum metal.

VPEB MELTING
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Fig. 17. Purification effect at the surface of the SMTR

Major operating parameters to be considered in the
VPEB are listed as follows: (i) voltage, (ii) current,
(iii) cathode to target distance, (iv) flow rate of oper-
ating gas, (v) vacuum pressure of operating gas, and
(vi) impurity levels of residual gases. Geometrical
configurations of structures inside the vacuum cham-

Table XIII. Mechanical properties of SMTR processed Ta rod*

Tensile strength

(kg/mma?) Elongation (%)
46.4 Average 57
46.7 g:{

Average
47

* Size: 5 x 5 mm. Heat-treatment: 1200°C x 1 hr, JIS specifi-
cations: JIS H4701: Tap-0, tensile strength (kg/mm?2 >25; elonga-
tion (%) >25; and Tap-1/4 H, tensile strength (kg/mm?) >35;
elongation (%) >20.
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ber should be paid due consideration with respect to
gas flow pattern and electrical field distribution. Mag-
netic confinement can improve concentration of the
plasma, with additional expense.

In summary, application of VPEB requires careful
design of system. Operation of VPEB, however, has
big advantages in reliability (stability) and safety
over VA or HVEB. VPEB is usable for producing both
large ingots and small diameter rods starting from
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powder compact, sponges, or any shape of raw stock.
It is also usable for controlled heating which varifies
application in a variety of heat-treatments. Energy
density at a target surface can be as high as 10¢ kW/
cm?, which is sufficient for surface melting of refrac-
tory metals and alloys. VPEB can often be an alterna-
tive short-cut process of an existing production line;
valuable for rationalization or saving labor, energy,
and thus cost.
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The Formation of SiO. in an RF Generated
Oxygen Plasma

l. The Pressure Range Below 10 mTorr

A. K. Ray* and A. Reisman*
IBM Thomas J. Watson Research Center, Yorktown Height, New York 10598

ABSTRACT

This paper deals with the formation of SiO; on silicon in an rf generated
oxygen plasma in the pressure range below 10 mTorr. A companion paper
describes the behavior of the oxide growth process in the pressure range above
10 mTorr. The oxide was formed in an open-tube pumped fused silica system
without substrate biasing. Oxide formation rate was studied as a function of
substrate temperature, conductivity type, resistivity, distance from the end
of the plasma generating coil, oxygen pressure, and generator power output.
Based on the results obtained on masked substrates, using the silicon-mask
interface as a marker, it was determined that within the limits of experi-
mental error, all the oxide formed in the pressure range studied was de-
posited on the surface and not a result of oxidation. The rate of deposition
increased with increasing power, decreasing pressure, and decreasing wafer
to plasma generation zone distance. This rate was temperature independent
and was unaffected by substrate parameters. Excellent uniformity was ob-
tained over 56 mm diam wafers, +3-5%. The properties of the oxide deposited
at 600°C and above are only slightly poorer than thermal oxides grown at
1000°~1100°C. They exhibit somewhat higher fixed charge and interface state
density while the breakdown strength, etch rate, and refractive index are
essentially the same as thermal oxides. A key observation of the plasma
process conducted at pressures below 10 mTorr is that the oxide always
forms on the silicon surface facing the plasma. This is opposite to the results
obtained at higher pressures described in Part II of this study.

It is to be anticipated that as semiconductor devices
are scaled to smaller dimensions, i.e., less than 1 xm
ground rules, currently employed chip processing tem-

* Electrochemical Society Active Member.
Key words: silicon, plasma, oxidation, SEM.

peratures will tend to become incompatible with de-
sired device designs, because impurities present in
shallow junctions and/or in surface threshold adjust-
ing layers will tend to redistribute. The problem will
be compounded further by surface depletion of im-
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purities during oxidation (1), oxidation enhanced dif-
fusion effects (2), and the generation of substrate de-
fects (2, 3). Two of the primary high temperature
processes to be contended with are oxidation, and ion
implantation damage annealing and activation.

As a first step in evolving a lower temperature pro-
cessing sequence, the authors have focused on the oxi-
dation process. One might assume, initially, that the
lower the temperature at which one can conduct an
oxidation process, the better. This is not necessarily
true from a stress point of view. If, for example, the
intrinsic stress at the oxide formation temperature
tends toward zero, then any temperature excursions
above this temperature will force the oxide into ten-
sion, making it susceptible to cracking at mask open-
ing corners. To minimize this problem, oxidation pro-~
cesses should be conducted at the highest possible
temperature consistent with impurity redistribution,
surface depletion, and defect generation constraints.

High pressure and plasma oxidation processes both
offer potential for use at lower temperatures. The high
pressure approach (4, 5) is in current use, but for
large areas (5) is conducted only in wet oxygen am-~
bient atmospneres, and at moderate pressures, up to
25 atm. In dry oxygen, pressures in excess of 100 atm
would be required (4) to achieve oxidation rates com-
parable to wet oxidation. Such a pressure-tempera-
ture combination is not achieved readily on a practical
basis for a variety of technical reasons which will be
discussed by us at a later time. Very high oxidation
rates have, however, been reported using plasma
anodization approaches (6-15) at temperatures as low
as 170°C (12). Two general problems encountered in
using plasma approaches have been the difficulty in
achieving uniform growth over areas greater than 1-2
cm? (6, 7) and the generally poor electrical and defect
characteristics of the oxides (7, 12). Partial resputter-
ing of the grown oxides has been considered by
Kraitchman (8) and others (12, 13), but none of the
reports considered seriously the possibility of sputter-
ing from the walls of the reaction chamber onto the
wafer surface as an effect to be contended with. In
addition, using presumably similar experimental tech-
niques, different workers have obtained significantly
different results. Lingenza (6) reported power and
temperature dependencies, but no substrate bias volt-
age dependency on oxidation rate. He also found para-
bolic growth behavior for biased oxidations and non-
parabolic growth in unbiased oxidations. Skelt and
Howells (7) and Kraitchman (8), however, saw no
temperature dependency, and Kraitchman implied that
there was no power dependency. Furthermore,
Kraitchman found parabolic growth behavior for both
biased and unbiased oxidations, even when constant
current biasing (as opposed to constant voltage) was
employed. Pulfrey and Reche (12), on the other hand,
observed linear kinetics in constant current anodiza-
tions.

The present study was prompted by the noted dis-
crepancies among the reported results and by a desire
to see if uniform growth could be achieved over large
areas. In addition, it was desired to operate in an
electrodeless system to avoid possible electrode sput-
tering contamination effects, It was felt also that the
plasma and sample temperatures should be independ-
ently controllable to a degree at least, by separating
the plasma generation and oxidation zones, and that
the effects of temperature and power on both oxide
quality and growth kinetics required better under-
standing. Independent temperature control was ac-
complished by separating the plasma generation and
oxidation zones, with the sample being placed at pre-
determined distances from the plasma generation zone
in a resistance-heated portion of a reaction chamber.
Excited species drift from the plasma generation re-
gion to the oxidation zone at the drift velocity of the
low pressure flowing gas.
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This paper deals with the pressure regime below 10
mTorr while a companion paper, Part II, is concerned
with the pressure regime > 10 mTorr for reasons
which will become obvious.

Experimental Techniques

The experimental setup for plasma oxidation in the
pressure regime below 10 mTorr is shown schemati-
cally in Fig. 1. Ultrahigh purity bottled oxygen
(99.999%) was purified further by heating to 1000°C
in a quartz chip bed to decompose any hydrocarbons
present to CO, and H;0O. These contaminants were
removed subsequently in a liquid nitrogen trap. The
liquid nitrogen trap could be used to remove CO; and
H;0 without liquefying the oxygen because the oxy-
gen pressures employed (2-100 mTorr) were less than
the vapor pressure of oxygen at the boiling point of
nitrogen. The vapor pressures of CO; and HyO at lig-
uid nitrogen temperature are estimated to be of the
order of 10—5 and 10—8 mTorr, respectively. For an
operating pressure of 10 mTorr, this corresponds to
maximum values of 1 ppm of CO; and 1 ppb of H,O
in oxygen, assuming equilibrium obtains. The purified
oxygen was used to generate an oxygen plasma in the
80 mm ID, 100 cm long fused silica reaction chamber
by a variable frequency (0.5-8 MHz) rf generator. All
experiments were conducted at 0.5 MHz unless other-
wise specified. Electrical coupling to the system was
effected by a six turn coil of 0.25 in. OD Cu tubing
placed around the reactor tube and connected to the
rf generator by appropriate cables. In our experimen-
tal system, only the generator output power was
known. An estimate of the power input to the plasma
could not be made. Hence, a variation of the generator
output power was considered as a variation of the pow-
er input to the plasma. The coupling mechanism was
assumed not to change with power and pressure varia-
tions. The system was pumped continuously during
the experiments, and the pressure in the chamber was
controlled by regulating the oxygen mass flow into
the reaction chamber using a mass flow controller. The
pressure in the reaction chamber was measured by a
thermocouple gauge located at the exit end of the re-
action tube. In order to avoid coupling to the rf field,
the thermocouple gauge was placed remote to the
plasma generating region. Most of the silicon wafers
used were 56 mm diam p-type with a nominal resistiv-
ity of 10 0 cm. The wafers were cleaned prior to an
experiment by a process described elsewhere (16). A
wafer was placed, on a quartz sample holder, perpen-
dicular to the direction of gas flow. The temperature
of the wafer was, as mentioned above, varied and con-
trolled by an external resistance heated furnace. The
temperature of the wafer was measured by a Chromel-
Alumel thermocouple placed adjacent to it. SiO, film
thickness was measured using an IBM 7840 Film
Thickness Analyzer (17). The IBM 7840 F.T.A. mea-
sures combined reflectance of the films and substrate
in the wavelength range of 380-750 nm and computes
the thickness of the film from the optical constants of
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Fig. 1. Schematic diagram of the experi | plasma oxidati

system.
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the film and substrate, The film thicknesses measured
by the F.T.A. were checked with the values obtained
ellipsometrically and found to agree to better than
+5%. Since the IBM 7840 F.T.A. can be programmed
to measure oxide thickness automatically at 21 pre-
determined locations over the entire wafer, and is
much more rapid in use than the ellipsometric mea-
surement available to us, it was used to gather the
uniformity data. The electrical properties of plasma
SiO, were determined by measurements of fixed
charge density, surface-state density, and electrical
breakdown strength in conventional fashion, i.e.,, C-V
measurements and ramp voltage breakdown measure-
ments.
Results and Discussions

In an initial experiment, a silicon wafer was placed
perpendicular to the direction of gas flow 20 cm down-
stream from the end of the rf induction coil. The tem-
perature of the wafer was maintained at 650°C. An
oxygen plasma was generated at 5 mTorr and a gen-
erator output power of 4.5 kW at 0.5 MHz. About 50
nm of SiO; was formed in 4 hr on the surface of the
wafer facing the plasma. No SiO, was formed on the
other side of the wafer. Thickness uniformity of the
SiOp film formed was better than +5%. Under the
same conditions, but with increasing pressure in the
chamber, the thickness of SiO, formed decreased sig-
nificantly. Consequently, to study the effect of pressure
on oxide formation, the generator output power was
subsequently increased to 7 kW to increase oxide
thickness to reasonable values. Figure 2 shows the
thickness of SiO, formed in 4 hr as a function of sys-
tem oxygen pressure at 7 kW. The pressure was
changed simply by changing the rate of oxygen input
to the system, Since pressure was found to vary lin-
early with oxygen input rate in the pressure range
studied, the flow rate and, therefore, the linear gas
stream velocity were constant. The oxygen flow rate
was 2.1 sem3/min at 30 mTorr pressure, and the linear
gas stream velocity was 20 cm/sec. As seen in Fig. 2,
the oxide thickness obtained after 4 hr shows two
distinct regimes when plotted in log-log fashion. The
oxide thickness decreases from 350 nm in 4 hr at 1.5
mTorr to 40 nm in 4 hr at 7 mTorr with approximately
a 1.4 power dependency on pressure. Above 7 mTorr,
the rate decreases much more slowly, i.e., to the 0.1
power. Even with the high (7 kW) output power em-
ployed, the SiO; thickness at 30 mTorr is only 34 nm
in 4 hr. If one wants rapid growth, it is evident from
Fig. 2 that the operating pressure should be as low as
possible in the experimental configuration described.
An operating pressure of 2.5 mTorr was then chosen
for the low pressure studies, because below 2.5 mTorr

1000 T \FREA e B T 0 3 T =T T T TN
I \. 650°C, 7 kW, 4 hr, 20 cm 1
L Y 4

E Nt
~ 100 p\ —
x F E
o = 4
° E ]
L. ) q
i %.\o:ﬁ.\

10 o L

| 10 100
p (mTorr)

Fig. 2. Thickness of SiO; formed at 650°C in 4 hr as a function
of system oxygen pressures.
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it was difficult to ignite and maintain an oxygen
plasma. The behavior at this pressure is representa-
tive of the range up to about 10 mTorr. The variation
of oxide thickness with position of the silicon wafer
outside the confines of the rf coil was studied at 650°C,
2.5 mTorr and 4.5 kW generator output power. Figure
3 shows the data obtained in a 2 hr series of growth
experiments. The oxide thickness decreases sharply
with increasing distance up to 12 cm. At distances
greater than 12 cm, the oxide thickness remains more
or less constant. As the thickness uniformity was
found to vary more in the region from 7-12 cm than
in the region greater than 12 cm, a distance of 20 cm
from the end of the rf coil was then chosen for most
of the experiments. Experiments were also conducted
with the wafer in a horizontal position. The rate of
SiO, formation was greatly reduced compared to ver-
tical mounting, and a significant SiO, thickness gradi-
ent was generated across the axial direction of the
wafer.

The effect of generator output power on the thick-
ness of oxide formed in 1 hr was studied at 650°C and
2.5 mTorr, the wafer being placed vertically at a dis-
tance of 20 cm from the end of the rf coil. With in-
creasing power, the oxide thickness increases linearly
with power up to 6 kW and above 6 kW, the oxide
thickness increases as (power)45, Fig. 4, but as might
be expected from the large slope of the curve, the
thickness uniformity of the SiO, formed was poor at
the higher power. An output power of 4.5 kW yields a
reasonable oxide formation rate and good thickness
uniformity. With the preceding as a basis for choosing
a usable set of experimental conditions, the kinetics of
SiO, formation were studied at 2.5 mTorr O, pressure,
45 kW of generator output power, and the silicon
wafer placed vertically at a distance of 20 cm from
the end of rf coil. Figure 5 shows the thickness of
SiO, formed at 600°C as a function of time. It is seen
from Fig. 5 that the oxide thickness varies linearly
with time in the entire oxide thickness range up to
160 nm. Thermal oxidation of silicon at high tempera-
tures in dry oxygen, of course, follows linear parabolic
kinetics to a first approximation. The proposed model
of a conventional thermal oxidation process (18) is
that there are three basic steps: (i) the transfer of
oxidant from the gas phase to SiO, at the gas-SiO»
interface; (ii) the transport of oxidant through the
SiO; to the Si-SiO, interface and (iii) the reaction of
oxidant with Si to form SiO, at the Si-SiO, interface.
In a film growth process, the step (i), depending on
the temperature, linear gas stream velocity, and the
film thickness, may or may not be rate limiting (19).
In a conventional thermal oxidation process, step (i)
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Fig. 3. Thickness of SiO2 formed at 650°C in 2 hr as a function
of distance of the wafer from the end of rf coil.
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Fig. 5. Thickness of SiO2 formed at 600°C as a function of time

is usually not rate limiting. The step (ii), if it is a
diffusion-controlled process, follows parabolic kinetics.
The third step determines the oxidation rate and fol-
lows linear kinetics. If step (iii) alone determines the
rate of oxidation, then the rate of oxidation should
depend on the temperature, the orientation, and the
doping level of silicon wafers and should not depend
on oxide thickness.

Figure 6 shows the thickness of SiO; formed at 600°C
as a function of time for <111> and <100> orientated
Si wafers. The rate of SiO, formation on <111> sur-
faces is seen to be the same as that on <100> Si wafers
while both are seen to be linear with time. Oxide
formation was found not to depend on silicon dopant
concentration either. Figure 7 shows the thickness of
oxide formed in 3 hr at 600°C for both p- and n-type
wafers of different resistivities. Oxide formation rate
was found to be independent of temperatures also.
Figure 8 shows the thickness of SiO, formed as a
function of time for three different temperatures. In
another series of experiments, about 307.5 nm of dry
thermal SiO; were first grown at 1000°C on Si wafers,
and these wafers were then used as substrates for sub-
sequent plasma experiments. Figure 9 shows the oxide
thickness of these wafers as a function of time of ex-
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Fig. 6. Thickness of SiO formed at 600°C as a function of time
for <111> and <100>> oriented silicon wafers.
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posure to the oxygen plasma. The oxide thickness still
increases linearly with time, and the rate of increase is
the same as that observed for bare silicon wafers. The
data for bare silicon wafers is taken from Fig. 8. From
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Fig. 9. Thickness of SiOs formed at 600°C as a function of time
for starting silicon wofers with 307.5 nm of dry thermal SiO2.

the above experimental results, it would appear that
the second process does not determine the rate of
formation of SiO; under the growth conditions studied.
Furthermore, the temperature, wafer orientation, and
resistivity independence of oxide formation rate made
questionable the possibility that the linear kinetics ob-
served are due to a combination of steps (i) and (iii)
and raised the possibility that the oxide formed in our
experiments was not the result of a reaction between
silicon and oxygen, but was due to a deposition of SiO;
in the fused silica reaction chamber at the high rf
generator output power and low operating pressure
employed. The possibility existed that SiO, or a silicon
oxygen species, e.g., SiO sputtered from the wall of the
reaction chamber, could react with oxygen and de-
posit SiO; on the silicon wafers. In order to test this
hypothesis, a silicon wafer was partially masked with
Al (400 nm thick) and then exposed to the plasma
under the standard set of conditions described. After
about 800 nm of SiO, was formed, the wafer was
cleaved, the Al was etched in dilute HC], and the cross
section was examined in an SEM. It is clear from the

Fig. 10. SEM micrograph of the cross section of a silicon wafer
after SiOy formation,
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SEM micrograph (Fig. 10) that SiO; formed on both
the exposed Si surface as well as over the Al, indicat-
ing that the SiO, is deposited oxide. Using the silicon-
aluminum interface as a marker, it appears that very
little, if any, silicon is oxidized during this process.
Whether SiO; molecules are sputtered as such, and
then deposited, or whether a species such as SiO is
sputtered which reacts with oxygen homogeneously
or at the silicon surface to form SiO; could not be de-
termined. We consider the direct sputtering of SiO; to
be unlikely since the properties of the deposited SiO;
are quite different from those of conventionally sput-
tered silica (20). The refractive index of oxides de-
posited at 600°C and at lower temperatures was mea-
sured by ellipsometry at 632.8 nm and was in the range
1.461-1.465. The etch rate of the plasma deposited SiO,
was comparable to that of dry thermal SiO, grown at
1000°C. The etch rates were compared by etching
simultaneously the thermal and plasma oxides in 1:9
(49% HF:40% NH,F) solution at room temperature.
The etch rate was determined by measuring the change
in oxide thickness during etching. The etch rates at
room temperature were in the range of 74-76 nm/min.
In order to evaluate the electrical properties of the
plasma-deposited SiO,, about 75 nm of plasma de-
posited was formed on 2 0 cm p-type <100> oriented
Si wafers at 600°C. No other high temperature heat-
treatment was given to the oxide. Aluminum dots 32
mil in diameter were evaporated on the oxide through
a metal mask. Aluminum was also evaporated on the
back side of the wafers for electrical contact. A post-
metallization anneal in forming gas at 400°C for 20
min was given to the capacitors. Figure 11 shows the
high frequency C-V curve of these capacitors. The high
frequency C-V curve was obtained at 1 MHz with a
voltage ramping rate of 0.2 V/sec. Well-defined inver-
sion and accumulation regions were obtained. The
hysteresis effect observed between the inversion and
accumulation regions may be due to the presence of a
large number of surface states. Surface-state density
measured by the quasi-state technique was about 1012/
cm? eV at midgap. With surface-state density so high,
the expression for Vrp in terms of fixed positive charge
becomes complicated. So effective charge density (Qr)
was calculated from the flatband voltage (Vgg) deter-
mined via the high frequency C-V curve according to
the formula
Qt

VEB = ¢ms — ——

oX
where ¢ms = work function difference between Al and
the semiconductor, taken as —0.7V for 2 0 cm p-type
silicon, Cox = oxide capacitance per unit area, and

Qs = effective charge per unit area.

The calculated effective charge density from the Vg
is 1.3 X 10—3 C/m? which is equivalent to 8 x 10!1/
cm? singly charged centers. A high temperature
(1000°C) postoxidation heat-treatment was given to
some wafers, but this did not reduce effective charge
density appreciably. Electrical breakdown strength
was measured on one hundred Al-S10.-Si capacitors
in accumulation. Figure 12 is a histogram showing the
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Fig. 11. High frequency C-V curve of plasma deposited SiO2
capacitors after postmetallization anneal in forming gas at 400°C
for 20 min.
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different breakdown strengths for one hundred plasma SiO2
capacitors.

number of breakdown events at different breakdown
strengths. The breakdown strength is high and there
are few low field breakdown events.

Conclusions

From our experimental results, it can be concluded
that the SiO, formed on the surface of a silicon wafer
facing the plasma in a low pressure (<10 mTorr) oxy-
gen plasma is deposited oxide. The deposited oxide is
believed to be sputtered material from the wall of the
quartz reaction plasma. The exact mechanism (sput-
tering or reactive sputtering) of SiO, formation is not
clear. Since the properties of the deposited oxide bear
more of a resemblance to thermal oxides grown at
1000°C than sputtered oxide, we believe that reactive
sputtering is the mechanism of oxide formation. The
rate of oxide deposition increases with increasing
power input to the plasma and decreasing pressure and
distance of the wafer from the plasma. The increase of
oxide formation rate with decreasing pressure is due
to the fact that at pressures less than 10 mTorr, wall
sputter deposition appears to be the primary mechan-
ism of oxide formation. The sputtering phenomenon
leading to deposition rather than oxidation is a func-
tion of pressure only and does not depend on the
distance of the wafer from the plasma generating zone.
Clearly, however, the rate of deposition in such a pro-
cess will depend on the distance. Very uniform deposits
are obtained only under certain experimental condi-
tions. The use of high power or positioning the wafer
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too close to the plasma results in less uniform deposits.
The properties of the deposited oxide are probably
related to the purity of the quartz reaction chamber.
Refractive index, etch rate, and electrical breakdown
strength of the oxides deposited at 600°C are com-
parable to those of thermal SiO, grown at 1000°C.
Fixed charge and surface state densities are higher.
Limited results indicate that the oxides deposited at
lower temperatures have properties similar to those
deposited at 600°C. This technique thus may have po-
tential for forming passivation layers for interconnec-
tions where conventional high temperature CVD
methods cannot be used. The companion paper that
follows describes the plasma system behavior at pres-
sures greater than 10 mTorr which is dramatically
different from that described here.

Manuscript submitted Dec. 18, 1980; revised manu-
script received April 27, 1981. This was Paper 167 pre-
sented at the St. Louis, Missouri, Meeting of the So-
ciety, May 11-16, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by IBM
Corporation.
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The Formation of SiO. in an RF Generated
Oxygen Plasma
Il. The Pressure Range Above 10 mTorr

A. K. Ray* and A. Reisman*
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

This paper describes the formation of SiOp in an rf generated oxygen
plasma in the pressure range above 10 mTorr. The experimental setup used
for this study is the same as that described in Part I of this study. Using the
silicon-mask interface as a marker and examining the cross section of silicon
wafers after oxide formation, it was concluded that the mechanism of oxide
formation in the pressure range 10-100 mTorr is growth of SiO;. A unique
and unexpected result of the plasma process conducted at pressures greater
than 10 mTorr is that oxide growth occurs primarily on the surface of the
wafer facing away from the plasma, in sharp distinction to the observations
made at pressures less than 10 mTorr where the oxide forms only on the
surface facing the plasma. A key experimental parameter is the confinement
of the plasma by the wafer which was observed only at pressures greater
than 10 mTorr and at generator frequencies from 0.5 to 3 MHz. Oxide growth
rate was studied as a function of pressure, power, frequency of the applied
field, and substrate parameters to determine the optimum growth conditions.
The etch rate, refractive index, stress, fixed charge, interface states, and
breakdown strength of plasma oxides grown at 500°C compare very favor-
ably to thermal oxides grown at 1100°C.

In Part I of this study (1), it was concluded that the
SiO; formed in a low pressure oxygen plasma is a
deposited oxide. The deposited oxide is believed to
result from the sputtering of SiO, or an oxygen-silicon
species from the wall of the fused silica reaction cham-
ber. Because of the long mean free path at low pres-
sures, it is possible for the sputtered material to de-
posit on a wafer placed as far as 20 cm from the plasma
generating region. The sputter yield is therefore ex-
pected to be minimized with increasing pressure and
decreasing power input to the plasma. In this paper,
we describe the in situ oxidation of Si at higher pres-
sures and lower power in the plasma system. The re-
sults are unique in that at elevated pressures, not only
does deposition cease, but oxidation occurs primarily
on the silicon surface facing away from the plasma.

Process and Kinetic Studies

When the operating pressure was increased to 30
mTorr and power output from the generator was re-
duced to 1 kW, no detectable SiO; was formed on a
silicon wafer placed at a distance of 20 cm from the
end of the rf coil, Consequently, for experiments in the
high pressure regime (>10 mTorr), the wafer was
placed closer (2 cm) to the coil. Under this condition,
surprisingly, the plasma was confined by the wafer and
the bulk of the SiO, was formed on the surface of the
wafer facing away from the plasma (the wafer back
side) while a much thinner oxide was formed on the
surface facing the plasma (the wafer front side). The
high-low thickness uniformity of the oxide formed on
the back side was better than +5% and the standard
deviation was of the order of 1-3%. The thin oxide
formed on the front surface was much less uniform.
For example, on a 56 mm diam silicon wafer, there is a
region around the wafer periphery where oxide thick-
ness is considerably greater than in the central area.
This region of greater oxide thickness increases with
increasing oxidation time. After about 5 hr of oxidation
at 540°C, there was a region 6 mm wide around the
periphery where oxide thickness was about 200 nm as

* Electrochemical Society Active Member.
Key words: silicon, plasma, oxidation, SEM.

compared to an average oxide thickness of about 65
nm in the central area. During the same oxidation
time, about 300 nm of SiO, was formed on the back
side. An initial explanation for this observation that
came to mind was that the oxide formed in equal
amounts on both surfaces, but that the SiO, formed on
the surface facing the plasma was resputtered. In ad-
dition, it was to be determined whether the oxide films
formed were wall-sputtered oxides, as was the case at
low pressures, grown oxides, or combinations of the
two with resputtering complicating the picture. To re-
solve these questions, the results required analysis ac-
cording to the schematic representation depicted in
Fig. 1. In Fig. 1, the expected wafer cross section is
depicted for the possible cases, in situ growth only,

AFTER OXIDATION

MASV< 1
Siop d
Si "tz oK

GROWTH ONLY

BEFORE OXIDATION

Si0p

dox

[MASK] Si0p i Si0p

Si

L
GROWTH + RESPUTTERING

SiO2 Si0p dox
Si

2
GROWTH + WALLSPUTTER
DEPOSITION

Fig. 1. Schematic representation of the cross section of a silicon
wafer for the possible cases, growth only, growth -+ resputtering,
and growth -+ wall-sputter deposition.

2466



Vol. 128, No. 11

growth plus resputtering, and growth plus wall-
sputter deposition. On the left-hand side of Fig. 1 the
situation before oxide formation is shown where part
of the silicon area is masked against oxide formation.
Using the silicon-mask interface as a marker, it is
possible to distinguish among the possible cases men-
tioned earlier. If the Si-SiO, interface is below the
original silicon surface (silicon-mask interface), then
clearly some of the SiO, at least is being formed by a
growth mechanism because silicon is consumed from
the substrate during the oxide formation process. The
thickness of SiO, would be approximately twice the
distance (l) of the Si-SiO; interface below the silicon-
mask interface. This value should equal the measured
oxide thickness (dox) if resputtering and deposition
are both absent. If growth and resputtering take place
simultaneously and the rate of resputtering is less than
the rate of growth, then for the same amount of oxida-
tion, as in the case above, the Si-SiO, boundary will be
at the same distance (1) from the Si-mask interface,
but the measured oxide thickness (d.x) will be less
than 2 (1) and there will be thickness asymmetry rela-
tive to the marker. If growth and wall-sputtering take
place simultaneously, then oxide would form over the
mask as well as on the silicon substrate. As a result,
the apparent thickness of the masking layer would
change after oxide formation, and the SiO; boundary
would again be unsymmetrical with respect to the
silicon-mask interface, If the resputtering rate is
greater than the growth rate, no oxide would be de-
tected and the unmasked silicon surface would drop
below the silicon-mask interface. Finally, if all pro-
cesses occur simultaneously, e.g., deposition, oxida-
tion, and resputtering, mask thickness would increase,
and asymmetry around the mask level would result
except in the unlikely event that the resputtering rate
and deposition rate are identical. 200 nm thick MgO was
used as a mask to examine these possibilities. The rea-
son for selecting MgO as a mask is discussed later.
Figure 2 is an SEM micrograph of the cross section of
a silicon wafer after oxide formation on the MgO
masked silicon surface which faces away from the
plasma. It is evident from the picture that oxide
formed on this surface is grown oxide and not de-
posited oxide. There is also no evidence of resputtering
or wall-sputtering. Figure 3 shows the cross section of
the wafer after oxide formation on the MgO masked
silicon wafer surface which faces the plasma. Even
though the oxidation was carried out for the same
length of time as for the back side, the distance of the
Si-SiO, interface from the original silicon surface is
much less compared to that in Fig. 2, indicating that
oxidation has taken place to a much lesser extent on
the front surface. However, the oxide is symmetrical
around the original silicon surface. Consequently, it
may be concluded that the thinner oxide grown on the
front surface is due to a reduced oxidation rate, and
not due to growth plus simultaneous resputtering of
oxide. Further, there is no evidence of deposition on
either surface of the wafer, The difference in oxida-
tion rate, for the back side and front side oxidations
is believed to be due to self-biasing of the wafer in the
plasma. This phenomenon is being examined currently
and will be discussed when our experiments are com-
pleted. Further interesting observations are as follows.

When two silicon wafers are placed one behind the
other, greater than 5 mm apart, the oxide thickness on
the back side of the wafer closest to the plasma is uni-
form and significantly greater than that on the back
side of the second wafer. For separation distances less
than 5 mm, the oxide thickness uniformity on the first
wafer degrades significantly. When the two wafers are
placed in direct contact with each other, the back side
of the second wafer only is oxidized. The design of the
wafer holder was found to be critical for obtaining
uniform oxide growth. In order to get uniform growth
over an entire wafer, the wafer has to be mounted
vertically and supported only at its base. Other mount-
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200nm Mg©

880 nm $§104

Fig. 2. SEM micrograph of the cross section of a silicon wafer
after SiOp formation on an MgO masked silicon surface which faces
away from the plasma.

100pm S10;,

Fig. 3. SEM micrograph of the cross section of a silicon wafer
after oxide formation of an MgO masked silicon surface which
faces the plasma.
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ing configurations, e.g., horizontal placement, wafer
support on its bottom and edges, etc. lead to nonuni-
form growth.

Our process of plasma oxidation involves placing the
silicon wafer vertically perpendicular to the direction
of the gas flow with the surface to be oxidized facing
away from the plasma. This is true for a wafer located
on either side of the rf induction coil. Thus, two wafers
can be oxidized simultaneously using this plasma oxi-
dation technique. The rate of oxidation is a strong
function of the position of the wafer relative to the
edge of the coil, decreasing sharply with increasing
distance. For the experimental results to be discussed
below, the wafer(s) was placed at a distance of 2 cm
from the end of the rf coil. Since the wafer lies adja-
cent to the plasma generation region, the temperature
of the wafer is determined to some extent by plasma
heating. It takes about 15 min for the temperature of
the wafer to stabilize when the plasma is ignited. To
study the kinetics of oxidation at a particular tempera-
ture, the wafer was brought to an initial temperature
using the resistance heat furnace and then a helium
plasma was struck at the desired pressure. When the
wafer temperature stabilized, the gas input was
changed over to oxygen. The latter step takes about a
minute. A control wafer was heated in a helium plasma
for 30 min to determine whether any oxide is formed
during the preheating stage due to contaminants. No
detectable amount of SiO, formed. The temperature of
the resistance heated furnace was varied to obtain the
desired oxidation temperature, independent of the
power used to generate the plasma. To study the
kinetics of oxide formation on two surfaces of a wafer
simultaneously, wafers polished on both sides were
oxidized for different lengths of time. As mentioned
before, the oxide thickness on the front side is less
uniform. The average oxide thickness on the front side
was computed from the thickness measurements on a 4
cm diam central area of the wafer. Figure 4 shows the
thickness of oxide grown at 540°C on the back and
front sides of a wafer as a function of time. Oxide
thickness on the back side was about 4-5 times the
oxide thickness on the front side, In order to analyze
the kinetics of oxidation, the data was plotted as log
d vs. log t (Fig. 5). Both curves follow essentially the
same behavior. The oxide thickness appears to increase
as t in the initial oxidation phase and as t1/2 for longer
oxidation times. It is interesting to note that for the
back side of the wafer, the t1/2 law is obeyed at an oxide
thickness of 150 nm whereas for the front side, the t1/2
law prevails at an oxide thickness of 40 nm. If neutral
species are responsible for oxidation, then the onset of
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Fig. 4. Thickness of SiOp grown at 540°C on the back and front
sides of a wafer as a function of time.
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Fig. 5. Thickness vs. time for the data shown in Fig. 4 plotted as
log d vs. log t.

a parabolic law for two different oxide thicknesses
would imply that oxidation on the two surfaces is due
to different species being responsible for oxidation on
each side of the wafer. If we assume that plasma oxi-
dation follows linear-parabolic kinetics (2), then in
the parabolic regime d,, o« Col/2 and in the linear
regime dox o« Co where doy is the oxide thickness grown
in a fixed time and C, is the concentration of oxidizing
species in the gas phase. The two lines in Fig. 5 are
more or less parallel indicating that the difference in
the oxidation behavior of the two surfaces cannot be
explained on the basis of different concentrations of
oxidizing species present on either side of the silicon
wafer. However, if the oxidizing species is charged,
then in addition to the oxidizing species itself, the
electric field (V/d,x) would affect the rate of oxidation
and the onset of parabolic behavior (3). V is the ap-
plied or built in potential difference across the oxide.
Studies are in progress to examine such built in po-
tentials and the role they play in the plasma oxidation
mechanism.

Figure 6 shows the thickness of the oxide grown on
the back side of a wafer in 1 hr at 425°C as a function
of oxygen pressure in the reaction chamber. Below
10 mTorr, the oxide thickness is seen to increase
sharply with increasing pressure while above 10 mTorr,
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Fig. 6. Thickness of SiO2 grown at 425°C as a function of oxy-
gen pressure in the reaction chamber.
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it decreases slowly with increasing pressure. The effect
below 10 mTorr may be explained by the increase in
concentration of the oxidizing species with increasing
pressure and the effect above 10 mTorr may be ex-
plained by the loss of oxidizing species due to an in-
crease in recombination rate with increasing pressure.
It is to be recalled from the previous paper that at
pressures less than 10 mTorr, when wall-sputtering
is the primary mechanism for oxide formation. the
rate of oxide formation on the front side of a wafer de-
creases with increasing pressure. This is a completely
different phenomenon than that shown in Fig. 6, which
refers only to the process of oxidation taking place on
the back side of a wafer. Concomitant with the pro-
cess of oxidation shown in Fig. 6, at pressures below
10 mTorr, deposition of oxide is taking place on the
front side of a wafer in accordance with the discussion
in Part 1. If an experiment is conducted, however, at
pressures in excess of 10 mTorr, the front side deposi-
tion ceases and, of course, the process described in Fig.
6 continues to occur. One other point with respect to
Fig. 6 which describes back-side oxidation is that the
experiments were conducted at generator output
powers in which the front-side deposition rate was
very small compared to the rate of oxidation. This
point is important because in the experiments to be de-
scribed at a later date, it will be shown that the back-
side oxidation rate is affected by the thickness of an
oxide on the front side. One other important aspect of
the pressure effect is at pressures less than 10 mTorr,
the plasma is not well confined by the silicon wafer,
while at pressures greater than 10 mTorr, the visible
plasma is totally confined by the wafer. This confine-
ment phenomenon which is striking to observe depends
not only on the pressure but also on the frequency of
the applied field. The confinement is readily obtained
from 0.5 to 3 MHz and very difficult to obtain at 13.6
MHz. When confinement is not obtained, the back-side
oxidation rate is dramatically decreased. Figure 7
shows the thickness of oxide grown as a function of
time for two generator output powers. Since with in-
creasing power from 1 to 2 kW, there is only a small in-
crease in oxide thickness, most of our experiments
were carried out with 1 kW power. The effect of the
frequency of the applied field on the thickness of the
grown oxide as a function of time is shown in Fig. 8.
With increase in frequency from 0.5 to 3 MHz, there is
about a 20% increase in oxide thickness. The higher
frequency was used in most experiments to obtain
higher growth rates. As shown in Fig. 9, the thickness
of oxide grown in a fixed time experiment was found
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Fig. 7. Thickness of SiOz grown at 475°C as a function of time
for 1 and 2 kW generator output powers.
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Fig. 8. Thickness of SiO> grown at 475°C as a function of time
for applied field frequencies of 0.5 and 3 MHz.

not to depend on the resistivity of a silicon wafer. At
these low oxidation temperatures, dopants are practi-
cally immobile and they are not expected to play a
role in the oxidation rate. Oxide thickness as a function
of time for <111> and <100> orientation silicon
wafers is shown in Fig. 10. Oxide thickness was found
to be independent of silicon orientation also, supporting
the rate data which indicate a mass transport limited
growth process. Since the linear regime, if at all pres-
ent in our experiments, was probably confined to times
less than 10 min, no distinction between the two silicon
orientations was possible for the initial stage of the
growth process. The effect of temperature on the thick-
ness of oxide grown as a function of time is shown in
Fig. 11. Temperature has more of an effect in the para-
bolic regime than in the initial regime. If we define a
parabolic rate constant K, as dox2 = K,t for the para-
bolic regime, then the activation energy of K, is found
to be 0.16 eV compared to 1.3-2.3 eV (4, 5) observed for
the thermal oxidation of silicon. This is, of course, ex-
pected in view of the low temperatures at which we
are able to effect oxidation. It should be noted, based
on the above, that at 540°C, growth rates comparable
to dry thermal oxidation at 1100°C can be achieved by
plasma oxidation, but the oxidation rate is strongly
limited by the wafer distance from the plasma zone.
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Fig. 9. Thickness of $iO2 grown at 475°C for silicon wafers of
different resistivities.
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Fig. 10. Thickness of SiO2 grown at 455°C as a function of time
for <111> and <100> oriented silicon wafers.
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Fig. 11. Thickness of SiOs grown as a function of time at 340°,
400°, and 475°C.

Masking Studies

Some interesting observations were also made when
a mask material was used. Ligenza (6) reported using
Al as an oxidation mask. However, in our case, Al
oxidized preferentially to Si and the rate of silicon
oxidation, when 50% of the wafer was uniformly
masked with Al, was a factor of approximately three
less than that of an unmasked silicon wafer. This be-
havior indicates a large sticking coefficient on the Al of
the oxidizing species and is reminiscent of epitaxial
growth behavior on Ge and ZnO reported previously
by one of the authors (7-9). However, when MgO was
used as a mask material, exposed Si areas oxidized at
the same rate as that of a blanket silicon wafer. SizN4
was also found to be an effective oxidation mask ma-
terial and like MgO did not affect growth rate on un-
masked surfaces. However, difficulty was encountered
in etching SisN4 preferentially to SiO, after plasma
oxidation using this masking material. SIMS studies
indicated that the surface of the SizNy is oxidized,
probably to SiO,N, during plasma oxidation. The bird’s
beak effect described by Bassous et al. (10) was ex~
amined using 200 nm of MgO as a mask. After about
380 nm of plasma oxide was grown, the MgO was dis-
solved in a saturated ammonium oxalate solution at
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room temperature, and the Si-SiO; interface was ex-
amined using SEM. It is evident from Fig. 12 that the
bird’s beak effect is apparently absent in plasma oxi-
dation. SigN4 directly on top of silicon surface may
minimize the bird’s beak effect in conventional oxida-
tion but the stress at the SizN;-Si interface dam-
ages the underlying silicon at high temperatures. In
order to avoid the generation of dislocations and other
defects, a pad oxide must be used between the SizN,
and the silicon surface. This pad oxide provides a
diffusion path for oxidation and gives rise to a bird’s
beak. The ability to plasma oxidize silicon at lower
temperatures enables one to place the oxidation mask
in direct contact with silicon and thereby eliminate
bird’s beak formation.

Properties of Plasma Grown SiO.

The properties of plasma SiO, grown at 500°C were
studied and were compared to thermal SiO, grown at
1100°C. The results are summarized in Table I. The
refractive indexes were determined at 632.8 nm using
ellipsometry. The etch rates of plasma and thermal
SiO; were compared by etching simultaneously the
two types of oxide in 1:9 (40% HF:49% NH,F) solu-
tion at room temperature. The stress (or) at the Si-
Si0, interface was calculated knowing the film thick-
ness (i), substrate thickness (ts), and the radius of
curvature of the silicon substrate (R), using the
formula

_ E, t2 1
T 6(l—v) tt R

where E; = Young’s modulus of the silicon substrate
and ys = Poisson’s ratio.

In order to get an accurate measurement of the
radius of curvature, 7 mil thick wafers polished on
both sides were used. About 450 nm of SiO, were
grown by plasma oxidation or by thermal oxidation at
1100°C. Oxide was then etched from one surface of the
wafers, The compressive stress in SiO; results in elas-
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Fig. 12. SEM micrograph of the cross section of a silicon wafer
after oxide growth showing the apparent absence of bird's beak
effect.



Vol. 128, No. 11

Table . Properties of plasma SiO2 grown at 500°C compared to
thermal SiO2 grown at 1100°C

Plasma SiO»
500°C growth

Thermal SiO2
1100°C growth

Properties temperature temperature
Etch rate in 1:9 BHF (nm/min) 74-76 75
Refractive index 1.461-1.465 1.462
Stress (dynes/cm?) 1.5-1.6 x 10" 3.1-3.4 x 10"
Fixed charge (No./cm®) 2-6 x 10 2 x 10"
Interface states (No./cm® eV) 2-6 x 1010 2 x 101
Retention time (sec) ~100 >500
Breakdown strength (MV/cm) 4-8 10
Boron depletion Absent Present
Bird’s beak effect Absent Present
Oxidation-induced defects Absent Present

tic bending of the wafer. The radius of curvature of
the silicon wafer was determined by an automatic
x-ray diffraction technique described by Segmuller
et al. (11). The stress for plasma oxide was determined
to be 1.5-1.6 X 109 dynes/cm? and that of thermal
oxide was 3.1-3.4 x 109 dynes/cm2. The difference in
stress can be explained by the different growth tem-
peratures and the subsequent cooling to room tempera-
ture. If we assume that strain at the Si-SiO. interface
is proportional to the difference in thermal contraction
of Si and SiO, during cooling from the growth tem-
perature, and that the intrinsic stress at the growth
temperature is negligible, then we can write strain «
(asi — asiog) AT where asi and asioo are the coefficients
of expansion of Si and SiO,, respectively, and AT is the
difference between the growth temperature and room
temperature. Thus, the ratio of stress in plasma oxide
(500°C) and thermal oxide (1100°C) is expected to
be (1100 — 23)/(500 — 23) = 2.27, close to 2.1, the
ratio of the experimentally determined stress values.
Since the deformation in silicon is elastic in nature as
evidenced by the absence of slip in the oxidized wafers,
the rate of cooling from the growth temperature to
room temperature is not important.

Fixed charge and interface-state density for oxides
grown on <100> Si wafers were determined using
high frequency and quasi-static C-V techniques. As-
grown oxides exhibited large negative flatband volt-
ages and high surface-state density (3 x 10!2/cm?2 eV).
Figure 13 shows high frequency (solid line) and quasi-
static (dotted line) C-V curves of Al-SiO»-Si capaci-
tors with only a standard postmetal anneal (400°C, 20
min, forming gas). No high temperature postoxidation
heat-treatment was given to these capacitors prior to
metallization nor were they premetal annealed at a

ANNEAL: 400°C, 20 min, FORMING GAS
dox =325 nm Ng = 6x10/%cm?
N;t=6x10'%7cm2ev

600 —

400

CAPACITANCE (pF)

200

| ] 1 |
-4 -2 (o] 2
VOLTAGE

g .

Fig. 13. High frequency and quasi-static C-V curves of plasma

SiOy capacitor after postmetallization anneal in forming gas at
400°C for 20 min.
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lower temperature, The postmetal anneal fixed charge
density calculated from the flatband voltage was
6 x 1019/cm?2, and the surface-state density at midgap
was found to be 6 x 1019/cm?2 €V. When, in addition to
the standard postmetallization anneal, a postoxidation
heat-treatment (1000°C, 20 min, Ar) was given, both
the fixed charge and surface-state density values
dropped to 2 x 101%, Another postoxidation heat-treat-
ment at 1000°C for 15 min in dry O, followed by 5 min
in Ar also reduced the fixed charge and surface-state
density to the same value. However, the postoxidation
heat-treatment in dry O, also improved the breakdown
strength of plasma oxides considerably. A breakdown
strength histogram on one hundred capacitors with
different postoxidation heat-treatments is shown in
Fig. 14. Plasma oxides without any postoxidation heat-
treatment exhibited breakdown strengths of 3-4 MV/
cm. The postoxidation heat-treatment at 1000°C in Ar
did not change this breakdown histogram. However,
after postoxidation heat-treatment in oxygen, the
breakdown strength increased to 7-8 MV/cm. During
the heat-treatment in oxygen, another 5 nm of thermal
Si0; were formed in addition to the 35 nm of plasma
oxide already present on the wafer. The improvement
in breakdown strength cannot be accounted for by
this additional 5 nm of thermal SiO,. The improve-
ment is also not due to the densification of SiO» at high
temperature since the argon anneal at the same tem-
perature did not improve breakdown characteristics. It
is possible that some kind of stoichiometric change in
plasma oxide takes place during annealing in oxygen.
One aspect of our experimental technique which is sus-
pect is the use of liquid nitrogen baffled mechanical
pumping to maintain desired pressures during oxida-
tion. This is accompanied unavoidably by oil back
streaming which may incorporate carbon into the ox-
ide films. The oxygen treatment may remove these de-
fects.

In order to establish the presence or absence of oxi-
dation-induced stacking faults and other defects, about
400 nm of plasma SiO, were grown on a silicon wafer,
the oxide was subsequently stripped in BHF and the
silicon surface was etched in Wright etch for 40 sec.
The etched silicon surface was then examined using
optical microscopy. No oxidation-induced stacking
faults or other defects were observed. Plasma oxida-
tion thus has definite advantages over thermal oxida-
tion from the defect and bird’s beak elimination point
of view, both of which advantages arise because of the
lower oxidation temperatures employed.

100

80 — dox=35nm

60 — NO POSTOXIDATION
HEAT TREATMENT

40 —

20 (—

100

80 — 1000°C, I5min Oz & 5 min Ar
60 — dox=40nm

40 —

20 —

100
80 —

% BREAKDOWN

1000°C, 20 min Ar
dox =35nm

40 —

20

| |
| 2 3 4 5 8
E (MV/cm)

Fig. 14. Breakdown histogram of plasma SiO; capacitors with
different postoxidation heat-treatments.

-
7 8 9
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Conclusions

From the experimental results described in this
paper, we can conclude that oxide formation in an oxy-
gen plasma in the pressure range above 10 mTorr is
solely due to silicon oxidation. 1'he process of oxidation
involves placing the wafer surtace to be oxidized fac-
ing away from the plasma, close to the plasma genera-
tion region, and perpendicular to the direction of gas
flow. The oxide thickness grown in a fixed time experi-
ment increases with increasing power, temperature,
frequency of the applied field, and decreases with in-
creasing pressure and distance of the wafer from the
plasma. Oxide thickness was found to be independent
of the resistivity and crystallographic orientation of
the wafer. The growth rate and properties of SiO»
grown in an oxygen plasma at 500°C were comparable
to thermal SiO, grown at 1000°-1100°C. Low fixed
charge and interface-state densities were obtained
following only a low temperature postmetallization
anneal. Followirg a short postoxidation anneal in ar-
gon or oxygen, these values improved further by a
factor of three. Breakdown strength improved consid-
erably following a brief postoxidation heat-treatment
at 1000°C in dry Og, but not in argon. Bird's beak and
oxidation-induced defects were both found to be ab-
sent in plasma grown oxides.

Manuscript submitted Dec, 18, 1980; revised manu-
script received April 27, 1981. This was Paper 167 pre-
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sented at the St. Louis, Missouri, Meeting of the So-
ciety, May 11-16, 1980.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1982 JOURNAL.
All discussions for the June 1982 Discussion Section
should be submitted by Feb. 1, 1982.

Publication costs of this article were assisted by IBM

Corporation.
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Preparation and Electrical Properties of V.0,

Single Crystals of Controlled Stoichiometry

S. A. Shivashankar,! R. Aragén,? H. R. Harrison, C. J. Sandberg, and J. M. Honig
Purdue University, West Lafayette, Indiana 47907

ABSTRACT

V203 crystals have been grown by the skull-melting technique and sub-
sequently annealed in CO2/CO atmosphere to produce crystals of controlled
stoichiometry. Crystals were characterized by x-ray Laue back-reflection
photography, lattice parameter refinement, polarized reflected light mi-
croscopy, neutron and gamma ray diffraction, and thermogravimetric analysis.
Deviations from strict stoichiometry, V;—,0s, were found to follow the
relation y ~ fo,% in the dependence on oxygen fugacity. The dependence of
electrical resistivity on temperature was measured for two different samples,
and the variation of the temperature of metal-insulator transition with

sample composition was determined.

As is by now well recognized, V203 and its dilute al-
loys with other transition metal sesquioxides undergo
a variety of spectacular metal-insulator transitions,
which can be drastically altered by small changes in
sample composition. Approximately 400 publications
have been catalogued by us which deal with various
aspects of this problem. It has also been known for
some time that small departures from the 3/2 ratio of
oxygen/vanadium considerably affect the physical
properties of V203 or its alloys. While there is general
agreement concerning the overall effects, various
workers in the field differ from each other in their de-
tailed findings. This points up the need for a method
that permits precise control to be achieved over the
exact oxygen stoichiometry. The object of the present
publication is to report on progress in this particular
area.

1 Present address: IBM Thomas J. Watson Research Center,
Yorktown Heights, New York 10598.

2Present address: Departamento de Fisica, Universidad Na-
cional de La Plata, La Plata, Pcia. de Buenos Aires, Argentina.

Key words: electrical properties of V:03, preparatlon of V:03
single crystals, annealing procedures for V:0s,

A variety of techniques have been used to obtain
samples of nonstoichiometric vanadium sesquioxides;
these may be briefly summarized as follows: For poly-
crystalline samples, treatment of V205 or of other vana-
dium oxides in CO:/H; or CO2/CO mixtures at high
temperatures (1-3), generation of ceramic sintered
bodies by reaction of V,03 with a small quantity of
V305 or of VO in evacuated quartz ampuls (4-8), re-
duction of VO; whiskers under a variety of low partial
pressures of oxygen at 1500°C (9); for growth of single
crystals, use of TeCly or HCI as a chemical transport
agent in a gradient furnace (5, 8, 10-12), and growth
of bulk single crystals by the Verneuil flame-fusion
technique (13, 14), utilizing different H/O; ratios, and
by the Reed tri-arc technique (15, 16).

Physical investigations carried out on the resulting
ceramic specimens include phase equilibria studies (1,
3, 4, 15, 17), heat capacity measurements at ordinary
temperatures (9) and in the cryogenic temperature
range (10), lattice parameter determinations by x-ray
diffraction techniques (2, 5, 8, 11), magnetic suscepti-
bility investigations (2, 4, 6, 8, 14), electrical resistivity
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measurements (4, 5, 8, 11-14), Seebeck coefficient stud-
1:es (13), optical measurements (9), electron microscope
imaging (12), NMR and Mossbauer techniques (7, 8),
2(1;1;1 inelastic neutron spin-flip scattering investigations

Growth of Single Crystals

The common deficiency in most of the techniques for
growing cingle crystals is the lack of adequate control
over the ambient. This i1s manifested in a recent in-
vestigation on V03 single crystals grown in this lab-
oratory either by the Reed tri-arc technique (15,16) or
by CVT, using TeCly as the transporting agent (16).
With the aid of polarized reflected light microscopy
Aragén (18) has demonstrated the occasional presence
of higher oxide phase domains in these V03 single
crystals, even though they appear to be single phase
and homogeneous in x-ray diffraction patterns. To
remedy this problem, and to obtain a homogeneous
sample of precisely defined stoichiometry, thin slices
cut from single crystalline boules were annealed in a
variety of different CO;/CO buffering atmospheres. By
altering the COy/CO ratio one may precisely control
the equilibrium fugacity of oxygen, fo,, and thereby
achieve the variations in oxygen stoichiometry dis-
cussed below.

Single crystals of V203 were grown in a skull-melt-
ing apparatus; the principles, techniques, and operating
procedures have been repeatedly described elsewhere
(19-26). Provision was made for operation in a vac-
uum/gas chamber (volume ~ 125 liters) for control
of the ambient (25, 26). The charge for each skull-
melter run consisted of approximately 500g of V,03;
powder obtained by reducing 99.9% Cerac/Pure V305
(placed in alumina boats) in flowing hydrogen at
1000°C for 10 hr. Traces of water present in the hydro-
gen used for reduction were removed by passing the
gas over copper mesh at 0°C. A susceptor is required to
initiate the melting of the Vy0; powder in the skull
melter; it was found that a relatively small polycrystal-
line piece (10-20g) of previously produced V203 served
this purpose very well. Two separate runs with COy/
CO mixtures in the ratio of 25/75 were carried out, em-
ploying gas flow rates in the range 5-10 1/min at dif-
ferent stages of the melting process. Although these
experiments had to be terminated early because of
technical difficulties arising from the high electrical
conductivity of V.03 at elevated temperatures, single
crystals as large as 10 X 6 X 5 mm? were nevertheless
obtained in the center of the boules. These crystals
were singularly free of voids and cracks that often
blemish V,0j3 crystals grown by the tri-arc (Czochral-
ski) technique. This material then served as the start-
ing point for the annealing process described below.

Subsolidus Annealing Procedures

Specimens grown by the above process were an-
nealed under controlled CO2/CO atmospheres at tem-
peratures below their melting point. Figure 1 provides
information on the stability range of the various va-
nadium oxides; the upper part of this phase diagram
is taken from the compilation by Okinaka et al. (27)
of experimental results published by Katsura and co-
workers (1, 3). The V203/VO/V boundaries were cal-
culated by us from data on the free energies of forma-
tion collected by Reed (28). As the data incorporated
in the phase diagram (Fig. 1) are taken from different
sources, the phase boundaries as indicated are not con-
sidered to be precise. Included in this diagram is a set
of well-calibrated fo, values corresponding to a variety
of different CO,/CO mixtures, as specified by Deines
et al. (29). It is seen that as one lowers the ratio r =
COy/(CO3 4+ CO), the volume percentage of CO» in the
mixture, from approximately 90% to about 5%, one
should be able to generate V03 compositions bordering
from the most oxygen-rich to the most oxygen-poor.
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Most of the annealing runs were carried out at 1200°C
in a horizontal resistance furnace 60 cm in length,
under a typical gas flow of 20-50 cm/min. Provision
was made for rapid quenching of the specimens at the
end of the run in the controlled atmosphere. Gas flow
was carefully regulated by utilizing two-stage regu-
lators on the gas cylinders. The desired CO3/CO ratio
and mixing of the gases was achieved with a Matheson
7372 gas proportioner equipped with precision NRS
flow-control valves. V,03 single crystals, cut into thin
plates by use of a low-speed diamond wheel saw, were
placed in a silica tube plugged loosely with silica wool.
Silica wool by its baffling action aids the equilibration
of the sample with the flowing gas mixture. Calcula-
tions (30) based on estimated cation diffusion rate con-
stants for Al;Oj;, Cr;O3, and Fe;O3 (31) showed that
annealing times of ~75-100 hr should suffice to gen-
erate a uniform oxygen stoichiometry in plates of 300
micron thickness of V03 at 1200°C. Annealing times of
75 hr were generally used.

A few runs were also carried out in a vertical resist-
ance furnace at 1400°C; however, because of large tem-
perature gradients and fluctuations the annealing con-
ditions could not be regulated as closely.

Several annealing experiments were also carried out
with solid buffers: VO/V.03, Fe/FeO, FeO/Fe304, and
Ni/NiO, corresponding to values of log fo, (atm) =
—21.4, —14.8, —12.3, and —10.1, respectively at 1000°C
(32). Specimens to be annealed were cut into plates
approximately 250 microns in thickness and placed in
a silica tube with roughly five times their weight of
the solid buffer mixture. The tube was then evacu-
ated, sealed, and placed in a furnace at 1000°C for 100
hr, and finally quenched to room temperature.

Characterization
Samples were characterized by several different
techniques.

X-ray Laue back-reflection photography.—Laue pho-
tography was used primarily to confirm that the domi-
nant phase present in the annealed single crystals was
the corundum V20; phase. At 1200°C the corundum
phase covers the range —7.7 2 log fo, 2 —14.7 (nomi-

nal).

X-ray lattice parameter refinement.—Lattice param-
eters of annealed single crystals were determined and
refined with an ENRAF NONIUS CAD-4 diffractome-
ter, controlled by a PDP-8/e minicomputer. Molyb-
denum Ka; and Kay radiation was used, with a graphite
monochromator in the detector arm. Within the detec-
tion limit of roughly 2-5%, no extraneous phases were
found in single crystals annealed under the conditions
specified above.

Polarized reflected light microscopy.—Annealed
single crystals were examined by polarized reflected
light microscopy which is a sensitive technique for de-
tecting extraneous phases. Samples annealed in the
solid-solid buffer mixtures mentioned above showed
evidence of phase segregation. By contrast, samples an-
nealed under CO,/CO proved to be consistently mono-
phasic in the range —7.7 2 log fo, > —14.7 (nominal,
1200°C). All electrical measurements were carried out
on single crystals annealed in these gaseous buffered
atmospheres.

Neutron and gamma ray diffraction.—Skull-melter
V203 crystals annealed in COy/CO have recently been
examined by neutron and gamma ray diffraction (33).
Compared to unannealed V03 grown by the tri-arc
technique, these samples showed very much narrower
and taller diffraction peaks. The annealed samples also
proved to be of very homogeneous composition.

Thermogravimetric analysis.—The oxygen content of
the samples annealed at various oxygen partial pres-
sures was determined by thermogravimetric tech-
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Fig. 1. Stability diagram of part of the V-O system in log fo,-

t repr i Solid lines (with dashed extrapola-
hons) are phase boundaries; dotted lines, CO2/CO gas mixtures;
numbers are volume percentages of COg, ie.,, CO2/(CO 4 COo).
Note melting point of V203 = 1967°C.

niques. A single crystal weighing approximately 200
mg was annealed at a series of different fo, in the range
—8.0 > log fo, 2 —12.0 at 1200°C for 80 hr, quenched
at the end of each annealing run, and weighed with a
precision of *+ 1 ug. As a final step, the sample was
annealed at a value of log fo, = —11.0 at 1200°C and
reweighed; this is thought to correspond to the condi-
tion required to achieve stoichiometry (1). The sample
was then oxidized in pure oxygen to V205 at 670°C in
a du Pont 951 Thermogravimetric Analyzer. This in-
strument is capable of 0.4% accuracy in differential
weight measurements. It was thus determined for the
sample annealed at log fo, = —11.0 at 1200°C that the
final composition was given by V2-,03, with y < 0.001,
From the mass determinations at the different fo, val-
ues it was possible to establish a correspondence be-
tween composition and equilibrium oxygen fugacity at
a given temperature.

The results so obtained are shown in Fig. 2 as a plot
of log y (in Va_,03) vs. log fo, (oxygen fugacity)
at 1200°C; least-squares fitting of the data yields a
straight line with a slope of 0.74. This power law may
be understood in terms of the simple point defect
scheme (34)

1 1 1
V8+ 4 = Og = — Vi + Vi+ 4+ —02-
F Oy Vo Vit 4

where, in the Kroger-Vink notation, V,* denotes a
neutral vanadium vacancy. This scheme predicts an
equilibrium vacancy concentration

[V3+]

V] = T
[Vi#] = K(T) Vit

fog?/4

where K(T) is the equilibrium constant and concentra-
tions are taken to be equivalent to the corresponding
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Fig. 2. Deviation from stoichiometry (y in V2—,03) as a func-
tion of log fo, for V203 at 1200°C.

activities. This is equivalent to the observed relation
y ~ fos?/4 (34, 35).

Electrical Measurements

We conclude with a brief report on the variation of
the electrical properties of Va—,O3 with increasing y,
prepared as described above. Figure 3 shows the varia-
tion of the electrical resistivity p with temperature T
for samples with y = 0.0 and 0.017, displaying the
sharp, first-order transition from metallic (M) to the
antiferromagnetic insulating (AFI) phase. While the
progressive lowering of the transition temperature (Tt)
in Vy_,03 with increasing y has been previously re-
ported (4, 8), new features emerge from the present
investigation. Transition temperatures as low as 14K
have been observed, in contrast to the previously low-
est transition temperature of ~50K reported earlier

8t
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& log fo,= = I1 ¥=0017
| 2potal T,-26 3K
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-3
[¢] 5 10 15 20 25 30 35 40 45

1000/T(K™)

Fig. 3. Metal-insulator transition in V2,03 for single crystals of
widely different stoichiometry, log p vs. 1/T. (@) y = 0.0, Tt =
152K; (b) y = 0.017; T, = 26 K.
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(8). The resistivity discontinuity remains large for all
y; indeed Ap increases from about 108 Q-cm at y = 0
(T = 1562 K) to about 10!2 g-cm at y ~ 0.017 (T, =
14.0 K). At the same time the hysteresis in the transi-
tion temperature (AT:) increases from 12 to 63 K.
Earlier studies showed constant values of Ap and AT}
independent of the deviation from stoichiometry (8).

Figure 4 shows a phase diagram for V3-,0s based on
electrical resistivity measurements. This provides a
modification of the phase diagram given by Ueda et al.
(8), by extending the M-AFI boundary to ~11 K for
Y ~ 0.017. T, declines at first rather slowly with in-
creasing y, until a range approaching y ~ 0.014 is
reached; there is then a precipitous decline in T with
further departures from strict stoichiometry. The M-
AFTI transition disappears altogether at a critical value
of y ~ 0.018; for greater departures from the 3/2 ratio
of O/V, the material remains metallic at all tempera-
tures and undergoes antiferromagnetic ordering below
11 K. This AF ordering, investigated earlier by Ueda
et al. (6) through Mossbauer studies, was confirmed in
our present studies by the observations of anomalous
behavior of electrical resistivity near the magnetic or-
dering temperature. A more detailed discussion of
these findings will be provided elsewhere.
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p-Type NiO as a Photoelectrolysis Cathode
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ABSTRACT

From an experimental study of p-type NijgsLip.2O as a cathode for the
photoelectrolysis of water, we have determined its flatband potential [+0.1V
(SCE) at a pH of 9.2] and its bandgap (3.47 eV, indirect). The electron affinity
of NiO is only 1.4 eV, which is unusually small compared to most other
oxides; this is due to the valence band being mainly nickel-3d type instead
of the usual oxygen-2p type. The relevance of 3d valence bands to the per-
formance of semiconducting photoelectrodes is discussed.

The photoelectrolysis of water using semiconducting
electrrdes has been the subject of intensive research
recently (1,2). For solar applications, electrode mate-
rials must have the following properties (apart from
being good conductors): (i) A bandgap larger than
1.23 eV but smaller than 3 eV; (ii) a flatband poten-
tial which is sufficiently negative (for n-type photo-
anodes) or positive (for p-type photocathodes) so
that a depletion layer of the proper sign is formed
without the need for an external bias, and (iii) ex-
cellent chemical stability, both in the dark and under
illumination. The last requirement limits the field of
possible materials to oxide semiconductors. Nearly all
oxide materials investigated so far have been n-type.

Stoichiometric NiO is an insulator, but it can be
doped with lithium to give a good conducting p-type
material. The conductivity mechanism has been a sub-
ject of some controversy, but an exhaustive review
(3) of experimental data shows that the free holes
move, with low mobility, in a narrow valence band
made up mainly of 3d-type wavefunctions origi-
nating from the Ni2+ jons. Because of the low mobility,
heavy doping is necessary to achieve acceptable con-
ductivity; this, in turn, will produce narrow de-
pletion layer widths so that the efficiency of an NiO
photocathode is expected (and found) to be low.
However, since both flatband potential (4) and band-
gap data (5) are available, we thought it worthwhile
to measure the properties of NiO as a photocathode.

In this paper we report the photocurrent-potential
characteristics and the spectral quantum efficiency of
Nig.9sLig.020. From the data we obtain the flatband
potential and bandgap, which are in good agree-
ment with the literature values. We then calculate
the electron affinity of NiO, which is much smaller
than the values reported for most other oxides; we
propose tnat this is due to the d-type valence band.
Finally, the implications of our results for the search
for suitable solar photoanodes are discussed.

Experimental

Polycrystalline samples of NiggsLigo2O and
Nig.g5Lig.050 were prepared by thoroughly grinding
NiO powder (Fischer Reagent Grade) moistened with
the appropriate quantity of LiNOj; solution. After
drying, disks (area 1.2 cm?, thickness 0.1 cm) were
pressed and subsequently fired at 1000°C for 12 hr in
air. The disks were then reground, re-pressed, and
finally fired for 24 hr at 1450°C, during the final
firing the disks were embedded in NiO(Li) powder
to prevent lithium loss by evaporation. Disks so pre-
pared had reproducible and stable photoelectrolytic
properties. If the final firing was done at a lower
temperature, then photocurrents slowly decreased in
time; we ascribe this to lithium leaching. Qualitatively

* Electrochemical Society Active Member.

R Key words: semiconductor, electrode, phétoelectricity, electroly-
818,

the polycrystalline samples with 2 and 5% Li, and a
single crystal sample with 0.2% Li, showed the same
behavior; the 2% Li samples (with a resistivity of 9
+ 1 ocm) showed the largest photocurrents, and all
data reported are for this composition.

Experiments were performed in a one-compartment
cell; solutions (from reagent-grade materials) were
flushed continuously with hydrogen or oxygen. The
counterelectrode was 7 cm? of platinized Pt. All po-
tentials are with respect to SCE; measurements were
made potentiostatically. Photocurrent measurements
were made with pulsed light from a 150W xenon are
(0.81 W/ecm? intensity at the sample); the time de-
pendence was recorded with a digital storage oscillo-
scope. For the quantum efficiency (n) measurements
the monochromatic light pulses were shaped such
that only the instantaneous photocurrents were mea-
sured with a lock-in amplifier. For a given sample
the n values were reproducible to +3%, but varia-
tions of +20% were found between different samples.

Results
On exposing the sample, in hydrogen-flushed 0.1M
NayHPO4 solution, pH = 9.2, to “white” xenon arc

light the cell current increased within one msec to a
maximum value; it then decayed relatively slowly to
a smaller steady-state value. We define (Fig. 1) im as
the instantaneous photocurrent and is as the steady-
state photocurrent, both corrected for the dark cur-
rent ig. These currents are shown in Fig. 2 as a func-
tion of sample potential. This general behavior was
observed in 0.1M phosphate solutions ranging in pH
from 1 to 12, in 0.2M solutions of Na»SO;, Na.HPO;,
Na;COj;, and in 0.01M KOH. Changing the counter-

+100—

+
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CURRENT (A)
g

-100

€—Light On—>¢—Light

off —>

Fig. 1. The current response of Nip.9sLip.02O to a light pulse.
Electrolyte: 0.1M NagHPOy4, pH = 9.2, H» flushed. Sample poten-
tial —0.45V (SCE).
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Fig. 2. The instantaneous photocurrent in, the steady-state
photocurrent is, and the dark current iy of Nig.osLip 020 as a
function of sample potential V(SCE). Electrolyte: 0.IM NasHPOy,
pH = 9.2, Hy flushed.

electrode from Pt to metallic LaggSro.1CoO3 made no
difference. Only in 0.01M KOH solutions flushed with
oxygen was is much larger, approximately 90% of
im in the potential range of 0 to —1.0V. In phosphate
solutions the onset potential Von, defined where im
equals 1 xA (Fig. 2) was equal to +0.07 = 0.05V
(SCE) at pH = 9.2; it shifted regularly 0.056 =+ 0.005
V/pH unit more positive with decreasing pH. The
quantum efficiency n (defined as the ratio of the in-
stantaneous photocurrent density and the incident
photon flux) is shown as a function of the photon
energy (hy) in Fig. 3. n is proportional to the optical
absorption coefficient « if the depletion layer width
and the minority carrier diffusion length are both

6.0 T T T T T T 7177
50 =
4.0 .
s
x 30T =1
N
(@)
— 20F -
10 F -
0 1 1 1 1
33 35 37 39 4l 43

PHOTON ENERGY (hv)

Fig. 3. The quantum etticiency n as a function of photon energy
hy, at an electrode potential of —0.7V (SCE).
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smaller than a1 (6); these conditions are met in our
heavily doped samples. Then the bandgap Eg can be
determined from a linear plot of (nhy)'/m ws. (hy);
the most linear plot was obtained with n = 2 (Fig. 4),
indicating that the optical transition from the valence
to the conduction band is indirectly allowed. E; was
found to be equal to 3.47 * 0.04 eV (average for five
samples).
Discussion

The value of the bandgap for NiO found by us is at
the lower end of the range (3.4-3.7 eV) of values
determined from absorption measurements (5). The
spread in the reported values for Eg is probably due
to the existence of strong crystal field absorption and
lithium-induced optical absorption in the visible,
which overlaps the bandgap absorption (7). These
complications are unimportant for the photoelectroly-
sis experiment, which is sensitive only to that part of
the overall absorption spectrum in which electron-hole
pairs are produced by photon absorption.

At least two reactions are possible at the NiO
cathode: hydrogen generation by photoelectrolysis
and reduction of NiO according to NiO + HyO 4 2e~
- Ni 4+ 20H~. The decomposition potential for the
latter reaction is —0.62V (SCE) at pH = 9.2; the
rapid rise in the dark current iy for sample potentials
less than —0.9V (Fig. 2) suggest that there the NiO
reduction contributes substantially to the cell cur-
rent. However, in the potential range —0.9 to +40.1V
the instantaneous photocurrent iy, is large with re-
spect to iq; we assume that here the dominant reaction
is photoelectrolysis.

The rapid rise in the photocurrent, on exposing the
sample to light, and its subsequent slow decay to a
lower steady-state value have been observed previ-
ously for the n-type photoanodes TiO; and Fe;Os.
Hardee and Bard (8) have proposed the following
explanation for this behavior: On exposure to light
an intermediate electrolysis product is formed by a
fast forward (cathodic) reaction; this intermediate
is unstable at the applied electrode potential and is
subsequently re-oxidized in a slower back-reaction.
The back-reaction slows down with increasing cath-
odic potential, so that at sufficiently negative poten-
tial is will be equal to im. This explanation may be
valid for p-type NiO as well, but our experimental

05}
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1 1 1

33 35 37 39 4l 43
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Fig. 4. Determinati
a plot of (Mhp)1/2 vs. hy.

of the bandgap Eg for Nig gslio.020 from



2478

results give no indication of the nature of the inter-
mediate species. However, the iy vs. V curve (Fig. 2)
has the characteristic shape of a photoelectrolysis
curve, and we take the flatband potential Vg of NiO
equal to or slightly more positive than the onset po-
tential Von. At pH = 9.2, Vgp is therefore + 0.1 =+
0.05V (SCE).

A possible objection can be raised against this
identification of Vg with Von, since in some p-type
materials [LuRhO; (9), GaP (10)] Von is not identi-
cal to Vgg. The clearest case is p-GaP, where Vo is
0.7V more negative than the Vyg determined from a
Mott-Schottky plot of the differential capacitance.
This is due to the presence of an active electron-hole
recombination center situated 0.7 eV above the val-
ence band; evidence for this is a small maximum in
the quantum efficiency spectrum at a photon energy
0.7 eV less than the bandgap energy. We consider it
very improbable that a similar situation exists for
NiO, for the following reasons. First, a careful search
for a small maximum in n at photon energies less
than E; was a failure. Secondly, our Vpp value, ex-
trapolated from pH = 9.2 to pH = 1 by 0.059 mV/pH
unit, is +40.58V; this is very close to the value
(40.64V SCE) found previously (4) from a Mott-
Schottky plot. Therefore we take Vep = +0.1V at
pH = 9.2.

We can now calculate the electron affinity EA of
NiO from the relation (10)

EA — eVpg — Eg + eAEr + eV + 4.74 [1]

Here AEf is the energy difference between the Fermi
level and the top of the valence band, and Vy is the
potential drop in the Helmholtz layer due to absorbed
H+/OH~ ions; we take the SCE level 4.74 eV below
vacuum (Fig. 5). AEy, calculated (3) from the hole
concentration and the hole effective mass (6 m,) is
less than 0.1 eV for our samples, and can be neglected.
In general Vy is pH dependent according to Vg =
0.059 (pH-P,) where P, is the pH of zero charge for
the NiO-solution interface. From electrophoresis ex-
periments (11) P, has been estimated as 10.2 for NiO,
with a probable accuracy of one pH unit. At pH =
9.2, Vy is therefore unlikely to be larger than 0.1V,
and it can be neglected as well. Taking all uncertain-
ties into account, we find therefore EA = 1.4 + 0.2 eV
(Fig. 5).

In NiO the valence band is therefore located 4.9
eV below the vacuum level; for most other oxides
the valence band lies 7.0-7.5 eV below vacuum (12,
13). This is due to the fact that in NiO the valence
band is made up mainly from Ni-3d type wave func-
tions (3), instead of O-2p wave functions as for

07 —————— VACUUM
T zzczsrs conpUCTION BAND
2--
44
| B S.C.E
F RSN 34 VALENCE BAND
6--
T STAOTORY 2@ BAND
B_.
(eV)

Fig. 5. Energy band scheme for NiO. The width of the 3d valence
band is uncertain [Ref. (3)].
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most other oxides. Photoemission experiments (14)
indeed show a p-bandedge approximately 2 eV below
the d-bandedge. The O-2p band is therefore at its
usual position of 7 eV below vacuum, but it is not
the valence band in NiO.

Butler and Ginley (15) have proposed a scheme to
calculate both P, and EA for a compound from the
electronegativities of the constituent atoms. For NiO
such a calculation leads to a predicted P, of 8.5 (in
fairly good agreement with the experimental value
of 10.2), and an EA of 4.01 eV, (in contrast with the
experimental value of 1.4 eV) which would place the
valence band at 7.5 eV below the vacuum level. This
is very close to the position of the O-2p band, and it
suggests strongly that the predictions from the Butler
and Ginley scheme will be correct for oxides with
O-2p valence bands, but will be incorrect for mate-
rials with d-type valence bands.

It is clear from our results that p-type NiO is not
a good photocathode for solar photoelectrolysis; al-
though the spontaneous band bending is sufficiently
large (0.8V), its large bandgap and the back-reaction
render it unsuitable. However, materials which, like
NiO, have EA + Eg ~ 5.0 eV could be good photo-
anodes if they had n-type conductivity. For the pres-
ently known n-type oxide photoanodes the sum of
EA and Eg seems to be 7-7.5 eV (12), so that materials
with suitably small Eg do not operate spontaneously,
but need an external bias to form the depletion layer.
Our results show that n-type oxides with a 3d valence
band could have the desirable combination of both
small Eg; and small EA, if the 3d valence band lies at
least 2 eV above the O-2p band. Regrettably we can-
not test this prediction with NiO, since it cannot be
doped n-type.

From the review (2) of the data presently avail-
able, it is already clear that not all 3d semiconducting
oxides will have suitable valence bands; for example,
the oxides containing Fe3+ (3d%) and Zn2+ (3d10) ions
have a valence band approximately 7 eV below vac-
uum. However, photoemission data for CupO(3d10) in-
dicate a valence band 5.3 eV below vacuum (16); this
value is confirmed by photoelectrolysis experiments
on CusO (17). Preliminary experiments by us on
CuO(3d?) also indicate a valence band at approxi-
mately 5 eV. Therefore, as a speculation, we suggest
that oxides based on Cut, Cu2+, Ni2+, and possibly
Co?*, if they can be made n-type, may be promising
materials for bias-free solar photoanodes.

Summary

The flatband potential of p-type NiO, determined
from the potential dependence of the instantaneous
photocurrent of an NiO/electrolyte/Pt cell, is 40.1V
(SCE), in good agreement with the literature value;
the NiO bandgap, determined from spectral quan-
tum efficiency data, is 3.47 eV. Taken together, these
two parameters indicate that the conduction band in
NiO lies unusually high, only 1.4 eV below the vac-
uum level. This, in turn, is due to the fact that the
valence band is made up of mainly 3d-type wave-
functions, instead of oxygen-2p type wavefunctions
as is the case for the majority of oxides investigated
so far. If materials with 3d valence bands can be
made n-type, then they offer the possibility of con-
structing solar photoelectrolysis cells which would
operate without an externally applied bias.
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Investigations into the Electrochromism of
Lutetium and Ytterbium Diphthalocyanines

David Walton, Brian Ely, and George Elliott
Marconi Research Laboratories, Great Baddow, Chelmsford, Essex, England

ABSTRACT

A comparison was made between the infrared, electronic, and electron
spin resonance spectroscopic properties of lutetium and ytterbium diphthalo-
cyanines, in the solid state as analytically pure powders, and after vacuum
sublimation as thin deposited films. No significant differences were observed.
Spectroscopic analysis of the sublimed films during electrochromic changes
showed that the lutetium and ytterbium complexes behaved in a similar
manner. Both gave identical variations in their electronic spectra with po-
tential. Electron spin resonance data demonstrated that the oxidative color
change is not associated with a change in paramagnetism, although the shape
of the signal from the lutetium complex was altered upon oxidation. The
ytterbium complex displayed no ESR signal before or after electro-oxidation.

Diphthalocyanine complexes of rare-earth elements
are of interest in view of their electrochromic prop-
erties (1-3). The lutetium complex displays four colors
(orange, green, blue, and purple), when an applied po-
tential is varied between ~ +1.5V (vs. aqueous Ag/
AgCl reference) in a suitable electrolytic system. Simi-
lar results are obtained whether the complex is de-
posited as a thin film on an electrode surface (3) or in
solution in dimethylformamide (4).

Recent investigations into the electrochromic changes
of the Lu complex have concerned the variation in ESR
spectrum of solutions in dimethylformamide (4), the
charge transport phenomena during oxidation (5-7)
and attempts to isolate the oxidized species (8). In this
paper we wish to report the results of some electro-
chemical and spectroscopic studies made on lutetium
and ytterbium diphthalocyanines. Comparisons are
made between the infrared, visible, and electron spin
resonance spectra of the analytically pure solids and
sublimed films of the complexes deposited on to con-
ducting glass for electro-optical devices. The voltam-
metry and the changes in the visible and electron
spin resonance spectra of the deposited films during the
electrochromic transformations are also investigated.

Experimental

Preparation.—The complexes are prepared by the re-
action of the rare-earth acetate salt with excess of
phthalonitrile, according to the method of McKay (9).

Key words: electrochromism, rare-earth diphthalocyanines, elec-
tronic spectra, electron spin resonance spectra.

The required product was isolated from the mix by ex-
traction into chloroform. Solvent evaporation gave a
green powder which was carefully washed with or-
ganic solvents (acetic anhydride, methanol, acetone) to
remove traces of a persistent impurity.

The residual deep-green powder gave elemental
analyses for the empirical formula M PcoH where M =
Lu, Yb, and Pc = CaszNs.

Thus:

LuPcoH theoretical C, 64.00; H, 2.77; N, 18.65%
found C, 64.15; H, 2.79; N, 18.57%
YbPc;H theoretical C, 64.10; H, 2.77; N, 18.69%
C, 64.01; H, 2.79; N, 18.85%
Yields 30-40%.

found

This procedure is advantageous since no lengthy chro-
matographic purification is employed, and the product
is obtained in an unsolvated condition. The empirical
formula is in agreement with the results of a recent
x-ray structural analysis on neodymium diphthalo-
cyanine (10) though the presence of the unique proton
has not been established unequivocally, and its role
in the bonding of the molecule is not clear.

Film deposition.—15 mg of the powdered diphthalo-
cyanine complex was placed in a silica crucible, 15 cm
above which a 50 cm? square of commercially available
tin-oxide coated conducting glass was positioned. The
conducting glass was a standard commercial product,
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Nesa glass, of 80-100 Q/square, supplied by PPG In-
dustries Incorporated, Pittsburgh. The apparatus was
evacuated to ~10—5 Torr and the crucible heated in-
directly to ~450°C. Sublimation of the complex oc-
curred, giving a uniform film, pale green in color, of
thickness ~2000A.

Apparatus.—Infrared spectra were recorded on Pye-
Unicam Model SP3-100 spectrometer, and visible spec-
tra on a Hitachi Perkin-Elmer Model 204, all recorded
at room temperature. ESR spectra were recorded on a
Varian Model E3 spectrometer. Film thicknesses were
measured by the interference fringe method on a
Reichert Zetopan research microscope.

Electrolyses were performed using a laboratory-
built solid-state potentiostat, based on operational am-
plifier circuits, and operating in a conventional three-
electrode mode. The working electrode comprised a
slide of tin-oxide coated conducting glass with a work-
ing area 2 X 1 cm, upon which the diphthalocyanine
complex had been deposited by sublimation. This was
suspended in an aqueous electrolyte, containing either
5% Na2SO; or 5% KCl, at pH 6-7, degassed with argon.
An EIL standard aqueous silver/silver chloride refer-
ence electrode was employed in all instances. A suit-
able counterelectrode was a 1 cm?2 piece of platinum
foil.

For cyclic voltammetry, the potential sweep was
driven by a Commodore PET personal computer em-
ploying a Hewlett Packard 59303A digital to analogue
converter working on an IEEE 448 bus through the
external input of the potentiostat. Scans could be ini-
tiated at any intermediate potential between the preset
positive and negative limits, and the potential could be
varied linearly between the limits starting in either
initial sweep direction. Current/potential curves were
recorded on a Philips PM8131 X-Y recorder. Potentials
were monitored on a Fluke series 8600A digital multi-
meter.

Electrolysis procedure.—The duration of electrolysis
and the potential required varied with thickness of the
diphthalocyanine film. Electrolyses were continued
until the color change was complete. Similar results
were obtained whether the potential was stepped di-
rectly to the final value or progressively varied to this
value over a period of several seconds. Typically at
+1.5V the initially green-colored film became orange
over a period of a few seconds, with the passage of an
electric current. The orange species was air stable over
several hours. The slide could be removed from the
electrolysis cell, washed with distilled water, dried in a
stream of nitrogen gas, and placed in a spectrometer.
By this means the ESR spectra of the oxidized species
were recorded. By returning the slide to the electrolysis
cell and maintaining a potential of ~ 0V, the green
coloration returned. Reduction at ~ —0.8V gave a blue
species. This was not air stable and returned uniformly
to green over a period of a few minutes on removing
from the cell. Further reduction at ~ —1.3V resulted
in the formation of a deep purple coating. This also was
unstable in air, and on removal from the cell it re-
verted uniformly to blue over a period of a few sec-
onds, and then to green in a few minutes. The purple
and blue species could also be converted to green
within the electrolysis cell, in the absence of air, by
the application of a small positive potential. To obtain
the visible spectra of the reduced species, the elec-
trolysis was performed in an especially adapted cell
with windows of optical glass, placed directly in the
beam.

All reagents and chemicals were of analytical grade,
purified by conventional methods.

Results
Spectral properties of thin films of diphthalocyanine
complexes.—The infrared, visible, and electron spin
resonance spectra of sublimed films of the diphthalo-
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cyanine complexes were compared with the corre-
sponding spectra of the solid powders and no significant
differences were observed.

The infrared spectrum of a lutetium diphthalocyanine
film sublimed directly onto a potassium bromide disk
is given in Fig. 1. The ytterbium complex gives an al-
most identical spectrum. The characteristic peaks at
1320 cm~1, 1112 em~!, and 724 ecm™! are observed in
the nujol mulls of the powder samples. [The presence
of absorptions at 2220 cm—1, 1515 cm—1, 1361 em™1, 760
ecm~!, and 631 cm~! (sharp) in the crude product, ob-
tained directly from chloroform extraction, shows the
presence of a persistent impurity, removed by careful
solvent washings.]

Comparison with other published infrared spectra
shows a very close correspondence in the prominent
lines for other rare earth complexes, as shown in Table
I, which lists the results of MacKay et al. (9), Kirin
et al. (11), Kirin et al. (12), Moskalev and Kirin (13),
and Misumi and Kasuga (14). There are some dis-
crepancies, for example, we do not find a line in the
region of 1070-1078 cm~1, and it is possible that this
only appears in the blue form of the rare-earth com-
plex. Some of the other workers have listed several
other minor peaks, which we did not detect in our
analysis. It is possible that some of the spectra could
indicate the presence of impurities; a particular exam-
ple is the spectrum published by Corker et al. (4),
which would indicate a high proportion of the colorless
persistent by-product which we found in our crude
preparation, and also reported by MacKay et al. (9).

The visible spectrum of a green sublimed ytterbium
diphthalocyanine film on conducting glass slide is
shown in Fig. 2, curve (a), and displays a broad main
peak at 668 nm, the half peak width being 55 nm, and
a distinctive weak and broad peak at 463 nm. The
shape of this spectrum is very similar to that of green
solutions of the complex as powder dissolved in a
range of organic solvents, though the peaks are nar-
rower in solution. Thus, in chloroform: lutetium com-
plex main peak 660.5 nm (¢ = 1.71 X 103), half peak
width 19 nm, and weak broad peak at 458 nm; ytter-
bium complex, 661 nm (¢ = 1.59 X 105) half peak
width 19 nm, 457 nm (weak). Solvatochromic effects
do not appear to be pronounced in the visible spectra
of the green complexes, and the wavelengths of maxi-
mum absorption, . max, of the lutetium (ytterbium)
complex in methanol solution is 657 nm (658 nm), and
in dimethylsulfoxide solution is 661 nm (661.5 nm).

90% 'VW

Transmittance (%)

v J T T T T
1400 1000 600

Wavenumber (cm ")

Fig. 1. Infrared spectrum of lutetium diphthalocyanine, as sub-
limed film on potassium bromide disk.
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Table I. Prominent infrared lines (cm—1)

. Ref. (13) Ref. (14). Only “metal sensitive” lines listed
This paper Ref. (9) Ref. (11) Ref. (12)
LuPc:H GdPc:H NdPc:H Nd:Pca NdPc:H YPc:H ErPc:H LaPc:H CePczH NdPc:H EuPce:H  ErPc:H  YbPc:H
724 725 726 725 726 728 729
740 741 740 740 738 743 743
778 778 772 771 768 780 783
882 881 878 880 884 880 884 881 885 886 887
1060 1054 1060 1056 1052 1057 1059 1050 1056 1062 1063 1064
1070 1075 1075 — — 1084 1070 1072 1077 1075 1078
1112 1110 1112 1114 1106 1110 1113
1320 1314 1326 1321 1321 1327
1370 — 1360
1450 1440 1448
1600 1600 1
These solvents span a wide range of dielectric constants Table II.
(Table II). These results suggest the ground and ex-
cited states of the transition to be similar in polarity, Absorp- Absorp-
unlike, e.g., merocyanine dyes where a change of di- Dielectric Dipole tion max tion max
electric produces a considerable shift in wavelength of cotsnt Tioment LuPcat DEce
7 ’ Solvent € " (nm) (nm)
maximum absorption (20).
The electron spin resonance spectrum of solid, ana-
lytically pure, lutetium diphthalocyanine powder at gg:gi{ 33 :;1 ;g l;gl;E %653
room temperature displays a single resonance at 3390G, (CHzs)2S0 46.7 3.9 661 661.5

the half peak width being 9.7G. This is slightly sharp-
ened by cooling to liquid nitrogen temperatures, but
no structure is observed. Similar structureless signals
are obtained in chloroform and purified dimethylform-
amide solutions. The sharp single line at g ~ 2 indicates
that the unpaired electron is located on the porphyrin
ring and not on the metal.

When a sublimed film of lutetium diphthalocyanine
on tin-oxide coated glass is suspended in the beam,
the same signal is observed, though broader, the half
peak width being 22.0G.

Ytterbium diphthalocyanine shows no ESR signal at
all, whether in the solid state, in solution, or as a sub-
limed film.

Electrochemical transformations using cyclic voltam-
metry.—Figure 3 shows the current/potential curve
for a sublimed film of lutetium diphthalocyanine on
conducting glass, suspended in 5% aqueous sodium
sulfate solution. Potentials are referred to aqueous
silver/silver chloride, and the sweep rate was 10 mV/
sec.
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Fig. 2. Electronic spectrum of ytterbium diphthalocyanine as
sublimed film on conducting glass. Variation with clectrode po-
tential. (a) green form (~O0V); (b) --- electro-oxidized
orange species (~ -+ 1.5V); (c) —@— electroreduced blue species
(~ —0.8V). (Electrolyte 5% aqueous KCI, potentials w.r.t. aque-
ous Ag/AgCl reference film thickness ~20004).

Curve (a) shows the first full oxidation/reduction
cycle, starting with an initially green film at 0V. At
+1.5V the color becomes orange and an oxidation cur-
rent is passed. No reduction current is observed in this
region upon scan reversal and the potential is swept to
— 0.2V before the green color reappears and a reduction
current is observed. The shape and definition of these
waves depend very much upon the sweep rate, and
faster scan rates are unsatisfactory. The green/orange
change is color reversible but the difference of ~17TV
between the oxidative and reductive reactions suggests
that chemical processes are associated with the electron
transfer reactions. Further reduction to —1.0V pro-
duces a blue coloration with the passage of a reduction
current. Scan reversal produces an oxidation wave at
— 0.2V with the reappearance of the green color. These
results are reproducible over several cycles.

Curve (b) displays the first blue/green reductive
cycle, limiting the voltage sweep between 0 and —1.6V,
starting from green at 0V, and demonstrates that this
change is independent of the orange/green transfor-
mation. It is less sensitive to scan rates and good peaks
of similar “quasi-reversible” shape are obtained at
140 mV/sec. There is a linear rise of current with scan
rate, and a close to linear increase in the peak separa-
tion potential within the range of scan rates 10 mV/sec
- 140 mV/sec.

Further reduction at potentials beyond —1.6V re-
sults in a purple coloration in the film, but an ill-

0.2 mA

Fig. 3. Lutetium diphthalocyanine as sublimed film on conduct-
ing glass. Cyclic ry in 5% KCl vs. aq Ag/
AgCl reference, film thickness 20004, slide area ~2 c¢m2 Scan
rate 10 mV/sec, Ist cycle. Letters refer to color changes, g =
green, o = orange, b = blue. (a) full oxidation reduction
cycle: start OV, initial sweep anodic. (b) - - - reduction cycle only:
start OV, initial sweep cathodic.
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defined wave is observed together with current due to
solvent breakdown and is not shown in the figure.

The above results are for a film thickness ~ 2000A.
Variations in the film thickness affect the voltammetry,
particularly of the green/orange transformation.

Electronic spectra.—Figure 2 shows the visible spec-
trum of a single film of ytterbium diphthalocyanine
sublimed on to conducting glass in (a) the initial
green, (b) the oxidized orange, and (c) the reduced
blue forms. All spectra were recorded in situ in an
electrochemical cell fitted with optical glass sides, and
the potentials employed were 0V, +1.5V, —0.8V, re-
spectively (vs. aqueous Ag/AgCl reference, 5% aque-
ous KCl electrolyte). The results from the lutetium
complex are very similar and the sets of data from
both complexes are given in Table IIIL

These spectral changes are of a similar form to those
obtained from electrochemical transformations of a
solution of lutetium diphthalocyanine in carefully puri-
fied dimethylformamide (4). Purification of the solvent
is necessary because green solutions of lutetium and
ytterbium diphthalocyanines in dimethylformamide
gradually become blue on standing in the absence of
an electrode potential. The mechanism of this change
is not clear though it has been reported that green
solutions of gadolinium diphthalocyanine became blue
upon the addition of base (9), and that Russian work-
ers have added hydrazine to solutions of lutetium diph-
thalocyanine in DMF to improve solubility, giving deep
blue solutions (8, 15, 16).

We have established that the addition of triethyl-
amine to green solutions of lutetium and ytterbium
diphthalocyanines in dimethylsulfoxide, methanol, ace-
tone, and freshly purified dimethylformamide (vacuum
distilled from anhydrous CuSO4), produces an imme-
diate blue coloration. It has not been shown with cer-
tainty that this base-produced blue color is due to
the same species as that produced by electrochemical
reduction. There are similarities in the electronic spec-
tra of both species. The spectrum of the electroreduced
blue species is given in curve (c) of Fig. 2. A distinc-
tive twin peak is observed, that at shorter wavelength
being more intense than that at long wavelength. A
similar shape is observed in basified solutions though
in these instances there is some distortion in the shape
of the long wavelength peak, and also a weak ‘“shoul-
der” at ~560 nm that is not present in the spectrum
of the electrochemically reduced form. Comparative
data for blue species in methanol, acetone, dimethyl-
sulfoxide, and dimethylformamide solutions, compared
to the electroreduced blue species as a thin film are
given in Table IV. Blue solutions in the above solvents
are air stable. Solutions in dimethylformamide have
retained their color over several months, and evapora-
tion yields dark crystals which are solvated (12). The
electrochemically produced blue coloration in thin solid
films is unstable in air, and returns to the green form
over a period of a few minutes.

Color changes which parallel the electrochemical
color changes can be induced by chemical oxidants

Table l11. Electronic spectra of lutetium and ytterbium

diphthalocy as sublimed films on conducting glass. Variation
with electrode potential
Poten- Metal
tiala com- Characteristic absorptions,
V) Color plex Anm (absorbanceb)
0 Green Lu 668 nm (1.32) 463 (weak, broad)
0 Green Yb 668 nm (1.46) 465 (weak, broad)
+1.5 Orange Lu 698 nm (0.56) 493 (broad, 0.43)
+1.5 Orange Yb 700 nm (0.60) 496 (broad, 0.48)
—-038 Blue Lu 634 nm (1.30) 714 (0.60)
-0.8 Blue Yb 637 nm (1.42) 713 (0.66)

* Potentials vs. aqueous Ag/AgCl reference, 5% aqueous KCl
electrolyte.
b Both films ~ 2000A in thickness.
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Table IV. Electronic spectra of blue forms of lutetium and
ytterbium diphthalocyanines

Metal Abs (A1)

com- _

Medium plex A\t Azb Abs (A2)
Solution in DMF» Lu 614 693 191
Yb 616 688 1.95
Solution in MeOH* Lu 617 696 1.89
Yb 619 689 2.06
Solution in Acetone* Lu 609 691 1.90
Yb 611 687 1.94
Solution in DMSO® Lu 617 692 191
. Yb 619 690 1.93
Thin film in aqueous Na:S:04 Lu 635 705 170
(2%)/Na280s (2%) Yb 63 703 1.43
Thin film at —0.8V electrore- Lu 634 714 1.88
duced (5% KCl) Yb 637 713 1.82

2 Solutions were prepared by dissolving the green solid com-
plex in the required solvent and were converted to blue by the
addition of a trace of EtsN.

b This peak is somewhat misshapen on the spectra of solutions
prepared as above. Sharper definition is observed in the spectrum
of a DMF solution that has been eluted from a chromatographic
column packed with neutral alumina [see Ref. (17)].
and reductants. Figure 4 displays the visible spectra of
a film of lutetium diphthalocyanine on a glass slide in
(a) initially green form, (b) oxidized to orange after
~1 min in 4% (w/v) aqueous acidified ceric sulfate
solution, (c) reduced to blue after ~ 1 min in a mix-
ture of 2% sodium dithionite/2% sodium sulfite solu-
tion, (d) purple after 2 min in 4% aqueous sodium di-
thionite solution. The orange species is air stable but
the blue and purple forms revert to green on removal
from solution. The spectra were recorded in a cell
with optical glass sides using a Grubb-Parsons ex-
perimental spectrometer based on a D2 monochromator
unit. The data from the chemically reduced blue spe-
cies are included in Table IV for comparison. The dif-
ficulty in arresting the reduction process at the blue
stage reflects the difference between chemical reduction
and electrochemical reduction, where a precise poten-
tial can be applied to achieve maximum effect in a
system where species can exist in several oxidation
states.

Electron spin resonance.—In the green form lutetium
diphthalocyanine has a single ESR absorption [Fig. 5,
curve (a) for a thin film on conducting glass]. Upon
electro-oxidation at 41.8V in 5% aqueous sodium
sulfate (w.r.t. aqueous Ag/AgCl reference) for several
minutes, the absorption remains of similar amplitude
but has become much sharper [Fig. 5, curve (b)]. The

i J o L) s T & T

Fig. 4. Electronic spectrum of lutetium diphthalocyanine as sub-
limed film on to glass. Color changes induced by chemical oxi-
dants/reductants. (a) initial green form; (b) —@— orange
after ~1 min in 4% aqueous ceric sulfate solution; (c) - - - blue
after ~1 min in aqueous mixture of 2% sodium sulfite 4+ 2%
sodium dithionite; (d) :--+ purple after ~5 min in 4% aqueous
sodium dithionite solution,
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Fig. 5. Lutetium y as sublimed film on conduct-
ing glass. Change of electron spin resonance spectrum with oxida-
tion potential. (a) —— green form (~OQV); (b) - - - orange form
(~ 41.5V). (Electrolyte 5% aqueous Na2SO4, potentials vs. aque-
ous Ag/AgCl reference. Instrumental conditions: room tempera-
ture, modulation amplitude 5G, power 2 mW).
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color of the film is orange. The color change is, there-
fore, not associated with a loss of paramagnetism in
the system. If electro-oxidation is continued for 1 hr,
a 30% loss in intensity of the sharp signal is observed,
but on returning to the green form at 0V, the broader
absorption reappears at its full intensity. The slide
was removed from the electrochemical cell, washed,
and dried before placing in the cavity of the spec-
trometer at room temperature.

In 5% aqueous KCl1 electrolyte a more rapid narrow-
ing of the signal is observed, concomitant with the
rapid appearance of the orange coloration. Further
electrolysis for ~ % hr results in the total loss of the
sharp signal, but, on returning to the green form at
0V the full intensity of the initial broad absorption is
restored.

It seems that exhaustive electrolysis results in a total
loss of signal. We have confirmed that this occurs in
solutions of lutetium diphthalocyanine that are electro-
oxidized in DMF/0.1M tetrabutylammonium tetra-
fluoroborate, as has been recorded (4), but the color
change from green to orange is associated with a sharp-
ening of the signal, not a loss of paramagnetism. This
result is supported by the behavior of films of ytter-
bium diphthalocyanine. This complex is ESR inactive
in the green form. It remains inactive after electro-
oxidation to orange at +1.8V even after ~ 1 hr of elec-
trolysis, though the color change occurs in less than 1
min. No change of paramagnetism occurs in this sys-
tem.

Some comparative, but less detailed measurements
were made on holmium and europium diphthalocya-
nines. Solid samples showed ESR signals that, com-
pared with lutetium, were only 0.01 times the value in
the case of holmium and 0.1 times the value in the case
of europium; the ytterbium signal was virtually zero.
Thin films of Ho and Eu did not show sufficiently large
signals to enable differences to be observed between
the green and orange forms of the complex, the glass
substrate giving a small residual signal which masked
the small responses due to the rare earth compounds.

Discussion
The observation of ESR signals from both the ini-
tially green and the electro-oxidized orange forms of
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lutetium diphthalocyanine is in accord with the evi-
dence of Nicholson and Pizzarello (5, 6) who measured
an approximately two-electron change from charge-
transport data during electro-oxidation, employing
aqueous sodium sulfate and potassium chloride elec-
trolytes. These results do not necessarily conflict with
those of Corker et al. (4) who reported that in dimeth-
ylformamide solution with tetrabutylammonium tetra-
fluoroborate support electrolyte, the electro-oxidation
to a “yellow-red” species was concomitant with a
lgss of ESR signal and the removal of one electron,
since the experimental conditions were different in this
latter instance.

If the electro-oxidation is a multi-stage reaction in
which the color change and modification of the ESR
signal are distinct from the eventual loss of the ESR
signal, then the relative rates of these processes may
differ in solution compared to a solid film, particular{y
if jonic migration (5, 6) as well as electron transfer is
important during the transformation. Furthermore, the
behavior of lutetium diphthalocyanine in dimethyl-
formamide solution appears to be complicated, and the
nature of all species that may be present is not certain.
Analytical data published by Kirin et al. (12) suggests
that a blue product obtained from dimethylformamide
solution may have the composition RoPc; 3SDMF, where
R is the rare-earth atom.

The difference in behavior of the ESR signal in so-
dium sulfate solution as compared to potassium chlo-
ride solution is paralleled by the observations of Nich-
olson and Pizzarello (18) who also noticed a difference
between these electrolytes. They showed that the prop-
agation of the anodic reaction boundary in a thin film
of lutetium diphthalocyanine depended on the nature
of the ambient gas, and that the boundary ceased to
move in sodium sulfate electrolyte if oxygen was ex-
cluded, but this was not true in potassium chloride
electrolyte. It was concluded that oxygen was bound
in the red form of the diphthalocyanine prepared in
sodium sulfate electrolyte. Raynor et al. (19) have
studied the origin of ESR signals in diamagnetic
phthalocyanines of Zn, Ni, Pd, and Pt and have sug-
gested that oxygen is the cause of a substantial part
of the signal, but is not present as a simple radical
with the unpaired electron localized on the oxygen.
We conclude that the difference in ESR behavior of
the lutetium complex in aqueous sodium sulfate and
potassium chloride electrolytes may represent the
differential uptake of oxygen following an initial two-
electron change to the orange species. However, the
existence of the original ESR signals in the green
lutetium complex, and the much lower ESR responses
from the holmium, europium, and particularly ytter-
bium complex are not easily explained by this simple
model, and further work is required to elucidate the
structure of these species.
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Excitation into Charge Transfer Band of Y.0.S:Eu

Lyuji Ozawa*
Matsushita Electric Industrial Company, Limited, Central Research Laboratories, Moriguchi, Osaka, Japan

This note describes the mode of excitation into the
charge transfer band of Y30,S:Eu phosphor. In gen-
eral, the radiative transition impurities (i.e., activator
ions) in crystals can be optically excited in three
ways; by (i) direct excitation into absorption of the
ions (direct), (ii) excitation into associated activator-
host absorption (i.e.,, charge transfer band, CTB),
and (iii) indirect excitation via absorption of host
lattice (host), i.e., radiative recombination of mobile
electron-hole pairs (radiation-induced carriers) at
activator ions. This can be seen comprehensively in
excitation spectrum giving rise to luminescence. Fig-
ure 1 shows, for instance, the excitation spectrum of
the Eut3 luminescence line at 627 nm (5D —» 7Fp
transition) of Y;0.S:Eu; the spectrum consists of
the small and narrow direct excitation lines (4f8
transition), and a broad and strong CTB overlapped
partially with a host band (shadowed). It has been
believed that the CTB excitation belongs to the host
excitation (1) because the CTB partially overlaps
with the host absorption band and the hole photo-
conductivity has been suggested in Y;0,S:Eu under
the CTB radiation (2). It has then been said that the
CTB is an essential necessity to obtain the efficient
cathodoluminescence phosphors (3). A question is
raised as to whether the CTB belongs to the host ex-
citation.

An experimental difficulty in determining the ex-
citation mode of the CTB is that by either way of
the photoexcitations, the activator ions emit the same
characteristic activator luminescence even though the
excitation mechanisms involved are quite different.
Thus, the ambiguity always remains in the discussion
of the CTB excitation if the study has been made
with the measurements of the luminescence or excita-

¢ Electrochemical Society Active Member.
Key words: luminescence, phosphor.

tion spectra alone. It has recently been shown that
the concentration dependence (CD) curve of activa-
tor luminescence provides us with a powerful tool to
clarify the excitation mode of activator ions (4).
There are two excitation modes to be considered for
the luminescence study in the first-order approxi-
mation: (i) direct excitation and (ii) indirect excita-
tion through mobile carriers. The mode of the excita-
tions can be clearly distinguished if the measurements
of the CD curves are made on powdered phosphor
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Fig. 1. Excitation spectrum of Y2025:Eu (0.01) giving rise to
luminescence line at 627 nm (5Dg - 7F; transition). The spectrum
consists of host absorption band (host), charge transfer band (CTB),
and direct excitation lines of Eut3 (direct).
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screens, For direct excitation of activator ions, the
time-averaged luminescence intensities from phos-
phor screen, obtained under constant intensity, has
a linear dependence on activator concentration “C”
in the concentration region where the concentration
quenching mechanisms are neglected, and the normal-
ized CD curve exhibits no crystal size effect (5).
When the activator luminescence is due to the radia-
tive recombination of the mobile carriers (created by
host lattice absorption) at activator ions, the CD
curve has two slopes, depending on C, in which C*
at the discontinuity (i.e., inflection of the curve)
shows the crystal size effect due to the mobile car-
riers; C* decreases as the crystal size increases (4-6).
We use this distinguishable different appearance in
the CD curves to clarify the mode of the CTB excita-
tion of Y20,2S: Eu.

Figure 2 shows the CD curves of the Eu+3 lumi-
nescence line at 627 nm of Y20.S:Eu under irradiation
of electron beam (CL), host-photoexcitation using the
200 nm radiation (PL-host), CTB excitation by the
320 nm radiation (PL-CTB), and direct photoexcita-
tion using the 417 nm radiation (PL-direct). We used
the 200 nm radiation for the PL-host to keep away
from the entanglement of the CTB in the excitation. It
can be seen that the CD curve of the PL-host is almost
identical with that of CL, because the activator ions
in both cases are predominantly excited through the
mobile carriers created in the crystal (6). Both curves
have two slopes and the value of C* shows the crys-
tal size effect. The normalized curve for the PL-direct
fits in with the theoretical curve of C(1 — C)!2 (unity
slope below C = 1 X 10—2 and optimum C = 8 X
10-2) (5) and the curve exhibits no crystal size
effect.

Referring the CD curves of the PL-host and PL-
direct, it has been revealed that the mode of the CTB
excitation actually belongs to the direct excitation.
The CD curve for the CTB has unity slope, instead
of two slopes, in the region below C = 3 X 10—3 and
exhibits no crystal size effect. There is no evidence
to show that the luminescence process at the Eu+3 is
determined by the mobile carriers. The curve ob-
tained clearly indicates that the CTB excitation falls
under the category of direct excitation by incident
radiation rather than the category through host-lat-
tice excitation
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Fig. 2. Concentration dependence curves of Eu*3 luminescence
of Y90oS:Eu under irradiation of various excitation modes; elec-
tron beam (CL), host photoexcitation using 200 nm radiation (PL-
host), charge transfer photoexcitation with 320 nm radiation (PL-
CTB), and direct photoexcitation using 417 nm radiation (PL-
direct).
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Irradiation of the CTB radiation of Y3202S:Eu prob-
ably creates an Eu*2 and a hole as a consequence of
the electron (charge) transfer from anion (O~2 or
S——2) to Eu+*3. Since hole photoconductivity has
been suggested in Y20,S:Eu under irradiation of
the CTB radiation (2), the Eut2 may be stable at
room temperature and does not release the electron;
the luminescence may occur as the Eu*2 captures the
the free hole (4). Because Eu ions in the crystal
never move out from their occupied lattice sites dur-
ing the luminescence process, the absorption (and
subsequent luminescence) is definitely limited in the
volume where the CTB radiation has been penetrated.
In other words, the place at which the luminescence
occurs is not determined by the free holes which move
out from the location created. The penetration of the
CTB radiation into the powdered phosphor screen is
determined by (a + 8) ~! where « and g are absorp-
tion and scattering coefficients, respectively. The
value of « changes with C; i.e., « = kC where k is
expressed in cm—! and depends only on the oscillator
strength of the absorption. When the activator con-
centration is below 3 X 1073, a << B, and the pene-
tration volume is determined by g~! and the cross
section of the radiation beam; both are constant, re-
sulting in the linear dependence of luminescence in-
tensities on C (5). The penetration depth is decreased
with increasing activator concentrations beyond 3 X
10-3 (a < B); subsequently, the apparent optimum
activator concentration moves to C = 5 x 10—2 (5).

The results of the CD curves suggest that the CTB
and host absorption bands possibly occur at different
levels, and the partial overlap in the excitation spec-
trum (Fig. 1) is not real; they are apparently over-
lapped. If it is so, the band model may be inadequate
to explain the luminescence process of the Eu+*3 in
Y20:S: Eu which has been considered (1, 3).

In conclusion, it has been shown that the excitation
into the charge transfer band falls under the category
of the direct excitation by the incident radiation,
which the excitation is restricted in the penetration
volume of the incident radiation. Therefore, it can be
said that the presence of the charge transfer band is
not essential to obtain the efficient cathodolumines-
cence phosphors. The efficient activator cathodolumi-
nescence is predominantly due to the radiative recom-
bination of the mobile electron-hole pairs at the ac-
tivator ions, and the number of the electron-hole
pairs created in the penetration volume would be
about 100 times the number of the direct excitation
of the activator ions by the incident electrons.
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Erratum

Concentration Profiles in Electrowinning Circuits
I. Current Efficiency
F. M. Kimmerle, R. L. LeRoy, and O. Vittori
(This Journal, Vol. 128, No. 9, pp. 1864-1869)
Due to the Canadian postal disruptions, proofs of this
article were not received in time for correction. Figure

2 was mislabelled, and should be replaced by the fol-
lowing

AE|/2 2550059V ipa =,
Ej/2=510059V ipp= 3ip

TT T

AE|/p=5x 0,089V gz =0iy
AE|/2%250.059v

- 2= iy
Ej/2 530089V ipp= 30§
08 - 12 02" 300

- LEy/2=0

CURRENT EFFICIENCY, €
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Fig. 2. Current efficiency variation for kinetic parameters charac-

teristic of metal deposition in competition with hydrogen evolution,
(an); = 2.0 and (an)2 = 0.5.

In the discussion of Fig. 1 and 2, case 1 should have
stated that efficiency approaches the asymptotic value
e, = 1 when the current density is much less than the
limiting current density, in situations where the trans-
fer coefficient for metal deposition is less than that for
the competing reaction.

Before Eq. [3], the requirement for a function de-
scribing current density should have read that it must
vary in a monotonic fashion from case 1 to case 2, and
that

lime=¢, and lime=0
Cow C-0

In the discussion of Fig. 5, the statement concerning
the dependence of current efficiency on i;/2i should
have noted that it can be approximated by two
straight-line portions at concentrations above 0.01M.
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Determination of the Measurable Low P, Limits of
Oxygen lon-Conducting Solid Electrolytes

T. A. Ramanarayanan*

Exxon Research and Engineering Company, Corporate Research-Science Laboratories, Linden, New Jersey 07036

Oxygen ion-conducting solid electro-
lytes based on Zr02 and Th02 are widely used
for the measurement of oxygen chemical poten-
tials in high temperature gaseous environ-
ments, melts and solid phases (1). These
electrolytes have also applications in deter-
mining the kinetics of diffusion-controlled
processes (2) and the rates of surface
reactions (3).

In most applications of oxygen-
conducting solid electrolytes, the ionic
transference number of the electrolyte, tion,
must be unity. At extremely low Pgp values,
the ionic transference number of the electro-
lyte is decreased by the introduction of
excess electronic conduction. Thus, espe-
cially for low oxygen partial pressure
measurements, there is a need to establish
the low Pgp limits (above which tjon > 0.99)
as a function of temperature. Since these
low Pp2 1imits are extremely sensitive to the
presence of minute impurity levels in the
electrolyte (4), the measurable low P92 1imits
can vary between two electrolytes of nearly
identical chemical composition.

In the present communication, a
simple experiment for the determination of the
low Pp2 1limits of an oxide-ion conducting
electrolyte is discussed. The technique has
been used for establishing the Tow PQ2 Timits
of Zr02 (5% Cal) solid electrolyte tube pur-
chased from Degussa.

The electrochemical cell used in the
present experiments may be represented as:

02-
e
O H, 2r0, (5% Ca0) Air @ [A]
—_—>
P2 e Py
0, 0,

in which the left hand electrode is extremely
pure hydrogen. It would be nearty impossible

*Electrochemical Society Active Member.

experimentally to obtain a Pg2 = 0 in the
hydrogen electrode. For one thing, even the
best purification ensures only a finite
extremely Tow Pg2 level. Secondly, a reaction
between the H2 gas and the quartz tube in
which the electrochemical cell was placed is
possible in principle:

$10,(s) + Hy = Hy0 + Si0(g) 0]

At a temperature of 1100°K, which is in the
middle of the temperature range used in the
current study, the equilibrium constant, Ki,
for reaction [1] equals 2.05 x 10-16.
Assuming that both H20 and Si0 are generated
by reaction [1] only, one can assume that
PH20 * Pgip. With this assumption, one cal-
culates at 1100°K a Pypg value of 1.43 x 10-8
atm. This amount of water vapor _in H2 would
correspond to a Pgp of 3.6 x 10-34 atm, which
is extremely low. It is not suggested here
that the reaction [1] proceeds to equilibrium,
but only that even if it did, the Pg2 in the
hydrogen stream would be very low.

According to Schmalzried (5,6), the
Emf of cell A under these conditions is given
by,

P l/n+P. 1/n p 1/n+P" 1/n
® 0 8 0
"RT 1p 2__ 4+ 2 2l
VN V0 1/n .50 1/n
P +P P +P
® O2 2] 02

where n = 4 for a stabilized zirconia electro-
lyte, Pg and Pg refer to the Ppp values at
which the jonic conductivity of the electro-
lyte equals the positive hole conductivity
and excess electronic conductivity respec-
tively. As discussed by Schmalzried (5,6),
for Pg >> Pg2 >> Pg >> Pgp, equation [2]
reduces to

E=4—F'—

By = B

8 0
2
Equation [3] applies to cell [A] and the Pg
values can be determined from the measured
open circuit Emf values as a function of

exp (-4 EF/RT) [3]
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temperature. From the Pg values, the 1imiting
low Pg2 values which can be measured using a
Zr02 (5% Ca0) Degussa electrolyte can be cal-
culated as follows.

The excess electronic transference
number, te, of the electrolyte at low oxygen
partial pressures is given by,

(of

e
Boa B [4]
& 9 * Tpn

where og and ojgn are the excess electronic
conductivity and ionic conductivity, respec-
tively. For stabilized zirconia electrolytes,
at a given temperature, ojon is a constant and
Oe where og0® is a constant (1).
Thus, Eq [Z] can be rewritten in the form,

1 1/4

—=1+kP [5]

te 0,
where k = ojon/oe®. By definition, Pg, = Pg,
when te = 0.5. Upon substitution into Equ.
[5]’

k= (pg) 7/ Q)
hence
p 1/4
te PQ

If the Towest Pgp value measurable with the
Ir02-based electrolyte is denoted by Ppr‘,
then,
L
= 0.01 for P, =P [8]
0, 0

Equation (8) corresponds to the generally
agreed ionic transference number of >0.99 for
an acceptable solid electrolyte. Upon substi-
tution of Eq. [8] in Eq. [7],

L

4
p
0,

=99 Pa [9]

The experimental cell arrangement

used in the present study is shown in Fig. (1).

A degussa Zr0p (v5% Ca0) solid electrolyte
tube (3/8" 0.D. x 1/4" I1.D.) was platinized
over a 1" length on the inside and outside
using platinum paste (Engelhard #6082). The
paste was thinned with xylene and brushed on
to the cleaned solid electrolyte surface. The
coated portion was heated gradually to 800°C
in a furnace, held at this temperature for one
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hour and furnace-cooled to room temperature.
A series of four coatings was applied in this
manner. Platinum lead wires were used to con-
tact the inside and outside Pt paste. A slow
stream of dry air was circulated through the
inside of the electrolyte tube using a small
alumina tube. The electrolyte tube was
surrounded by an outer quartz tube. The outer
surface of the electrolyte tube was exposed
to a stream of high purity hydrogen. High
purity hydrogen gas from a gas cylinder was
further purified by passing through an
Engelhard platinum catalyst (for conversion
of any 02 to H20); the water vapor was subse-
quently absorbed in a series of magnesium
perchlorate towers.

The electrochemical cell was heated
in a non-inductively wound tube furnace. A
grounded Inconel tube was used around the
quartz tube to eliminate stray Emfs. The
cell was initially heated to a temperature of
750°C (+ 1°C). The open circuit Emf devel-
oped across the cell was measured using a
Hewlett Packard electronic voltmeter.
The cell Emfs were observed to increase
slightly with the flowrate of Hp; the flow-
rate dependence vanished beyond a certain
flowrate. The actual flowrate where this
occurred was not measured since no flowmeter
was placed in the system. The flowrate
independent Emf was taken to be the correct
Emf value. An Emf reading was considered
steady if the random variation over a two
hour period was within + 1 mV. Emf readings
were taken at 50°C intervals up to 950°C.

The experimentally measured Emf
values are shown as a function of temperature
in Fig. 2. Shown in Fig. 3 are the Pg values
calculated using Eq. [3]. The temperature
dependence of Pg follows the expression:

Tog Py = 4.77 - 35,130 [10]

Fig. 3 also contains the Pg values reported
by Patterson (7) and by Schmalzried (6) for
the Zr02 (7 1/2% Ca0) electrolyte. In Fig.
4, the 1imiting Tow Pgy values, Pgot,
obtained using Eq. [99 have been plotted as a
function of temperature. The temperature
dependence of P02L can be expressed by the
relation:

L

- 35,130
Tog P02 = 12,75 - == [11]

Also shown in Fig. 4 are the Timiting Ppp
values of the Zr02 (7 1/2% Ca0) electrolyte
according to Patterson (7). In Fig. 4 are
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also shown the coexistence Pgp values of two
commonly used metal-metal oxide reference
electrodes, the Fe-Fe0 electrode and the Cr-
Cr203 electrode. It is readily seen that the
Degussa Zr02 (5% Ca0) electrolyte can accu-
rately measure the Ppy of the Fe-FeQ elec-
trode, but not the Cr-Cr03 electrode.

There are a few points which must be
mentioned in connection with measurements
involving cells of the type A. First of all,
since the electrolyte exhibits some electronic
conduction under conditions involved in
measurements with cell A, even under open
circuit conditions, there is electronic trans-
port through the electrolyte from the Tow Pgp
side to the high Pgp side. Such transport is
accompanied by oxygen ion transport in the
opposite direction. It is conceivable that
the oxygen arriving at the left hand electrode
of cell A by transport through the electrolyte
raises the Pgy at the left hand electrode/
electrolyte interface locally. This effect
should be more serious at low flow rates; at
the higher flow rates, the oxygen is rapidly
carried away in the hydrogen stream. This
would in principle explain why the cell Emf
would increase with flow rate in a certain
range.

Another effect to be concerned about
is the possibility of a chemical reaction be-
tween Zr02 and Pt at the left hand electrode
where conditions are reducing. Meschter and
Worrell (8) have determined the Gibbs' energy
of formation of the intermetallic compound
ZrPt3 using electrochemical measurements
involving a Th0p-Y203 electrolyte. They have
estimated that the reaction,

Zr‘O2 3Pt &2 H, = ZrPt3 + 2 H20

is possible at 800°C at Pg, values below
n10-25 atm. No ZrPt3 cou]é be detected by
X-ray diffraction on the platinized surface
of the electrolyte tube after completion of
experiments with cell A.

Shores and Rapp (9) have reported
on the possibility of proton conduction in
ThO2 base electrolytes in the presence of H2-
H20 environments. However, no such con-
duction has been reported for Zr02 based
electrolytes. Wagner (10) found the solu-
bility of water vapor in Zr02 containing 8 or
17% Y203 in the temperature range, 900°C-
1000°C to be extremely small, of the order of
13-30 ppm. Thus, it is assumed in the present
study that there is no significant proton con-
duction in the Zr02 (5% Ca0) electrolyte.
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Direct Observation of Surface States at the
TiO. Electrolyte Interface

Withana Siripala and Micha Tomkiewicz*
Department of Physics, Brooklyn College of CUNY, Brooklyn, New York 11210

Relaxation Spectrum Analysis was suggested(l)
as a general technique for mearsurements of
charge accumulation modes and their correspo-
nding relaxation times at the space charge
layer of a semiconductor with strong emphasis
on semiconductor liquid junction interfaces.
Among all the reported results(z’A),none was,
as yet, confirmed by an independent technique.

We wish to report here, evaluation of param-
eters of surface states that were observed

on the surface of single _crystal Ti07 in con-
tact with an aqueous electrolyte, using the
Relaxation Spectrum Analysis technique and
subband gap spectral response.

Fig. 1 shows the impedance spectrum of single
crystal TiOp in contact with phosphate buffer.
For detailed explanation of the experimental

technique, the reader is referred to reference

(1).

The equivalent circuit was found to consist of
two parallel passive capacitive elements with
distinctive relaxation times. The dependence
of the capacitive elements on the electrode
potential is shown in fig. 2. The space charge
capacitance Cge, obeys the Mott-Schottky

o 00 00 00 i
TiOz in Phosphate Buffer, pH=6.5
5| Potential =-0.2V vs SCE
4\.

Q Bss
3. 15x10
2_

l -
0 2 l¢}
f.Hz
Fig. 1. Impedance response curves for n-type

TiO2 in 0.33 m phosphate buffer.On the right-
hand corner is the equivalent circuit constr-
ucted from the curves in the manner explained
on ref. (l1). Area = 0.07 cm?.

* Electrochemical Society Active Member

relation over an extended range of potentials,
from which the flatband potential and the
doping level of the crystal were evaluated.
The dependence of Cgg on the electrode poten-
tial, also shown in fig. 2., is more compiex-
It is dominated by a single gaussian distri-
bution, centered around O V vs SCE. Similar
behavior was found with surface states that
were introduced on gurpose by chemical modi-
fication of TiOz(S“ ) and by unmodified Ti02
under certain surface preperation conditions?2.
The difference between the states observed
here and those that were previously reported
is that the relaxation times of the surface
states in the previously reported examples
were all fast and limited by the series re-
sistance of the electrolyte. This resulted

in our inability to distinguish the surface
state capacitance from the space charge layer
capacitance.The surface state capacitance in
those reports was evaluated from the deviatio-
ns of the observed capacitance from the expec-
ted Mott-Schottky behavior. In the present
case the states are much slower and their re-
laxation time clearly distinguishable from
that of the space charge layer. The possible
origin of the gaussian distribution of the
surface states was previously reported 5‘6L
From the maximum amplitude of the gaussian
distribution coverage of 1.8 x 1013/ cm3 was

2

S

G2 1103 (uFfemt
Css{uF/em?)

a0 0 90 3
POTENTIAL {V vs SCE)

Fig. 2. Mott-Schottky plot of Cg. (left scale)
and the variation of Cgg with potential (right
scale). o - Cgo , X - Cgg

The solid lines are theoretically based on
linear behavior of the Mott-Schottky plot

and gaussian lineshape for Cgg.

2491



2492 J. Electrochem. Soc.:

estimated. From the potential of the maximum
of the gaussian distribution and from the
intercept of the Mott-Schottky plot, we can
infer that the surface states are located
around 0.8 eV from the bottom of the conduct-
ion band, or approximately 2.2 eV above the
top of the valence band.

The influence of the surface states on the
band gap light induced current voltage behav-
ior will be discussed in the full manuscript
which will follow this letter. Fig. 3 shows
the spectral response of subband gap illumina-
tion with a clearly distinctive peak at 550 nm

which is equivalent to photon energy of 2.2 eV.

This can only be due to light induced electron
ejection from the top of the valence band to
the surface states. From fig. 1. it is obser-
ved that the states are relatively fast states
with relaxation times in the millisecond ran-
ge and can efficiently communicate with the
bulk of the semiconductor.

Full analysis of these results, their implic-
ation on the photoelectrochemical behavior of
Ti0p and the relation between the surface
states reported here and those that were re-
ported in the literature will be discussed in
subsequent publications.

s R

2}

Current density (nA/cm?)
S
=
==
=
=

Q

”Mb* W ’W

430 70 50 550 590 60 60 70
.nm

Fig. 3. Subband gap spectral response of the
same crystal as in fig.l and 2.
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622 RNP

Measurement of the Near-Surface
Crystallinity of Silicon-on-Sapphire by
U.V. Reflectance
M. T. Duffy, J. F. Corboy, R. T. Smith,
and G. W. Cullen, RCA Laboratories,
Princeton, NJ 08540, G. Harbeke and
J. R. Sandercock, Laboratories RCA Ltd.,
Zurich, Switzerland, and M. Blumenfeld,
RCA Solid State Div., Palm Beach
Gardens, FL 33403

In semiconductor technology there is a
need for a fast, nondestructive quality con-
trol method for determining the quality of
semiconductor materials entering the prod-
uct line, and also for research purposes. The
work described in this paper provides a
basis for the rapid quantitative characteriza-
tion of semiconductor surfaces by specular
reflectance measurements. The method used
is fast, nondestructive, requires no contact
to the sample surface, and is suitable for in-
line quality control and research purposes.
The work described is concerned with de-
termining the crystalline quality of hetero-
epitaxial silicon films on sapphire, but the
method is applicable to other systems.

623 RNP

Improved Resistivity Measurement of
- Epitaxial Silicon from Hg Probe Data
V. Sils, C. A. Levi, and C. Peterson,
Alpha Industries, Inc., Woburn, MA
01801

Hg probe measurements are subject to un-
certa:nty at low bias voltages due to varia-
tions in the Hg-oxide-Si contact potential.
new Hg probe design featuring a clear fused
quartz orifice reduces stray capacitance,
leakage, and variation of contact area. Ex-
trapolation of the resulting C-V measure-
ments yields the true contact potential,
which is used in a modified ASTM method
to calculate resistivity and depletion depths.
Results show improved reproducibility of
resistivity measurements, independent of
surface treatment.

624 RNP

Autodoping Phenomena in Epitaxial
Silicon
G. K. Ackermann, Technische
Fachhochschule Berlin, D-1000 Berlin 65,
Germany and E. Ebert, IBM Laboratories,
D-703 Boeblingen, Germany

Autodoping experiments were performed
using an AMC 7600 epitaxial reactor, <100>
n-doped silicon wafers, arsenic-doped buried
layers of total implanted or diffused dose
of 7 x 10% cm-2 up to 3 x 10'® cm-%, and
buried layer areas between 10 and 100%
wafer area. Intentionally undoped epitaxial
layers of 1.4 um thickness were grown.

The lateral autodoping was found to be
extremely uniform. Autodoping follows a
square root faw with respect to buried
layer area, and an almost linear relationship
due to subcollector doping. An analysis of
the buried layer doping profile identifies the
outdiffusion source with electrically inactive
arsenic.

625 RNP

Deposition of Si0; Thin Films in
Strong Acids

M. A. Smith, Union Carbide Corp.,
Technical Center, South Charleston, WV

25303, and L. L. Levenson, Dept. of

Physics, University of Colorado at
Colorado Springs, Colorado Springs, CO

80907

We have observed deposition of SiO: films
on surfaces in 1-8M nitric acid between
approx. 80° and 100°C. Scanning electron
microscopy shows the films are composed
of close.y packed spheres approx. 100A in
diameter. Chemical identificaiion is made
with Auger electron spectroscopy. Materials
on which films form are Ta, Au, Si, Nb,
and Al:0s. Deposition occurs inside a sealed
vessel made entirely of Pyrex-type g.ass.
Attack of the vessel provides the sole source
of Si0e.

This work was performed at the Graduate
Center of Materials Research, University of
Missouri-Rolla, Rolla, MO 65401.

626 RNP

Role of Particulate Contamination in
MOS Oxide Failures

J. R. Monkowski, Dept. of Electrical
Engineering, The Pennsylvania State
University, University Park, PA 16802

During oxidation, particulate contamina-
tion present on the wafer reacts with the
growmg S|O., producmg microscopic re-
gions high in ionic contamination. These
regions, typically 1 um or less in_diameter,
have been correlated with sites of breakdown
failures in MOS capacitors. The temperature
dependence of these failures supports a
mechanism of thermal breakdown in these
microscopic reglons Since the particulate
contamination is not soluble in water or
many of the chemicals used in wafer clean-
ing, this is a major source of contamination.
Breakdown statistics show that low particu-
late chemicals have a significant effect in
reducing this premature breakdown.

627 RNP
Contamination-Free High Temperature
Treatments of Silicon

P. F. Schmidt, Bell Laboratories,
Allentown, PA 18103

The deleterious effects of contamination
of silicon devices with transition group met-
als is well known. Minority carrier lifetime
and junction leakage currents are degraded
by the contamination, which preponderantly
stems from high temperature furnace treat-
ments when these metals diffuse from the
outside through the walls of the quartz fur-
nace tube and into the silicon being heat-
treated. The addition of a few percent HCI
to dry oxygen will prevent this contamina-
tion. However, HCl cannot be permitted to
contact the silicon surface in many high tem-
perature steps, and addition of HCI| to steam
provides no protection against contamination
of the silicon. A simple way to apply the
HCl-dry O protection to other high tempera-
ture treatments is to employ a double-wall
quartz tube, with the customary HCl-dry O:
mixture flowing in the space between inner
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and outer tube only. Complete protectnon
during steam oxidation at 1000°C f hr
was observed over a three week penod, wdh
a 1% HCI-99% O: mixture flowing in the
annujus only. At 1100°C, a slight contamina-
tion with Cu, Ni, and Co was observed, in-
dicating that either the flow rate or the con-
centration of HCI shouid be increased at

628 RNP

Electrical Properties of Oxides Grown
on Molysilicide/Polysilicon Sandwich
Layers
D. A. Baglee and J. W. McPherson,
Houston Process Development
Laboratory, Texas Instruments
Inc., Houston, TX 77001

Molysilicide/polysilicon sandwich (poly—
cide) layers are a possibie low sheet
resistance replacement for polysilicon in
VLSI structures. We have investigated the in-
sulating properties of their thermally grown
oxides and have found abnormally high
leakage (10-°a) at low fields (0.3 mV/cm),
differing significantly from the expected
Fowler Nordheim characteristics. Breakdown
strengths were approximately 3 mV/cm, si
lar to polysilicon oxides. The effects of oxi-
dation conditions and annealing are pre-
sented together with a possible conduction
mechanism.

629 RNP

Properties of High Temperature
LPCVD Oxide Films

Y. Avigal, Intel Corp., Santa Clara, CA
95051

Oxide growth rate and properties such as
etch rate, refractive index, pinhole density,
adhesion, and breakdown voitage were stud-
ied as a function of temperature, pressure,
and reactant flow rates. In addition, film
integrity was studied, and specifically pin-
hole density, particulates and blistering were
addressed. At least partial solutions were
found for these problems, and are presented
in this paper.

630 RNP

Process Technology for Two Micron
CMOS/S0S VLSI Circuits
K. Verma, D. Girton, and D. Kinell,
Lockheed Microelectronics Center,
Sunnyvale, CA 94086

Very large integrated circuits (VLSI) for
space system command and communication
network must meet the criteria of: 1. Speed
power performance from weight and size
considerations, and 2. high tolerance to
hostile radiation environment at high and
low temperature extremes. The selection of
an appropriate process technology depends
on many factors such as performance, pro-
cess maturity for the LSI/VLSI circuits, and
availability of the starting substrate wafers
in standard sizes. Silicon-on-sapphire (SOS)
has demonstrated these qualities.

This paper presents the process technology
of 2 micron channel length CMOS/SOS which
has been developed in our laboratory for
gate-array based LS| circuits. The paper fo-
cuses on the following key processing areas:




486C

2 micron lift-off/dry etching process; channel
implant matrix study with Vr and doping
profiles; optimum siiox reflow process for
excellent metal coverage; backfill low tem-
perature oxide for the planarity and radia-
tion; thin gate oxide characterization.

631 RNP

Shallow Bipolar Transistors with
Polysilicon Contacts

S. F. Chu and H. C. Hamel, IBM General
Technology Div., East Fishkill Facility,
Hopewell Junction, NY 12533

NPN transistors with 100 nm emitter depth
diffused from an arsenic-implanted polysili-
con layer have been investigated. The emit-
ters were contacied througn the N+ poly-
silicon layer whose top portion had been
converted to PtSi. The low current d-c gain
of these transistors was in the range of 70-
100 as long as the unreacted polysilicon film
thickness was at least 30 nm. If less than
30 nm of polysilicon was left after PtSi
formation, current gain dropped by as much
as 50%. The forward transit time was found
to be independent of polysilicon film thick-
ness.

632 RNP

A New Type of Device Structure for
Bipolar Logic IC’s with Polysilicon
Emitter Regions
X-L. Jiang (Present address: Dept. of
Physics, Tufts University, Medford, MA
02155) Beijing Semiconductor Device
Research Institute, Beijing (Peking),
China

An experimental TTL circuit with a new
type of device structure, different from
double-diffusion transistors, was realized by
using polysilicon-silicon interface-contacted
n-p junctions, formed by CVD of a heavily
phosphorus-doped polysilicon layer onto p-
type single crystal base regions at low tem-
peratures, as the emitter-base junctions of
the circuit transistors. The experimental re-
sults showed that the transistors with poly-
silicon emitter regions (PER) had proper d-c
characteristics and good high frequency per-
formance. For PER transistors, the conven-
tional n+ diffusion (or implantation and post-
mplantahon annealing) of the emitter re-
gions is avoided. This development is of
great importance for raising the yield of
npn circuit transistors with very narrow
width base regions. Hence, very high fr
values will result if fine patterning is used.
Therefore, the PER technology will provide
a promising new approach to the fabrication
of high-speed bipolar digital LS| and VLSI
circuits with relatively low cost.

633 RNP

Formation of Low Resistance Vias in a
Polyimide Multilevel Metallization
Process
S. J. Rhodes, Plessey Research (Caswell)
Ltd., Allen Clark Research Centre,
Caswell, Towcester, Northants, England

Polyimide is becoming accepted as the
insulating dielectric in multi-level metalliza-
tion processes. One of the most difficult
techniques involved is the formation of a
low resistance contact between two levels of
metallization. By using titanium during the
second metal deposition we have shown that
the native aluminum oxide on the underly-
ing metal can be nullified. We have also
found that, using this technique, the slice
preparation and titanium thickness were
critical. This method, however, has been
developed into a high yielding process suit-
able for VLSI applications.

634 RNP

Improvement of Coverage over Steep

Topography for Aluminum Alloy Films

Sputtered Under RF Bias in the Dual
RF Diode-D-C Magnetron Mode

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

R. S. Nowick (Present affiliation: Exxon
Enterprises), E. V. English, L. E.
Gulbrandsen, A. J. Learn, and K. W.
Schuette, Perkin-Elmer Corp., Physical
Electronics Div., Mt. View, CA 94043 and
Intel Corp., Santa Clara, CA 95051

A practical method for high rate sputter
deposition of aluminum alloys over steep
topography is described. In this technique,
aluminum or aluminum alloys are sputtered
via d-c magnetron in a rotating substrate
table configuration, and the alloy constitu-
ent, e.g., copper, silicon, etc., is spuitered
by rf diode with rf substrate bias. The re-
sultant multi-layered films are shown to
exhibit 50% + coverage over vertical topog-
raphy of one+ micron in height. Nonbiased
depositions typically yield ca. 25% coverage
over the same topography, even with 300°C
substrate heating.

635 RNP

Mask Pattern Effect on the Diffused
Resistance in Silicon
T. Suganuma, T. Sakai, S. Nakao, and
Y. Komatsu, Nippon Electric Co., Ltd.,
Semiconductor Div., 1753 Shimonumabe,
Nakahara-ku, Kawasaki, 211 Japan

Sheet resistance of selective diffused re-
gion was found to depend on both diffused
area dimensions and masking film area di-
mensions, either predeposition is from gas
sources or solid sources. The mask pattern
effect strongly correlates with masking ma-
terials and predeposition conditions. By the
effect, device characteristics vary and dis-
tribute broadly even in a chip in a wafer,
however excellent the uniformity of sheet
resistances across an unpatterned wafer is.

636 RNP

Chemical Etching—An Analytical Tool
for Laser Crystallization of Amorphous
Silicon
M. Aklufi and R. Ogden, Naval Ocean
Systems Center, Code: 9251, San Diego,
CA 92152

The differential effects of chemical etch-
ing on the different morphologies of silicon
were investigated in order to develop them
into an analytical tool for evaluating the
crystallization of silicon. Etch rates were
measured for amorphous and (100) oriented
single crystal silicon. Several etches were
found to etch these benchmark morphologies
at significantly different rates while substan-
tially enhancing the grain boundaries of poly-
crystalline silicon. The application of these
differential effects has proven to be useful
in analyzing the phenomenon of laser crys-
tallization of amorphous silicon. Experi-
mental results are presented.

637 RNP

Structure and Composition of
Electrochromic Iridium Oxide Films

J. D. E. Mclintyre, Bell Laboratories,
Murray Hill, NJ 07974

The structure and composition of anodi-
cally formed, electrochromic iridium oxide
(IROX) films, colored (oxidized) and bleached
(reduced) in both aqueous and nonaqueous
electrolytes, have been investigated using
combined Rutherford backscattering and nu-
clear reaction microanalysis techniques. The
composition of the colored film was found
to vary from fully hydrated (~ IrO::2H:0)
near the outer surface to almost anhydrous
(~ Ir0O:) near the metal-oxide interface. Pro-
tons and small metal cations (Li+, Na+)
were found to be the primary charge com-
pensating species inserted into the IROX film
qturing reduction to preserve electroneutral-
ity.

638 RNP

MOCVD Growth of a Superlattice Solar
Cell Structure

November 1981

M. W. Wanlass and A. E. Blakeslee,
Solar Energy Research Institute, Golden,
CO 80401

This paper reports progress toward realiza
tion of a new cascade solar ceil structure
whose chief advantages over other present
concepts are: use of silicon for the substrate
and low bandgap cell; avoidance of the ne-
cessity of lattice matching; and incorpora-
tion of a GaAs/GaP superlattice to eliminate
misfit dislocations and thus enhance effi-
ciency. Details of the design, construction,
and operation of an automated MOCVD sys-
tem for growing this structure are presented.
Early results pertaining to layer growth and
uniformity as well as electrical and optical
properties are reported.

639 RNP

Ohmic Contact Formation to p-Type InP
Using Zn-Ag Metallization
B. Molnar and I. P. Isaacson, Naval
Research Laboratory, Washington, DC
20375

An evaporated Ag-Zn (15% by weight Zn)
alloy has been used to form ohmic contact
to lightly doped p-type InP (Zn). Ohmic be-
havior was observed for substrate dopings of
10%5-5 x 10'7 cm-3. The evaporated thin layer
of Ag-Zn was alloyed at 380°-400°C subse-
quent to deposition. The contact resistance
was determined by applying the procedure
of Cox and Strack, to measurements made
between varying contact size. The contact
resistance measured for this metallization
varied with the substrate doping. It was 5 x
10-3 Q-cm* for 2 x 10%/cm3 material and 2
X 10-¢ Q-cm® for 5 x 10'"/em3® material, In
conclusion, we have found that the Zn-Ag
metallization can be used to produce low-
contact resistance to lightly doped, p-type

nP.
This work was supported by the Naval
Electronic Systems Command.

640 RNP

Epitaxial Growth Studies of InP:
Addition of Hydrogen Chloride to
Mixing Zone
T. E. Erstfeld and K. P. Quinlan, RADC/
ESM, Hanscom AFB, MA 01731

The effect of the addition of hydrogen
chloride to the mixing zone in a three zone
reactor for the preparation of InP epitaxial
structures by the VPE-hydride method was
investigated. Various flow rates of HCI in
the mixing zone were investigated as a
function of phosphine flow rate and mix-
ing zone temperature. These variables are
discussed in relation to the growth rate of
the epitaxial structures. Carrier concentra-
tions and mobilities are reported.

641 RNP

Properties of lon-Implanted
P-N Junction in InP
H. B. Dietrich, T. H. Weng, and
M. L. Bark, Naval Research Laboratory,
Washington, DC 20375

A study has been made of jon-implanted
p-n junctions in InP. P*N and N+P Junchons
have been fabricated by the respective im-
plantation of Be into bulk n-type material
and Si into bulk p-type material. In addi-
tion, all ion-implanted P+N junctions have
been made in S.l. material by the successive
implantation of Si and Be. Measured diode
characteristics (n-factor breakdown voltage,
reverse |eakage currents) are presented and
discussed in the context of substrate doping
and processing. Ohmic contacting of the
p-type implanted layer is also discussed.

642 RNP

Double Layer Modeling of Impurity
Redistribution in Sulfur-implanted GaAs
C. Paz de Araujo and R. Y. Kwor,
Dept. of Electrical Engineering,
University of Notre Dame,

Notre Dame, IN 46556
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Sulfur-implanted GaAs is modeled as a
double-layered medium of dissimilar diffu-
sion characteristics to account for the
severe nongaussian redistribution of the im-
planted protile during annealing. Two effec-
tive diffusion coefficients are found for each
energy, dose, and annealing temperaiure
combination. LSS, Pearson IV, and
data for as-implanted S-profiles in doses
ranging from 10!3 to 10> cm-* are used as
initial conditions. Postannealmg profiles gen-
erated by this model are in good agreement
with the corresponding SIMS data.

643 RNP

The Reduction in Degradation of GaAs
LED’s by Ru+ Treatment

J. R. Shealy, General Electric Co.,
Electronics Park, Syracuse, NY 13201
and School of Electrical Engineering,
Cornell University, Ithaca, NY 14853

and J. M. Woodall, IBM Thomas J.

Watson Research Center, Yorktown

Heights, NY 10598

One mechanism of degradation in perform-
ance of light emitting diodes (LED’s) in-
volves a surface change in the p-n junction
region which is reversible with a brief etch.
Therefore it was suspected that this degra-
dation might be due to photocorrosion. To
test this idea, GaAs LED’s were treated with
Ru+ using the procedure to passivale GaAs
photoelectrochemical solar cells (1). Forward
bias stressing for 1000 hr showed that the
Ru+ treatment reduced the failure rate by
a factor of less than 1/3.

. B. A. Parkinson, A, Heller, and B. Miller,
This Journal, 126, 954 (1979).

644 RNP

An LPE Growth of InGaAsP/InP DH
Laser Structures on V- and U-grooved
Substrates

Y. Nishitani, T. Tanahashi, I. Umebu,
H. Ishikawa, and K. Akita, Fujitsu
Laboratories, Ltd., 1015 Kamikodanaka,
Nakahara-ku, Kawasaki, Japan

V- and U-grooves were etched along <110>
direction on (100) InP substrates by HCI-
HsPO4 and HCI-HNOs, respectively, under the
limited compositions. In the growth on V-
groove, the active layer could be isolated in
the groove by controlling the amount of su-
percooling of growth melts, growth time, and
depth of the groove. However, in the case
of U-groove, the active layer could not be
isolated under the conditions examined.
Typical cw threshold current of laser with
isolated active layer was 20 mA at 25°C.

645 RNP

Teflon-Sprayed Nickel Electrodes for
Alkaline Electrolyzers
0. Teschke, F. Gallembeck, and
C. P. D. Evora, Physics and Chemistry
Institute, Energy Group, UNICAMP,
13100, Campinas, S.P. Brazil

During operation of water electrolyzers,
gas bubbles migrate from the electrode sur-
faces to the bulk of the electrolyte, increas-
ing the solution IR drop. Bubbles adhering
to the electrode are responsible for over-
voltage increases due to raised actual cur-
rent density. These adverse effects of gas
bubbles are decreased by changing the elec-
trode wetting characteristics. This is done
by partially covering the electrode surface
with Teflon. Teflon-covered areas act as gas
collector sites, leaving free metal in contact
with solution thus allowing for rapid bubble
growth and release.

646 RNP

The Study of Reaction Process in
Si Dry Etching
J. Nishizawa and N. Hayasaka,
Research Institute of Electrical
Communication, Tohoku University,
Sendai 980, Japan

J. Electrochem. Soc.: REVIEWS AND NEWS

IR spectroscopy has been used as in situ
observation of fluorocarbon plasma during
the dry ecching of Si. The decompositions of
molecules like CFs - CFs + F are mainly
considered by many workers in tne reac-
tion processes of Si dry etching by fluoro-
carbon plasma. The decomposed molecules
like CFs and CF: have not been found in
CFs plasma by IR spectroscopic measure-
ments, and C:Fe, CsFs, and SiFs which are
the etching products, have been detected.
The possibie reaction processes which ex-
plain the results of IR spectroscopic and
etching rate measurements have been ex-
pected, which have been constructed only
by the detected species in IR and emission
spectroscopic measurements.

647 RNP

Surface Composition and Etching of
111-V Semiconductors in Cl; lon Beams

R. A. Barker, T. M. Mayer, and
R. H. Burton, Bell Laboratories,
Murray Hill, NJ 07974

Surface composition of InP, GaP, and
GaAs before and after etching in Cl: ion
beams was mveshgated. In situ analysis of
the substrate using Auger electron spectro-
scopy (AES) demcnstrated selective removal
of phosphorus from InP leaving a thin (=
50A) surface layer enriched with In after
etching at room temperature with a 500 eV
Cl+/Cl2+ beam. GaP and GaAs do not show
selective removal of the group V element,
resulting in no significant change in surface
composition after etching. These results
reflect the involatility of the indium chlo-
rides at room temperature. Eich rate re-
sults indicate that at low ion energy (200
eV) or high neutral reactant flux, removal
of the group IIl chloride from the surface
is rate limiting. At high ion energy (500 eV)
and low neutral flux, supply of reactant to
the surface is rate limiting.

648 RNP

An Anisotropic Plasma Etching Process
for Polysilicon

H. Kalter, A. Meyer, and R. A. M.
Wolters, Philips Research Laboratories,
Eindhoven, The Netherlands

An anisotropic etching process for polysili-
con has been developed using a chlorine-
based gas mixture. Etching with mixtures of
CCli + Clz generally does not cause under-
cutting of the mask and has a good stop
against SiO: with a selectivity of typically 15.
The etching rate of photoresist relative to
that of polysilicon depends on the rf fre-
quency. For H.P.R. 204 and n+ poly the ratio
is 0.8 to 1.0 at a few hundred kHz and about
1.8 at 13.56 MHz. With this etching process 2
wm pattern details can easily be achieved
with good reproducibility and uniformity.

649 RNP

Selectivity Aspects in Aluminum
Plasma Etching
R. A. M. Wolters, Philips Research
Laboratories, Eindhoven,
The Netherlands

Selectivity of photoresist, SiO», and Si
(contact wmdows) in an aluminum etching
process using CCly + Cl: were investigated.
The process is in general anisotropic. The
erosion products of the photoresist partici-
pate in the chemical process of the alumi-
num etching. The etch rate of the under-
lying oxide was found to be strongly de-
pendent on the composition of the gas mix-
ture used. The selectivity to silicon is poor.
To have full benefit of the plasma process a
good stop against contact windows is neces-
sary. For this purpose silicides were in-
vestigated.

650 RNP

Anisotropic and Selective Etching
with Chlorinated Plasmas

487C

K. Nishioka, H. Itakura, M. Yoneda,
H. Abe, and H. Nakata, Computer
Development Laboratories Ltd. and
LSI R&D Laboratories, Mitsubishi
Electric Corp., 4-1, Mizuhara, Itama,
Hyogo, Japan

The anisotropic property and selectivity
of poly-Si, SisNs, and SiO: etched with chlo-
rinated plasmas (CCls, CCls + O C:CIFs,
etc.) were investigated as a function of oxy-
gen concentration, gas flow rate, rf-coupling
method, and rf-frequency. The anisotropic
profile of the etched poly-Si pattern could
be obtained with good etch selectivity to
Si02, SisNs, and photoresist, by controlling
the above-mentioned plasma etching condi-
tions. Oxygen additions to CCls showed dif-
ferent effects on the etching characteristics
from that of CFs,

651 RNP

Chemical Vapor Deposition (CVD) and
Plasma Processing Deposition (PPD)
in Coatings with Refractory Materials
R. Avni, U. Carmi, and A. Inspektor,
Div. of Chemistry, Nuclear Research
Center, Beer-Sheva, Israel

The deposition of pyrolytic carbon, silicon,
silicon nitride, boron nitride, and carbide on
a solid substrate in a high temperature re-
actor and in inductive radio frequency (rf)
low pressure plasmas is compared. In the
high temperature reactor (CVD) and in the
rf plasma (PPD), hydrocarbons, diborane, or
silane gas mixture with argon were used. In
both CVD and PPD processes two regions are
considered namely (|) reactions in the gase-
ous phase and (ii) in the region near the
solid substrate (gas-solid). The differences in
the rate of deposition between CVD and PPD
are discussed.

652 RNP

The Effects of lon Transport and
Oxide Electric Field on Plasma
Oxidation of Silicon
R. P. H. Chang, Bell Laboratories,
Murray Hill, NJ 07974, J. Siejka and
J. Perriere, Groupe de Physique des
Solides, de I'Ecole Normale Superieure,
Paris, France, and M. Croset, Thomson
CSF, Laboratoire Central de Recherche,
Orsay, France

Recent studies on plasma oxidation of
silicon have shown that it is a_potential
process for the VLS| technology. The study
of plasma oxidation kine.ics can, in general,
be divided into three parts: (a) Plasma-oxide
surface reaction—the surface formation of
negative oxygen species; (b) the transport of
charged species across the oxide—mainly
via electric fields at low temperatures; and
(c) interfacial reaction kinetics—the forma-
tion of Si0: from oxygen reacting with Si
at the SiO:-Si interface. In this paper, we
present experimental results which show
that both the oxide electric field and the ion
conduction play a significant role in the
transport of negative oxygen species across
the Si0:2. The experiments were carried out
in the Bell Laboratories' multipurpose plasma
machine. The experimental conditions were
similar to earlier experiments (1). Samples
of plain silicon, as well as samples of sili-
con covered by thin (=~ 200A) ion conducting
(electron resisting) oxides, e.g., ZrQO:, ZrO:
(with dopant), and Nb:Os with large (com-
pared to that of SiO:) dielectric constants
were used. For the case of plain silicon, the
current through the SiO. is mainly composed
of electrons, while those currents through
Si0: with dielectric overlays consist of large
fractions of Ox- species. The function of the
thin dielectric overlay on SiO. is to increase
the ion to electron ratio in the current which
flows from the plasma to SiO: and at the
same time allowing an increase in the elec-
tric field across the SiO. Oxidation current
efficiencies have been found to vary from a
fraction of a percent (for plain silicon) to as
high as 20% [for ZrO2 (a)l.

1. R. . Chang, Thin Solid Films, 56, 89

(1979)
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653 RNP

CCl, Plasma Etching of InP
R. A. Gottscho, G. Smolinsky, and
R. H. Burton, Bell Laboratories,
Murray Hill, NJ 07974

Measurements of CCls plasma etch rates
of InP as a function of substrate tempera-
ture, time, and rf power indicaie a compiex
reaction mechanism. Etch rates at tixed
power, pressure, flow, frequency, and etch
time exhibit a non-Arrhenius temperature
dependence implying the presence of multi-
ple and competing reaction pathways. Etch
rates as a function of time provide evidence
for at least three etching reactions and one
etch-inhibiting reaction. Qualitatively, all of
these data can be understood in terms of
two competitive rate-limiting steps: product
desorption and reactant adsorption.

654 RNP
Phosphorus Pentafluoride and Sulfuryl
Fluoride Applied to Etch SiO; in Search
for Higher Selectivities
K. M. Eisele, Institute for Applied
Solid States Physics,
D7800 Freiburg, Germany

Realistic selectlvmes for etching SiO: over
Si are about 15:1. All processes available
operate on the edge of forming polymers. It
is therefore indicated to search for etch
gases with an inherent selectivity for SiOy,
with reasonable etch rates and without the
risk of depositing polymers. Sulfuryl fluoride
has been chosen for its property to etch SiO:
at elevated temperatures. Phosphorus penta-
fluoride is known to cleave easily the sili-
con-oxygen bond in siloxanes and to form
SiFs and POFs. However, these gases have
not filled the expectations. They etch Si, SiOz,
and SisN: with lower rates than can be ob-
tained with the more common etch gases.
lon mass spectroscopy is employed to find
reasons for the low etch rates and poor
selectivity.

655 RNP

A Thin Film Monitor for Measuring
In Situ the Etch Rate of Silicon

H. J. Trumpp and J. Greschner, IBM
Deutschland GmbH, EF Component
Technology, D/3196, 7030 Boeblingen,
Germany

A thin monocrystalline silicon film allows
in situ the measurement of the silicon dry
etch rate by laser interference or by spectrum
analysis with a film thickness probe. This
paper outlines the process for the production
of thin film monitors (TFM). Modifications
to insure equal etch rate of TFM and product
are discussed and also ways to detect the
etch end point. Examples of application are
given for the etching of silicon trenches and
for etch processes with silicon as etch stop.

656 RNP

Reactive lon Etching of Submicron
Silicon Grooves for Electron Beam
Transmission Masks

J. Greschner and H. J. Trumpp, IBM
Deutschland GmbH, 7032 Sindelfingen,
Germany

'In a newly developed fabrication process
self-supporting masks with submicron struc-
tures are generated in a thin crystalline
silicon membrane. These silicon transmission
masks are required for future electron and
ion beam lithography methods. The most
important fabrication steps are two reactive
ion etching processes for the etching of SiO:
and Si with very high etch rate ratios and a
zero etch bias. They allow the etching of
silicon trenches smaller than 05 um and
as deep as 6 um. The fabrication process of
the silicon transmission masks is described
and results of the deep trench etching are
shown which indicate the limits of this

etching method.
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657 RNP

Etching of Aluminum and Polysilicon
in Parallel Plate Reactors in
Cl-Based Plasmas

F. Schmidt and N. Hoffmann, VALVO
Rohren-und Halbleiterwerke der Philips
GmbH Stresesmannallee 101, 2000
Hamburg 54, Germany

Based on results reported in St. Louis we
developed process and equipment further
and introduced the etching of both alumi-
num and poly-Si into production. The pro-
cesses are based on CClsy/Cl-mixtures,
mainly used in a two-step sequence. We
describe aluminum and poly-Si etching in
the same equipment and give results of se-
lectivities and uniformities received in large
scale production. The main tool of process
control is pressure monitoring, which also is
used for automatic endpoint detection.

658 RNP

Charge Stability in Sealed Lead Acid
Aircraft Batteries

S. Warrell, Chloride Technical Ltd.,
Swinton, Manchester, England

One of the major disadvantages of nickel
cadmium or lead acid batteries currently
used in aircraft is their regular maintenance
requirement. A sealed ‘‘recombining' battery
would cffer several intrinsic advantages for
use as an aircraft main battery. However, in
service aircraft batteries are subjected to
demands on their stability, often under con-
ditions of prolonged constant potential
charge at elevated temperatures. The im-
proved stability of a sealed recombining
lead acid aircraft battery is discussed in
relation to the heating effects occurring
during overcharge and the influence of lead
alloy composition and aging.

659 RNP

Characterization of Selenium
Impiantation for GaAs Integrated
Circuits
P. A. Leigh, C. J. Allen, and J. A. Bowie,
British Telecom Research Labs,
Martlesham Heath, Ipswich,

IP5 7RE, Suffolk, England

Using an automatic electrochemical Hall
profiling apparatus the limitations of ambient
temperature selenium implantation have
been explored. The effects of dose, energy,
substrate temperature, and anneal tempera-
ture have been studied with emphasns on
doses between 1-56 x 102 jons cm-% A
diffusion effect due to elevated substrate
temperature, independent of annealing was
found for low doses. The fall in activation
for doses less than 3 x 10'* cm-2 was re-
lated to a constant factor.

661 RNP

Fe, Cr, and Co Doping of Liquid Phase
Epitaxial and Bulk-Grown InP
R. L. Messham and A. Majerfeld,
Dept. of Electrical Engineering,
University of Colorado, Boulder, CO
80309, and K. J. Bachmann, Dept. of
Chemistry, North Carolina State
University, Raleigh, NC 27650
The incorporation of Fe, Cr, and Co in InP
LPE layers and, also, bulk-grown InP crystals
lightly doped with Fe were studied. The
solubility of Fe in In increases from 0.07 to
0.4 atomic percent over the range 700°-900°C.
However, the solubility of In in In-P solutions
is greatly reduced. The Fe, Cr, and Co-doped
LPE layers and the Fe-doped bulk-grown

crystals are all n-type. A 0.68 eV electron
trap is observed in Fe-doped crystals.

662 RNP
High Energy Density Zinc-Air Primary
Cells for Navigational Aids
R. Varbev, Bulgarian Academy of
Sciences, Central Laboratory of
Electrochemical Power Sources,
Sofia 1040, Bulgaria

November 1981

Two types of high energy density zinc-air
primary cells (500 and 3000 A-hr) deve.oped
for navigational buoy light powering are pre-
sented. The performance characteristics and
the design and construction differences of
both are discussed. The results from the
operation of 500 A-hr cells in buoys on the
Baltic Sea and some investigations connected
with water balance are reported. Initial per-
formance data of 3000 A-hr buoy light battery
tests are given.

663 RNP

Laser Enhanced Gold Plating on
Bulk Metal Samples

R. J. von Gutfeld, M. H. Gelchinski, and
L. T. Romankiw, IBM Thomas J.
Watson Research Center, Yorktown
Heights, NY 10598

For the purpose of saving precious metals,
we have investigated laser-enhanced gold
plating on a variety of bulk metal samples,
using a focused argon laser to define the
localized plated area. We describe experi-
mental conditions and results for plating on
bulk copper, nickel, and stainless steel. Mil
sized gold spots and mil wide lines up to a
mil in thickness have been fabricated. Under
appropriate conditions to be described, the
resulting gold patterns are formed without
any background plating. A thin background
coating can also be achieved when de-
scribed.

664 RNP

Metallic Glass Alloy Coatings

D. S. Lashmore and A. W. Ruff,
National Bureau of Standards, Center
for Materials Science, Washington, DC

20234

It is shown that it is possible to produce
amorphous nickel phosphorous alloys with
phosphorous contents controllable from 10
to about 50 atomic percent. At least twa
distinct atomic configurations have been
identified which can be selected through the
deposition parameters. The microhardness of
one of the configurations is shown to be
uniformly higher than the others. The dry
sliding wear performance of the plated alloy,
produced by pulsed electrodeposition, ex-
ceeds the wear performance of the direct
plated alloy. After heat-treating (400°C, 30
min) the dry sliding wear performance is
comparable to hard chromium.

665 RNP

Selected Transport Properties of
Electroless Copper Plating Baths

R. Y. Ying, L. C. Frazer,and F. M,
Donahue, Dept. of Chemical
Engineering, University of Michigan,
Ann Arbor, M1 48109

In order to analyze kinetic data where
mass transport is important, certain trans-
port properties are required. This paper pre-
sents data and correlating equations for the
viscosity and density of baths with EDTA
and Quadrol as the ligands and reports dif-
fusivities calculated from rotating disk
studies in EDTA baths.

666 RNP

Density and Growth of Dendritic
Elements in Electrodeposition
J-H. Shyu and U. Landau, Dept. of
Chemical Engineering, Case Western
Reserve University, Cleveland OH 44106

Analytical models for initiation and propa-
gation of dendritic elements in electrodepo-
sition have recently been derived and pre-
sented at previous meetings. The propagatlon
model takes into account only a single
dendritic element. The present work extends
this analysis by considering the interaction
among neighboring dendrites thereby provid-
ing the optimal density of propagating
dendrite assemblies. The density is found
to be a strong function of the diffusion layer
thickness. The higher the flow the more
closely packed the roughness elements are.
The model provides good agreement with ex-
perimental results.
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SECTION NEWS

European Section

The European Local Section held its
first business meeting on July 15, 1981
at the C.N.R.S. Laboratories in Belle-
vue, France. Following the business
meeting, a two day scientific meeting
was held on July 16 and 17, attended by
about 100 scientists from 13 countries.
Twenty-six papers were presented on
various topics in luminescence includ-
ing luminescence in I1-VlI compounds,
luminescent devices and materials, and
new techniques for advanced research
in luminescence. The local section
plans to hold a second luminescence
meeting at the University of Dublin in
1983. Meetings on other topics will be
held as interest develops. Those inter-
ested in obtaining additional informa-
tion on the European Local Section
should contact either R. Heindl or P.
Caro, C.N.R.S. Laboratories, 1 Place
Aristide Briand, 92190 Meudon-Bellevue,
France.

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 Sep-
tember 1981.

Active Members

Albery, W. J., London, England
Amsterdam, M. F., Scottsdale, AZ
Baum, T. A,, Dallas, TX

Burkhart, M. F., Dallas, TX

Chan, T., Mountain View, CA

Chang, T., San Jose, CA

Cheema, J. S., Rexdale, Ont., Canada
Chen, Y.-N., Sunnyvale, CA

Cheng, K. W., Palo Alto, CA

Devaud, G., Boulder, CO

Dorwachter, K. D., Broomfield, CO
Emili, W., Reutlingen, West Germany
Fonstad, C. G., Cambridge, MA
Frens, G., Eindhoven, The Netherlands
Henry, P. M., Chicago, IL

Kawakami, N., Tokyo, Japan

Kerns, R. C., Golden, CO

Krongelb, J. A., Sudbury, MA

Kuan, T. S., Calabasas, CA
Lichtenberger, J. A., Dayton, OH
Milgram, A. A,, Palo Alto, CA
Moriarty, W. L., South Meriden, CT
Morley, R. M., Colorado Springs, CO
Patel, P. J., Milwaukee, Wi
Rauscher, A., Szeged, Hungary
Ravishankar, P. S., Linden, NJ
Rhodes, R. K., Madison, W1
Schertenleib, K., Colorado Springs, CO
Scribner, L. L., Jr., Charlottesville, VA
Semones, D. E., Mentor, OH

Skibba, M. J., Denver, CO

Stoffel, E. J., Manhattan Beach, CA
Strebe, J. L., Milwaukee, WI
Trischan, G. M., Milwaukee, W!
Ulbrecht, A. G., Wyckoff, NJ

Wang, T. E., Milpitas, CA

Wollam, J. S, Acton, MA
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Student Members

Christian, K. D., Amsterdam, NY
DeCrosta, M. A., Bethiehem, PA
Frydrych, D. J., Philadelphia, PA
Griffin, A. T., Durham, NC
Guanti, R. J., Baltimore, MD
Henry, W. P., Lincoln, NE
Krisht, M. H., Tucson, AZ
Leatherman, G. L., Troy, NY
Lee, U. R., Gainesville, FL
Parus, S., West Lafayette, IN
Sinha, S., Princeton, NJ
Sundaram, L. M. G., Troy, NY
Terry, F. L., Jr., Brookline, MA
Van Noije, W. A. M., Heverlee, Belgium
Wright, J. C., Stanford, CA

NEWS ITEMS

Gordon Research Conferences

The Winter Gordon Research Confer-
ences will be held January 11-February
19, 1982 at the Holiday Inn of Ventura
(On the Beach), Ventura, California.

Topics for this conference include:
polymers, orientational disorder in crys-
tals, electrochemistry, composites, pep-
tides, sensory transduction in microor-
ganisms, metals in biology, angiotensin,
alcohol, and biology of aging.

For further information, contact Dr.
Alexander M. Cruickshank, Director,
Gordon Research Conferences, Pastore
Chemical Laboratory, University of
Rhode Island, Kingston, Rl 02881, tele-
phone 401-783-4011 or 401-783-3372.

International Symposium on
Adhesive Joints

An “International Symposium on Ad-
hesive Joints: Their Formation, Charac-
teristics and Testing” will be held at the
American Chemical Society Meeting in
Kansas City, Missouri, on September 12-
17, 1982.

For further information, contact Dr.
K. L. Mittal, Symposium Chairman,
Bldg. 300-40E, IBM Corporation, Hope-
well Junction, NY 12533, telephone 914-
897-6630.

"Polyimides: Synthesis,
Characterization, and Applications”

The First Technical Conference on
Polyimides: Synthesis, Characterization,
and Applications, sponsored by the Mid-
Hudson Section of the Society of Plas-
tics Engineers, will be held at the
Nevele Country Club in Ellenville, New
York, on November 10-12, 1982.

For further information, contact Dr.
K. L. Mittal, Program Chairman, IBM
Corporation, D/49F, B/300-40E, Hopewell
Junction, NY 12533, telephone 914-897-
6630.

Manager,
Chemical
Vapor
Deposition

Battelle, a world leader in R&D, is look-
ing for a highly qualified person with
extensive CVD experience to manage
and direct a group of 22 scientists and
technicians engaged in basic and
applied research and pilot plant de-
velopment. Activities of the group in-
clude:

e Solar grade silicon

¢ Fluidized bed coatings

* Hard faced coatings

* Sensor coatings

e Laser and plasma assisted CVD
* Electronic and optical thin films
¢ Oxidation resistant coatings

e Component fabrication

Battelle's Columbus Laboratories, lo-
cated in Columbus, Ohio, has received
world-wide recognition as a pioneer in
CVD, the group originally being estab-
lished in 1935. The selected individual
will be expected to increase Battelle's
business while improving the group’s
reputation in the technical community.
Excellent comprehensive benefits, sal-
ary commensurate with experience.
Send resume in confidence to: Box
#B-84, The Electrochemical Society,
Inc., 10 South Main St., Pennington,
NJ 08534.

&4 Battelle ..

An Equal Opportunity Employer

Notice to Authors
for Montreal, Canada,
Meeting

The 75-word abstracts for the
Montreal, Canada, Meeting of the
Society, May 9-14, 1982, must be
received by Society Headquarters
on or before December 1, 1981,
Extended abstracts are due on or
before January 1, 1982. These
deadlines must be adhered to in
order for a paper to be considered
for inclusion in the meeting pro-
gram. Further details appear in
the Call for Papers, pages 503C-
508C of This Journal.
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ECS Membership Statistics
The following three tables give a breakdown of membership as of Oct, 1, 1981.
Table I. ECS Membership by Sections

POSITION AVAILABLE

October 1

Section T 197 197 1900 101 —Gonalaenng a carser thange for the ngn
opportunity? We are confidential executive

Boston 287 291 374 394 412 recruiting and placement specialists serving

Chicago a4 G @ B mm  Te e B b

Cleveland 140 144 154 156 152 from entry level through management. Client

Columbus 8 BB 91 61 @3  gEIes T oW feoc Wik of Gal it

Detroit 127 113 138 138 134 of Allentown, 1401 N. Cedar Crest Bivd,

European T _ 3 42 Suite 56, Allentown, PA 18104 (215) 437-5551.

Indianapolis 39 33 30 28 33

Metropolitan New York 667 639 687 697 705

Midland 28 29 34 34 27

National Capital Area 182 167 175 180 170

Niagara Falls 79 84 151 161 136

North Texas 149 147 178 226 238 POSITIONS WANTED

Ontario-Quebec 187 158 163 165 171

Oregon — — —_ 6 17

Pacific Northwest 67 93 102 91 82

Philadelphia 222 217 229 243 248 Please address replies to the box

Pittsburgh 132 122 149 136 119 number shown, c/o The Electrochemi-

Rocky Mountain 67 89 106 125 147 cal Society, Inc., 10 South Main Street,

San Francisco 391 425 495 567 640 Pennington, N.J. 08534-2896.

South Texas 69 56 45 35 28

Southern California-Nevada 286 279 304 340 346

Twin Cities —_ — — 9 100 " , ist—p

Non-Section 882 1199 1028 1151 1196  fencie practical and theorelieal experence

Subtotal—In Good Standing—All Classes 4299 4604 4898 5251 5300  focrmo OO e e oses Raciio!

Delinquents (Active and Student) 325 323 362 467 511 ‘s’gg‘ﬂcrgugg % §2et§|'ﬁ.°r‘g'§’°'v'ﬁ{?"s§|'§.‘n 2::;?“;':!:
TOTAL 4624 4927 5260 5718 6001 in process development and optimization.
_— —— —— —— — Veasatlle and mnovahve with several pafé\st's_
tion. Reply Box C-232.
Table I1. ECS Membership by Divisions* N
October 1
Division 1977 1978 1979 1980 1981 IE’lh D. Seeks cl'lEaIIEI'é:glng research posmo:
Sty IsiT 1370 1470 1550 1606 Bedang i elesi pie e s
Corrosion 1287 1311 1309 1341 1386 perience. Expertise in electrode reaction
Dielectrics and Insulation 962 1020 1025 1106 1178  Studies. Publications. Reply Box C-233.
Electrodeposition 1179 1177 1161 1167 1179
Electronics 2398 2375 2363 2731 2931
General Materials and Processes 1548 1523 1394 1388 1471
Semiconductors 1777 1788 1948 2244 2434
Luminescence 554 511 460 477 480 . N p
Electrothermics and Metallurgy 863 873 804 769 789  Abstracts of Recent News Papers—
Industrial Electrolytic 693 698 712 682 685 Denver, Colorado, Meeting 485C-488C
Organic and Biological Electrochemistry 599 625 613 632 689 Section News .. ................ 489C
Physical Electrochemistry 1550 1618 1647 1712 1827
Energy Technology Group — 205 813 1293 1363  New Members ... .. Cee.. A8SC
* A member may be included in the count of several Divisions. Notice to Authors ........ ... .. 489C
Table I11. ECS Membership by Grade ECS Membership Statistics ... 430C
October 1 1981/1980 Position Available .............. 490C
1977 1978 1979 1980 1981 % Increase Positions Wanted ............... 490C
Active 3701 3958 4208 4458 4690 5.20 Nominations for ECS Award in
Member Reps. of Solid State Science and
Contributing Companies 135 127 142 148 134 (9.46) Technology .................. 491C
Emeritus 114 116 117 125 127 1.60 N
: s Announcement of the David C.
Life 47 49 51 53 53
Honorary 9 13 14 14 16 1429 Grahame Award ............... 491C
Subtotal Active in - T T New Books ... .............. 491C-494C
Good Standing 4006 4263 4532 4798 5020 4.63 .
. Eoe Rox B ZEER S —_ ECS Summer Fellowship Awards to
Delinquent 256 267 812 413 &0 18Y be Granted . ... ... ... 492¢
Total Active on Record 4264 4530 4844 5211 5440 4.39 Call for P s—First's .
e e = e == — or Paper
Students 203 341 366 453 470 375 : gt ol ol Ul
C Very Large Scale Integration Science
Delinquent 67 56 5 54 91 6852 and Technology .............. . 495¢
Total Students 360 397 416 507 561 10.65

5 o N R M = = Call for Papers—Montreal, Canada
Total Individual Members 4624 4927 5260 5718 6001 4.95 Meeting ... ... ... 503C-508C
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Nominations Solicited for the Sixth
Electrochemical Society Award in Solid State
Science and Technology

Nominations are solicited by the Honors and Awards Committee for the
Solid State Science and Technology Award. Since establishment of the
biennial award in 1972, the recipients have been the following:

1973 William G. Pfann 1977 Robert N. Hall
1975 Harry C. Gatos 1979 Morton B. Panish
1981 Gerald L. Pearson

The next award will be presented at the Spring 1983 Meeting of the Society.

The recipient of this Award must have made distinguished contributions
to the field of solid state science, He need not be a member of the Society,
a?d ‘th_ere are no restrictions regarding age, sex, race, citizenship, or place
of origin.

The Award consists of a silver medal together with a bronze replica and
the sum of $1500. The recipient will deliver an address to the Society on a
subject related to the contributions for which the Award is presented.

This is one of the Society's most prestigious awards, and we urge all
members of the Society to give serious consideration to possible candi-
dates. Please send nominations, with supporting documents, to E. H.
Nicollian, Bell Laboratories, 600 Mountain Ave., Murray Hill, N.J. 07974,
The supporting documents need not be lengthy, and may consist of a half-
page description of the contributions made, a half-page biography, and a
list of publications of the candidate. If the paper titles are not included in
the publication list, please identify the most outstanding papers. If the
Committee needs more information, the nominator will be contacted. If

NEW BOOKS

U.V. Curing in Screen Printing for
Printed Circuits and the Graphic Arts,
edited by S. G. Wentink and S. D. Koch.

1981, Techno!ogy Marketing Corp., 17 Park
ggoyorwalk, T 06851. 209 pages, bound.

Chapter 1 offers a brief explanation of u.v.
curing and the principles behind it. Chapters
2 and 3 provide the reader with an expiana-
tion of the different types of u.v.-curable inks
and coatings and their components. Chapter
4 and 5 focus on the selection and the
proper maintenance of u.v. curing equip-
ment. Since u.v. curing has deeply penetrated
the printed circuits technology, an entire
chapter is devoted to this topic. Chapter 6
thus examines the application of u.v. curing
in printed circuits by discussing specifica-
tions and requirements, property evaluations,
operating requirements, and economic factors
that are unique to the printed circuits by
discussing specifications and requirements,
property evaluations, operating requirements,
and economic factors that are unique to the
printed circuits industry. Chapters 7 and 8
focus primarily on production. Toxicity and
safety of the inks, coatings, and the curing
equipment are important issues that are ad-
dressed, in great detail, in chapter 9. Chapter
10 provides a detailed summary of the equip-
ment selection process leading to an exten-
sive coverage of economic justification for
u.v. curing.

possible, please submit the nominations by March 1, 1982 to facilitate con-
sideration by the Committee. Nominations close at the opening of the
Spring 1982 Meeting.

Announcement of the New David C. Grahame Award of the
Physical Electrochemistry Division of The Electrochemical
Society, Inc. and Call for Nominations

Non;inations are solicited for the David C. Grahame Award, to be presented for the first time in the Spring
of 1983.

The Physical Electrochemistry Division has established this new Award in order to encourage excellence in
Physical Electrochemistry Research and to stimulate publication of high quality research papers in the Jour-
nal of The Electrochemical Society. This encouragement is provided by bringing recognition to Active Mem-
bers of the Society who have made outstanding contributions to the field of Physical Electrochemistry and who
have enhanced the scientific stature of the Society by the presentation of well-recognized papers in the Jour-
nal and at Society Meetings. For the purpose of this Award, Physical Electrochemistry is defined as that area
of Electrochemistry traditionally represented by the Physical Electrochemistry Division in the Journal and at
Society Meetings.

The “David C. Grahame Award” shall be granted to a currently Active Member of the Society for some recent
outstanding scientific contribution to Physical Electrochemistry. For the purpose of the Award, “currently ac-
tive” is to be measured by publication of more than one paper in the Journal and attendance at more than
one Society Meeting, as a member of the Society, within the previous five years.

The Award will be made biennially at the Society Spring Meeting, with the first Award to be presented in
May 1983.

The recipient will receive a certificate, a stipend of $500 and, if required, financial assistance toward travel
expenses to the Society Meeting at which the Award is made. The recipient is required to attend the Society
Meeting at which the Award is given and to present an Award lecture in the General Session of or in a Sym-
posium sponsored by the Physical Electrochemistry Division at that Meeting. In the event that the Award is
made jointly to two or more co-recipients, the Award to each of the co-recipients will comprise a certificate and
a check for an amount to be decided by the Physical Electrochemistry Division Executive Committee. The
Award is financed from the income of a “Physical Electrochemistry Division Award Fund,” specifically estab-
lished for this purpose by contributions from the Physical Electrochemistry Division and the General Electric
Company.

To be considered for the Award, nominations must be accompanied by supporting documents, such as a biog-
raphy, list of publications, professional activities, and a brief summary of the recent outstanding contribution
on which the Award is to be based. Letters of support by scientists well recognized in the area of Physical Elec-
trochemistry will also be taken into account. Nomination documents in 6 copies should be submitted to the
Award Chairman, Dr. J. D. E. Mclintyre, Bell Laboratories, 1D-354, Murray Hill, NJ 07974. Deadline for receipt
of nominations by the Award Committee Chairman is December 31, 1981.
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Chromates Symposium 80 Focus of a
Standard, Proceedings, Rockville, Mary-
land, September 16-18, 1980.

1981, Industrial Heaith Foundation Inc., 5231
Centre Ave., Pittsburgh, PA 15232, 370 pageay
paper. $25.! 00

The first group of papers is concerned mainly
with toxicity of chromium and its com-
pounds. The second group of papers includes
subjects such as electroplatings, pigments,
paints, welding, wood preservation, and tan-
ning. The last section is largely concerned
with monitoring exposure to chrome particu-
larly in the metallurgical industries.

Electrochemie und Elektronik, October
23-24, 1980, by Deutsche gesellschaft fiir
chemisches apparatewesen.

1981, Verlag Chemie, Deuchema, Deutche Ges-
sel, Frankfurt/Main 97 01 46 6000 Frankfurt.
289 pages, paper.

The conference was organized by the Fach-
gruppe Angewandte Elektrochemie of the So-
ciety. Sessions were held on: Measurement
techniques; displays, sensors, modules;
power sources; semiconductor-electrodes;
and process control. Papers are in German,
with English summaries.

Tribology in Metal Working—New Devel-
opments.

1980, Institute of Mechanical Engineers, dis-
tributed by Society of Automotive Engineers,
Commonwealth Dr Warrendale, PA 15086.
63 pages, paper. $28.00.
The titles of the papers presented at the con-
ference are: Recent developments in the
analysis and applications of hydrostatic lu-
brication in sheet metal forming; selected
iubrication by electrochemical deposition for
sheet and bulk forming operatlons, the treat-
ment of metal-working tools by ion implanta-
tion; hot strip mill roll gap lubrication; sur-
face coatings for cutting and forming tools;

November 1981

Summer Fellowship Award Program
of The Electrochemical Society

The Board of Directors of The Electrochemical Society has voted to allocate
$4,500 for summer fellowships in 1982, The Award subcommittee shall have the
discretion of deciding the number of recipients and the amount granted to each,
within the limits of the appropriation.

The purpose of the award is to assist a student in continuing his/her graduate
work during the summer months in a field of interest to The Electrochemical
Society. According to the rules for the Society Summer Fellowship Program, if
one award is given, it shall be called the Edward G. Weston Fellowship Award;
if two awards are given, the second one shall be designated the Colin Garfield
Fink Fellowship Award; if more than two are given, the third award shall be
called the Joseph W. Richards Fellowship Award.

Candidate’s qualifications: “The award shall be made without regard to sex,
citizenship, race, or financial need. It shall be made to a graduate student
pursuing work between the degree of B.S. and Ph.D., in a college or university in
the United States or Canada, and who will continue their studies after the sum-
mer period. A previous holder of an award is eligible for reappointment.”

Qualified graduate students are invited to apply for these fellowship awards.
Applicants must complete an application form and supply the following in-
formation:

1. A brief statement of educational objectives.

2. A brief statement of the thesis research problem including objectives,

work already accomplished, and work planned for the summer of 1982,

3. A transcript of undergraduate and graduate academic work.

4, Two letters of recommendation, one of which should be from the applicant's

research adviser.

5. Successful recipients of followships shall agree not to hold other appoint-

ments or other fellowships during the summer of 1982,

Application forms are available from the Chairman of the Fellowship Awards
Subcommittee, to whom completed applications and letters of recommendation
should be sent: Dr. Stanley Bruckenstein, SUNY, Department of Chemistry,
Buffalo, New York 14214,

Deadline for receipt of completed applications will be January 1, 1982 and
award winners will be announced on May 1, 1982,

Electro @yn @ell
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The sketch above shows a 7-module section of a larger production cell.
The projected electrode area of each module is 1.04m?

A new monopolar membrane cell
of modular design is now

“ available for synthesis of organic
and inorganic chemicals. Start
with a laboratory unit (0.04m?),
and when ready expand this to a
pilot scale module (1.04m?), and
then to a production plant of
several modules. Cell parts are
available in a wide variety of
materials. Further advantages:
leakproof, uniform hydrodynamics,
narrow inter-electrode gap,
injection molded frames.

membrane

—  electrode

—1 frame, outer
frame, inner

THE ELECTROSYNTHESIS CO.
P.O. Box 16, E. Amherst, N.Y. 14051 Tel.: (716) 684-0513
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the non-imbedded abrasive compound is a
tool for saving time and money in the manu-
facture and overhaul of parts and machinery;
new oil mist lubrication concepts for higher
efficiency and better environment; and tri-
bology in metal working, developments in
perspective.

Primary Electrochemical Cell Technol-
ogy Advances since 1977, edited by
R. W. Graham.

1981, Noyes Data Corp., Noyes Bldg., Park
Ridge, NJ 07656. 388 pages, bound. $48.00.

This book describes over 200 processes relat-
ing to the worldwide development for pri-
mary battery chemistry, design, manufacture,
and applications technology. Those pro-
cesses, representative of the recent patent
literature of the U.S., also encompass the
newer technology development in Japan, Eu-
rope, and other countries. There are chapters
on alkaline zinc dry cells; lithium batteries;
metal-air and zinc-silver oxide batteries;
seawater, reserve, and thermal batteries; bat-
teries for photographic applications; pace-
maker battery technology. There are indexes
by inventor, patent number, and companies.

Leiterplattenfertigung Heute: Fertigung,
Qualitat, Probleme and Problemlosun-
gen, Tagung Dusseldorf, 1980. (VDI
Berichte No. 387) (English Transfaction.
Production of Circuit Boards Today) Ger-
many, September 29-30, 1980, by Verein
Deutscher Ingenieure.

1980, VDI Verlag GmbH, Postfach 1139 D-4000
Dusseldorf 1, Germany. 112 pages, paper.

Papers include: Layout for automatic assem-
bly of printed circuits; possibilities of semi-
automatic data control for printed circuits;
semiadditive process in printed circuit manu-
facture and its practical applications; thin
film-laminate—an_ alternative to the semiad-
ditive process; alternatives of gilding printed
circuits; production of printed circuits plated
v{ith copper; flexible printed circuits—produc-
tion problems and their solutions; and com-
puter-aided manufacturing of multi-layers.

Laser and Electron-Beam Solid Interac-
tions and Materials Processing, edited
by J. F. Gibbons et al.

1981, Elsevier North-Holland, 52 Vanderbilt
Ave., New York, NY 10017 and P.O. Box 211,
1000 AE Amsterdam, The Netherlands. 629
pages, bound. $70.00.

The book is divided into the following parts:
Fundamental mechanisms; elemental semi-
conductors; compound semiconductors; de-
vice applications; deposited films and sili-
con on insulators; silicides and metals.
Some of the specific topics discussed in the
papers: Threshold energy density for pulsed
laser annealing of silicon; convection in
pulsed laser formed melts; adsorption of oxy-
gen in laser-induced amorphous silicon;
transient and furnace annealing of ion-im-
pIan?eld gallium arsenide; laser processing
of silicon for advanced microelectronic de-
vices and circuits; beam processing; laser
ep.ltaxy_over buried layers; laser growth of
tl:u.n.smcon crystals in patterned structures;
silicide formation using laser and electron
beams; laser quenched metal-silicon alloys;
pulsed laser annealing of aluminum; high
power effects on unimplanted and implanted
aluminum single crystals.

International Congress on Surface Tech-
nology, Proceedings, edited by G. Rohr-
bach.

1981, VDI Verlag GmbH, 4 Dusseldorf 10, Post-
fach 10-250, Germany. 613 pages, paper.
Sessions . covered: Survey presentations;
technologies for the treatment of surfaces,
surface quality, construction; technologies
for measuring and analyzing surfaces; prep-
aration of metal and synthetic surfaces; pro-
cesses for metallic and ceramic coating; pro-
tection by means of modern organic coat-
ings; electrodepositing and chemical treat-
ment of surfaces in engineering; thermic and
thermochemical processes for treatment of
surfaces; special properties of surfaces; and
information and documentation regarding
surface technology.
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Senior Plating
Engineers

The growth and development of our plating requirements have
created openings for Senior Process Engineers with broad expertise
in electrochemistry. The successful candidates will be responsible
for insuring that our plating and printing processes continue to
produce quality front panels and precision components for our
instruments. We manufacture tightly toleranced parts (+.00002) and
utilize class 10,000 clean rooms on our chemical etch lines. Our rack
and barrel plating lines plate both metal and plastic parts and are
capable of producing a variety of surface finishes and textures.
Expertise needed for these areas are as follows:

Lead Engineer

The Lead Engineer will be responsible for the technical direction of
eight other professionals in the areas of general plating, anodizing and
printing and chemical etching. This will require a solid background in
electrochemistry, plus experience in the production of parts using
chemical etching with U.V. photo resists on metal and plastic substrates.
A Ph.D. in Chemistry or Chemical Engineering plus two to four years’
experience as a Lead or Project Engineer is required.

Senior Engineer

The Senior Engineer will investigate, verify and maintain all of
our metal and plastic plating and engineering processes.
Familiarity with Ni, Zn, Cd, Au, Ag, Cu, Brass, Sn, Electroless
Ni-Cu and Albaloy plating is desired. Knowledge of anodizing and
printing with U.V. ink is also helpful. This position will require a
Ph. D. or Master’s level education in Chemistry or Chemical
Engineering, as well as three to five years’ diverse experience with
metal and plastic parts.

Tektronix, Inc. develops, manufactures and markets
internationally recognized precision electronic measurement
instruments, computer peripherals and related electronic
instrumentation. Headquartered near Portland, Oregon and
supported by sales and service personnel throughout the U.S., we
are within a two-hour drive of the Cascade Mountains and ocean
beaches. The close-by natural playgrounds and the City of Portland
provide a variety of recreational and cultural interests.

Salary is $25,000 - $45,000 depending on experience. Benefits
include educational support, insurance and profit sharing
programs, and relocation assistance.

If you feel that you are qualified for either of these positions,
please send a detailed resume and salary history to Gene Lambird,
M.S. Y6-010, Tektronix, Inc., P.O. Box 500, H75, Beaverton,
Oregon, 97077 or call 800-547-1164 for more information.

An equal opportunity employer m/f/h.

Tektronix

COMMITTED TO EXCELLENCE

493C




494C

Electrodes of Conductive Metallic Ox-
ides, edited by S. Trasatti.

1981, Elsevier North-Holland, 52 Vanderbilt
Ave., New York, NY 10017 and P.O. Box 211,
1000 AE Amsterdam, The Netherlands. 336
pages, bound. $83.00.

Part B is mainly devoted to the kinetic as-
pects of reactions at oxide electrodes. The
first chapter deals, however, with the surface
chemistry of oxides. The second chapter pro-
vides a critical review of organic reactions at
and with oxide films in the low and high po-
tential ranges. Chlorine and oxygen evolu-
tion are the anodic reactions that have been
studied in most detail at oxide electrodes. A
critical survey of the literature is provided
in the third chapter. The last chapter has
been compiled by an expert from the tech-
nological field who has long been involved
in the research and development programs
of an industry that pioneered the use of
oxide anodes in chlor-alkali cells. This chap-
ter is devoted to the scientific aspects of the
matter, and points out the problems encoun-
tered in the practical use of the materials
with special emphasis on long-term per-
formances that constitute the major tech-
nological requirement.
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Langmuir-Blodgett Films,
W. A. Barlow.

edited by

ADVERTISERS' INDEX

1980, Eisevier Scientific Publishing Co.,
Molenwerf 1, 1014 AG Amsterdam, The Neth-
erlands and 52 Vanderbilt Ave., New York, NY
10017. 288 pages, bound. $75.50.

Electron Microscopy Society of America
3%th  Annual Meeting,
edited by G. W. Bailey.
1981, Claitors Publishing Div., 3165 S. Acadian

at 1-10, P.O. Box 3333, Baton Rouge, LA 70821.
665 pages, bound. $35.00.

Except where rnoted,
have been prepared by the staff of
The Engineering Societies Library, and
were selected for
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.
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OUT-OF-PRINT SOCIETY VOLUMES

The following volumes sponsored or published by The Electrochemical Soclety, Inc. are now out-of-print. Xerographic

copies* or reprintst of these volumes are available.

* Vapor Plating. C. F. Powell, I. E. Campbell, and B. W. Gon-
ser, Editors. A 1955 symposium. 158 pages.

* The Structure of Electrolytic Solutions. W. J. Hamer, Editor.
A 1957 symposium. 441 pages.

* Technology of Columbium (Niobium). B. W. Gonser and
E. M. Sherwood, Editors, A 1958 symposium. 120 pages.

* Surface Chemistry of Metals and Semiconductors. H. C.
Gatos, J. W. Faust, Jr., and W. J. La Fleur, Editors. A
1959 symposium. 526 pages.

* Electrode Processes, First Conference. E. Yeager, Editor.
A 1959 symposium, 374 pages.

* Mechanical Properties of Intermetallic Compounds. J. H.
Westbrook, Editor. A 1959 symposium. 435 pages.

* Zirconium and Its Alloys. J. P. Pemsler, E. C. W. Perryman,
and W. W. Smeltzer, Editors. A 1965 symposium. 205
pages.

t Measurement Techniques for Thin Films. B. Schwartz and
N. Schwartz, Editors. 1965 and 1966 symposia. 347 pages.

t Electrode Processes, Second Conference. E. Yeager, H.
Hoffman, and E. Eisenmann, Editors. A 1966 symposium.
190 pages.

* Electrolytic Rectifi and Conduction Mechanisms in
Anodic Oxide Films. P. F. Schmidt and D. M. Smyth,
Editors. A 1967 symposium. 230 pages.

* Electrets and Related Electrostatic Charge Storage Phe-
nomena. L. M. Baxt and M. M. Perlman, Editors. A 1967
symposium. 150 pages.
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CALL FOR PAPERS

FIRST INTERNATIONAL SYMPOSIUM ON VERY LARGE SCALE
INTEGRATION SCIENCE AND TECHNOLOGY
OCTOBER 17-22, 1982—DETROIT, MICHIGAN

The First International Symposium on Very Large Scale Integration Science and Technology, co-sponsored
by the Electronics and the Dielectrics & Insulation Divisions, will be held as a part of the 160th Meeting of The
Electrochemical Society in Detroit, Michigan, October 17-22, 1982.

The symposium will include a wide range of topics in high density, high performance device manufacturing
science and technology. The emphasis will be on those processes and technologies that are unique to VLSI
requirements. Publication of a proceedings volume is planned.

Topics to be considered in the symposium include the following: 1. Device fundamentals, design, model-
ing, and characterization; device and process scaling, and ultimate limits. 2. Process and Materials funda-
mentals, modeling, and characterization, and their relation to device performance. 3. Integrated Circuit Fabri-
cation Technology for high speed, high density, and high reliability; prediction and control of yield and
performance limitations from processes, materials, and defects; integrated circuit factory automation and
control.

DEVICE SCIENCE AND TECHNOLOGY (Co-Chairmen—C. J. Dell’Oca and A. J. Reisman)

—Basic device fundamentals related to very small geometries and high performance. Device scaling and
limits.

—Effect of parasitics and their reduction through device design and process optimization.

—Device modeling in relation to processes or process modeling. .

—Device advances such as thin gate insulators or SigNy gate dielectrics, silicide gates, shallow emitters,
heterojunction devices, and other advances in bipolar and MOS devices.

PROCESSES AND MATERIALS FOR VLSI (Co-Chairmen—D. A. Doane, H. Geipel, and H. R. Huff)

—Science and technology of low temperature processes required to achieve high performance VLSI, such as
LPCVD, plasma CVD, high pressure oxidation, and ion implantation.

—Fine line definition and dry etching science and technology, selectivity, surface profile control.

—Process modeling, one and two dimensional, for diffusion and surface profiles.

—Lithographic aspects, such as applications, problems and limits of optical, x-ray, and electron beam ex-
posure systems and resist materials.

—Properties and preparation of materials such as thermal SizN4, thin gate oxide, polycides, silicides, thin
epitaxial layers, insulators, etc.

—Contact and gate technology: fabrication and properties; use of silicides; and polycides.

—Novel processes for VLSI, such as beam annealing.

INTEGRATED CIRCUIT FABRICATION SCIENCE AND TECHNOLOGY
(Co-Chairmen—N. Goldsmith and C. M. Osburn)

—Approaches to achieving high density, high performance bipolar and MOS technologies.
—Methods and properties of device isolation for high density integrated circuits.
—Muitilevel interconnect technologies: fabrication and reliability.

—Process or residual impurity-induced defects: formation, understanding, and control.
—Yield analysis and prediction: factory automation and control.

—Reliability.

Authors must submit five copies of a 500 word, or longer, abstract specifically stating the contribution
that the paper makes to the field. These abstracts will be used solely to select papers for presentation at the
symposium. In-depth review papers which give wide coverage of a field are also sought, and those eminent
in the fields of devices, materials, and advanced IC process technologies are invited to submit abstracts.
The abstracts should be submitted by January 15, 1982, to either the Chairman, Conrad J. Dell'Oca, LS| Logic
Corp., 1601 McCarthy Blvd., Milpitas, CA 95035; or to the Vice-Chairman, W. Murray Bullis, Fairchild Camera and
Instrument Corp., 4001 Miranda Ave., Palo Alto, CA 94304. Authors submitting abstracts will be notified if their
papers have been accepted for presentation and will be given specific instructions for subsequent manu-
script preparation for the proceedings. Authors of accepted papers will also be required to submit a 75-word
abstract (deadline—May 1, 1982) and a 500-1000 word extended abstract (deadline—June 1, 1982) to The Elec-
trochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534,
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Solartron

INSTRUMENTATION GROUP

Frequency Response Analysis
for the Electrochemist

The Solartron 1186 Electrochemical Interface These features enable the majority of electro-
Unit has been designed to provide the interfacing chemical analyses to be implemented, including:
requirements for the cotnrol and measurement
of cell characteristics using the Solartron 1170 e Corrosion

series Frequency Response Analysers, by super-
imposing its sine wave output as an internally
generated polarisation voltage. In addition to its ¢ Biological measurements
role as an interface the unit contains all the fea-
tures necessary to make it a general purpose
potentiostat enabling both ac and dc impedance ¢ Education.
measurements to be undertaken.

e Battery testing

e Photo-electric effects

Solartron Instrumentation Group, Data Systems Division of Sangamo Weston Inc.
17972 Sky Park Circle, Suite F, Irvine, CA 92714 Tel: (714) 641-7137 Schlumberger
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The Technique—Known throughout the
electrochemical community, controlled
potential coulometry (CPC) is a high
precision, high accuracy analytical
technique. Since coulometry is a
“‘primary’’ method, it is often employed
for absolute purity determinations as
well as general electrochemical
investigations.

For years, CPC has been used in the atomic energy
industry where remote, high accuracy metals analysis
is required. A variety of precious metals are
conveniently handled by CPC and recently, Harrar' has
demonstrated its use in precious metal plating bath
analyses. Of course many anions and organics are also
amenable to this technique.

The System—The EG&G PARC Model 380 System for
CPC consists of a research quality potentiostat (Model
173), a stable digital coulometer (Model 179), and an
electrolysis cell of convenient design (Model 377A).
Together these components provide a highly practical and
effective system for a variety of electrochemical work
including CPC.

The Potentiostat—Since the Model 173 offers very
accurate potential control, highly selective electrolyses can
be carried out. An impressive combination of other
performance specs such as 3 us response time, +1 A
current capability and + 100 V compliance voltage,
makes the Model 173 mainframe ideal for CPC work.

The Coulometer—The Model 179 Digital Coulometer
plugs into the 173 Potentiostat and is used to integrate
the electrolysis current. It provides a digital display of

st Pt o

accumulated charge which autoranges over seven decades
of charge. Features such as current polarity
discrimination, background subtraction and digital output
of coulombs greatly simplify the CPC measurement.

The Electrolysis Cell—The Model 377A is a carefully
designed package for coulometry requiring only the
addition of mercury or the optional platinum electrode
kit. The 377A incorporates an efficient stirring system for
rapid electrolyses and minimum analysis times.

Applications Back-Up—For more information on how
the Model 380 Controlled Potential Coulometry System
can be used in your work, contact the Electrochemistry
Product Group, EG&G PRINCETON APPLIED
RESEARCH, P. O. Box 2565, Princeton, NJ 08540;
609/452-2111.

'Jackson E. Harrar and Miles C. Waggoner, ‘‘Precious Metal Analysis By
Controlled Potential Coulometry,” Plating and Surface Finishing, January
1981, pp. 41-45.




Instrumentation for Electrochemistry
and Chemistry Research

ELECTROCHEMOSCOPE I

A complete line of versatile instruments for the electrochemist

includes the unique ELECTROCHEMOSCOPE I which makes

available for the first time . . .

e All digital circuitry ® Real time CRT display plus X-Y Recorder

¢ Floppy disc storage of 16 plots ® Scale expansion and back-
ground subtraction of stored data ® Computer interface

¢ Digital display of current, voltage and coulombs.

ELECTROPREP™ SYSTEM

A complete system for preparative electrosynthesis and
coulometry is based on the unique ELECTROPREP cell which
offers a wide choice of easily interchanged electrodes, optimized
cell geometry and choice of interchangeable separators.
Optimally matched components of the system provide . . .

® Production of up to 200 millimoles per hour .

® Completely automated operation

® Controlled voltage and constant current operation.

COMPUTER-AIDED CORROSION MEASUREMENTS

Included in the wide choice of instruments for corrosion research

from ECO INSTRUMENTS, the CMS-10 Computer-Aided

Electrochemical Corrosion Measurement System introduces the

advantages of data processing including . . .

® Raw data stored on floppy discs for instant retreival

e Standard corrosion calculations done automatically, displayed
digitally and/or printed out

¢ User programmable for new and non-standard calculations

® Sample testing time reduced to a few minutes.

TITRISTAT™ II

The TITRISTAT II offers a unique combination of capabilities -

and conveniences, such as . . .

® First derivative plots plus %‘57 providing true equivalence point

® Potentiometric, amperometric, Karl Fischer and both direct and
incremental thermometric titrations

® Automatic end-point search, pH Stat, and preset end-point
search

® Two digital displays — ml’s added and actual parameter sensed

® Computer compatible outputs for both displays.

INSTRUMENTS

Division of Sea Data Corporation

153 California Street - Newton, Mass. 02158, U.S.A.
Tel. (617) 661-8080 - Telex: 951107 - Cable: Seadata New
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The Electrochemical Society, Inc.

10 South Main Street, Pennington, New Jersey 08534-2896 e Telephone: 609-737-1902
Instructions to Authors

The JOURNAL OF THE ELECTROCHEMICAL SOCIETY is
the official monthly journal of the Society. It contains three
sections: Electrochemical Science and Technology, Solid-State
Science and Technology, and Reviews and News. Technical
Papers, Technical Notes, and Accelerated Brief Communica-
tions are published in the first two sections and Review
Papers in the third. All manuscripts submitted are considered
for publication, with the understanding that they have not
been submitted, accepted for publication, or published else-
where. A wide range of subject matter is acceptable. Manu-
scripts can be handled promptly and efficiently if these
instructions are followed.

Technical Papers describe fundamental or applied studies in

depth. They contain new data and/or

TYPES OF new interpretations of existing data.

PAPERS Abstracts summarizing the results are
required.

Technical Notes report briefly on limited research or de-
velopment that is not being pursued further. No abstracts are
required.

Accelerated Brief Communications present, in camera-ready
format of limited length, scientific or technological informa-
tion warranting rapid dissemination. No abstracts are
required.

Review Papers furnish critical analyses of topical subjects.
Abstracts are required.

Submit three complete, clear copies of each manuscript
SUBMISSION gnd thg originals of all figures and
illustrations to:

Editorial Office

The Electrochemical Society, Inc.
10 South Main Street
Pennington, New Jersey 08534-2896

A letter accompanying the manuscript should give (a) the
name and mailing address of the author to whom corre-
spondence should be sent, (b) reference to any presentation of
the work at a meeting of The Electrochemical Society, (c) the
Division or Group of the Society or the Divisional or Group
Editor (both are listed in the front of each issue of the
Journal) whose interests are most closely related to the work
being discussed, (d) the section of the Journal in which the
work should appear, and (e) the names and addresses of
people able to act as reviewers.

Following receipt by the Editorial Office, each manuscript is
sent to a Divisional or Group Editor with
knowledge of the subject matter, This
editor arranges for review of the manu-
script  and communicates with the
author(s) regarding revisions. Final acceptance or rejection
of a manuscript is determined by the Editor.

Accelerated Brief Communications are handled as rapidly
as possible, ordinarily with a response to the author(s) from
the Divisional Editor, the Group Editor, or the Editor within
three weeks of their arrival at Pennington. Response to the
authors of other manuscripts usually takes place within six
weeks. Following acceptance, authors are notified of the
Journal issue in which publication is scheduled; about one
month before publication, page proofs and an order blank for
reprints are provided. Proofs must be promptly corrected and
returned. Extensive alterations by the author may delay
publication; their cost will be billed to the author(s).

To help meet publication costs, a payment of $65.00 per
printed page is requested for the publi-
cation of technical material. If at least
one author is a Society member or an
employee of a Patron or Sustaining mem-
ber, a 10% reduction is allowed. Acceptance of manuscripts
for publication is, however, based on merit and is in no way
dependent on such payment, which may be waived in indi-
vidual cases upon request.
Organization and clarity are essential elements of successful
written communication. Identify the
PRESENTATION subject matter in the title, using words
useful in indexing. State the purpose of
Revised December 1, 1980

EDITORIAL
PRACTICES

PUBLICATION
CHARGE

the work early in the text. Avoid introductory and explanatory
material that is overly familiar to those in the field. Present
the work and the arguments in an order that leads naturally
to clearly specified conclusions. Provide enough information
for the work to be reproduced and the logic behind it to be
understood. Identify and justify any assumptions that are
made; avoid tacit assumptions. Omit details that are generally
known or that can be covered by reference to other publica-
tions. Give the magnitude and define the significance of
experimental errors. Use headings and subheadings as appro-
priate. Avoid proprietary and trade names, but capitalize
them where their use is necessary. Define unusual technical
terms and abbreviations. Where symbols are used extensively,
list them with their definitions at the end of the paper. Avoid
repetition in the text and duplication of material in figures
and tables. Be brief but clear.

Edit and proofread the manuscript carefully; these are not
the responsibilities of the editors or reviewers.

To aid in indexing, authors must supply standard key-
descriptors, preferably four of them,
from a list with instructions published
annually in the December issue of the
Journal and available from the Editorial
Office. These key-descriptors must appear at the bottom of
the first page of the manuscript.

KEY-
DESCRIPTORS

Accelerated Brief Communications must be typewritten or
printed on standard forms obtained,

MANUSCRIPT with detailed instructions for their use,

PREPARATION from the Pennington Editorial Office.

All other manuscripts must be type-
written or printed, double-spaced throughout, on one side
only of white 21.6 x 27.0 ¢cm paper, with 2.5-3.8 cm margins.
Do not use single spacing anywhere, in title, abstract, text,
references, tables, or figure captions.

For general matters of style and format, see papers in
recent issues of the Journal and consult a style manual such
as that of the American Chemical Society or that of the
American Institute of Physics. These also provide lists of com-
mon abbreviations and units. The following specific items
should be noted:

{a) Systéme internationale (S1) units are to be used; a
description may be found in NBS Special Publication 330 or
ASTM Metric Practice Guide E-380-72,

(b) The signs of cell and electrode potentials are to follow
the IUPAC conventions of 1953.

(c) Mathematical equations should be written on a single
line, if possible, using parentheses, brackets, the solidus,
negative exponents, etc,

(d) References are to be listed separately at the end of the
paper in the order they are cited in the text, being sure that
each listed reference is cited. Authors’ initials must be given,
and Chemical Abstracts abbreviations must be used. Citations
of other than the generally available literature should be
avoided if possible.

(e) Tables are to be presented on individual sheets, with
both captions and body double-spaced.

(f) Figure captions and numbers are to be included on a
separate sheet and must not appear in the body of any figure
or illustration.

(g) Drawings and graphs will ordinarily be reduced to
column width (8.3 ¢cm) and after such reduction should have
lettering at least 0.15 c¢m high. Lettering must be of
letter-guide quality. Originals in India ink on tracing
cloth or paper are preferred, but India ink on coordinate
paper with blue ruling is acceptable. When several curves are
shown, each may be lettered and identified in the caption,
The Editorial Office will not make corrections or additions to
figures.

(h) Photographs should be used sparingly. The originals
supplied must be glossy prints and should be protected against
bending. Micrographs must have a labeled unit length within
the body of the picture; reduction for printing makes magni-
fications meaningless.

Printed in the United States of America
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EXTRACTS FROM THE CONSTITUTION AND BYLAWS

CONSTITUTION—Article 11
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 $50.00)

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 11

Non-Voting Membership
(Student Member—Annual Dues $10.00)

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 fifty dollars. The annual dues for Student Mem-
bers shall be ten 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.

All b

receive a subscripti

CONSTITUTION—Acrticle 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.

to the Journal of The Electrochemical Society.



Call for Papers
161st Meeting, Montreal
Canada, May 9-14, 1982

Divisions which have scheduled sessions are listed on the overleaf, along with the symposium topics.

1.

2,

Symposium Papers.

Authors desiring to contribute papers to a symposium listed on the overleaf should check first with the symposium
chairman to ascertain appropriateness of the topic.

General Session Papers.

Each of the Society Divisions or Group which will meet in Montreal, Canada, can plan a general session. If your
paper does not fit readily into a planned symposium, you should specify “General Session.”

To Submit a Meeting Paper.
Each author who submits a paper for presentation at a Society Meeting must do three things:

A—Submit one original 75-word abstract of the paper on the attached form or a facsimile thereof. Deadline for re-
ceipt of 75 d abstract is D ber 1, 1981

B—Submit original and one copy of an Extended Abstract of the paper. Deadline for receipt of Extended Ab-
stract is January 1, 1982, See (6) below for details.

C—Determine whether the meeting paper is to be submitted to the Society Journal for publication. See (7) be-
low for details.

Send all material to The Electrochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534,

Unless the 75-word and required Extended Abstracts are received at Society Headquarters by stated deadlines, the
papers will not be considered for inclusion in the program.

To Submit a Recent News Paper.
Recent News Papers and Extended Recent News Papers are invited for this meeting. Each author must submit one of
the following items to the Session Chairman:

A—Triplicate copies of a 75-word abstract of a Recent News Paper, for o 10-minute presentation. Deadline for re-
ceipt is March 24, 1982,

B—Triplicate copies of a 75-word abstract and, also, a 200-300 word abstract of an Extended Recent News Paper,
for a 20-minute presentation. Deadline for receipt is March 14, 1982.

Send all material to the appropriate Session Chairman listed, for Recent News Papers only.

Meeting Paper Acceptance.

Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with
general instructions no earlier than two months before the meeting. Those authors who require more prompt noti-
fication are requested to submit with their abstracts a self-addressed postal card with full author-title listing on
the reverse.

Extended Abstract Volume Publication.

All scheduled papers will be published in the EXTENDED ABSTRACTS volume of the meeting. The volume is pub-
lished by photo-offset directly from typewritten copy submitted by the author. Please note that the EXTENDED AB-

STRACTS will be in a new double column format. Please follow the NEW instructions listed below.

A—Abstracts are to be from 500 to 1000 words in
length. The abstract should contain to whatever extent
practical all significant data to be presented during
oral delivery.

B—Abstracts are to be typed single spaced on the
special double column typing forms which are sent to

each author after the submission of a short abstract.
The entire abstract, including tables and figures, must
not exceed four (4) columns in length. The maximum
size of four columns has been established as formal
operating policy to maintain reasonable publication
costs, and papers exceeding this limit may be returned
or rejected.

C—Title of paper is to be in capital letters centered.
Author(s) name, offiliation, and address is typed im-
mediately below in capital and lower case letters
centered.

D—AII tables and figures must be securely mounted
on the special typing guides within the margins; rubber
cement is recommended for this purpose. What is sub-
mitted will be reproduced photographically exactly as it
is sent. However, it will be reduced so that graphs and
tables will be half their original size. Keep the lettering
large enough to be legible when later reduced to half
size. Place references and figures after the text.

E—Mail original and one copy of the abstract to:
The Electrochemical Society, Inc., 10 South Main St.,
Pennington, NJ 08534,

Manuscript Publication in Society Journal.

All meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen-
tation incurs no obligation to publish. If publication in Journal is desired, papers should be submitted as promptly
as possible in full manuscript form in order to be conmsidered. If publication elsewhere after presentation is de-
sired, written permission from Society Headquarters is required.
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a.) For receipt no later than December 1, 1981, submit a 75-word abstract of the paper to be delivered on the attached overleaf.
b.) For receipt no later than January 1, 1982, submit two copies of an extended abstract, 500-1000 words.

c.) Send all abstracts to The Electrochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534, with the exception of
Recent News Papers. For Recent News Papers see preceding page.

CORROSION

General Session

Papers on all aspects of low and high tem-
perature corrosion and associated phenom-
ena will be considered. Experimental tech-
niques for the study of corrosion processes
and corrosion products are also of interest.

Suggestions and inquiries should be sent
to the Session Chairman: R. P. Frankenthal,
Bell Laboratories, Room 1D-352, Murray Hill,
NJ 07974.

CORROSION/ENERGY TECHNOLOGY/
DIELECTRICS AND INSULATION/
ELECTROTHERMICS AND METALLURGY

Corrosion Problems in Nuclear
and Fusion Technologies

This symposium will discuss material
degradation problems reiated to nuciear and
fusion technologies. In the nuciear fusion
area papers related to corrosion problems
in LWR, LFMBR, and HTGR reactors are
solicited. Corrosion in agueous and molten
sodium heat transfer fluids will be discussed.
Other suitable topics are fission product
interactions with tuel cladding, decarburiza-
tion of steel in molten sodium, and nuclear
safety related corrosion problems. In the
fusion area papers related to corrosion prob-
lems in the reactor first wall and blankets
are solicited. Suitable topics would be hy-
drogen embrittlement of the first wall,
liquid lithium, and molten salt corrosion in
blanket sysiems.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: J. H.
De Van, Oak Ridge National Laboratory, Post
Office Box X, Oak Ridge, TN 37830; or J.
McBreen, Brookhaven National Laboratory,

ept. of Energy and Environment, Bldg. 801,
Upton, NY 11973.

DIELECTRICS AND INSULATION/
CORROSION/ELECTRONICS/
ELECTROTHERMICS AND METALLURGY/
ENERGY TECHNOLOGY

Materials and New Processing
Technologies for Photovoltaics

This symposium will deal with novel as-
pects of materials, processing, and charac-
terization of pholovoitaic devices. Papers are
especially solicited on low cost silicon for
photovoltaics, low cost recrystallization pro-
cesses, techniques for increasing cell effici-
ency, novel thin film cell materials and
processes, and new packaging concepts.
Papers on concentrator and on flat panel
systems, and on low cost assembly and

ion will be

A proceedings volume for this symposium
is being considered. Papers for this volume
must be provided in camera-ready copy form
at the time of presentation.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: J. Dismukes,
Exxon Research and Engineering Co., Post
Office Box 8, Linden, NJ 07036; P. Rai-Choud-
hury, Wes!mghouse Electric Co., Research
Laboratories, Pittsburgh, PA 15235; or E. Sirtl,
Heliotronic GmbH, Postfach 1129, D-8263,
Burghausen, Germany.

DIELECTRICS AND INSULATION/
ELECTRONICS/AMERICAN CERAMICS
SOCIETY

Applications of Glasses and Ceramics
in Device Technology

Papers are solicited from all areas relative
to the preparation, properties, and use of
glasses and ceramics in device technology
and packaging. Emphasis is placed on the
relationship of chemical and physical prop-

erties with the intended application. This in-
cludes composition, formulation, and tech-
nique of application. Of particular interest
are fritied glass and ceramic compositions
used, for example, in passivation and isola-
tion, spin-on giasses and ceramics used in
diffusion, passivation, or active circuit com-
ponents and conventionally formulated
solder glasses or ceramics now extensively
employed in the electronics industry as seal-
ing, dieiectric, capacitor, and substrate ma-
terials. A.so of inierest are CVD and evapora-
tive glasses and ceramics other than silicon
dioxide used in the industry.

Suggested topics include passivation and
planarization techniques using glasses and
ceramics in VLSI technology; composition,
properties, and use of giasses in fiber optics;
protection of memory devices in a hostile
environment with chemically durable glasses
and ceramics; characterization of evaporated
glass and ceramic materials suitable for con-
struction of capacitors for high-speed semi-
conductor devices; sintering packages com-
posed of ceramic or glass to protect highly
conductive and corrosive metallurgies; fab-
ricaticn of thick and thin films of metallized
ceramics; and methods of producing bubble-
free films of reflowed glasses. Other topics
included are: The effect of compositions on
physical properties such as sealing tempera-
ture, coefficient of expansion, hardness, duc-
tlllty, and chemical stability in wafer pro-
cessing and device packaging. Also included
are electronic properties such as dielectric
breakdown, polarization phenomena, charge
character under bias, conductivity, and sur-
faco leakage.

Suggestions and inauiries should be sent
to the Symposium Co-Chairmen: J. L. Powell,
IBM Corp., GTE, Dept. 249, Bldg. 300-40E,
East F:shklll Facmty. Hopewell Junction, NY
12533; R. C. Buchnan, University of Illinois,
204 Ceramics Bidg., Urbana, IL 61801; or D. L.
Flowers, Motorola Inc., Blde. 136, 5005 East
McDowell Rd., Phoenix, AZ 85008.

DIELECTRICS AND INSULATION/
ELECTRONICS/NEW TECHNOLOGY
SUBCOMMITTEE
Inorganic Resist Systems

Recent advances involving inorganic resist
systems have opened the way to the use of
these materials for patterning micron and
submicron geometries using photolithogra-
phy, as well as electron beam and ion beam
lithographies. This symposium will address
the chemistry, physics, and materials sci-
ence of these resists. Topics of specific in-
terest will include the chalcogenide glass/
silver compound systems; the structure,
physics, and chemistry of the cha!cogenide
glass and silver compounds that form the
resists; the wet and dry processing of the
inorganic resists; and the fundamental
physical and chemical processes taking
place during exposure and subsequent pro-
cessing.

Suggestions and mqumes should be sent
to the Symposium Co-Chairmen: A. Heller,
Bell Laboratones, Rm 6D-321, Murray Hill,

NJ 07974; or D. A. Doane, Bell Laboratories,
Rm. 7B-! 530, Murray Hill, NJ 07974.
ELECTRONICS
Semiconductors

Micromachining and Micromechanics

New ideas, developments, and technologies
for micromechanical structures are to be
explored in this symposium, with the purpose
of gamlng a greater understanding of the

of materials and
structures as well as the advanced process-
ing techniques which are required to fully
realize the potential of micromechanical
structures. Specific topics of interest for this
symposium include: Fundamental aspects
and practical applications of wet and dry
isotropic and amsotroplc etchmg, fabrlcatlon
methods a ications of thin 1
ductor, msulatmg or metallic membranes,

cantilever beams, and other structures; epi-
taxial growth of semiconductors to form
islands or to refill etched grooves; thermal,
electrical, or photoinduced migration of
“‘wires” in semiconductors; composite me-
chanical structures involving semiconductor/
semiconductor or semiconductor/glass bond-
ing; mechanical applications of semiconduc-
tors including ink-jet components, print
heads, opticai-bench assemblies and laser
structures, gas analysis devices and fluid-
flow structures; pressure, strain, and ac-
celeration transducers; novel three-dimen-
sional electronic device structures; as well
as other processes, structures, and devices
related to semiconductor micromachining
and micromechanics.

Suggestions and inquiries should be sent
to the Symposium Chairman: K. Petersen,
IBM Corp., K43/281, 5600 Cottle Rd. San
Jose, CA 95193.

Molecular Beam Epitaxy

Papers dealing with all aspects of MBE
semiconducior film deposition are solicited
for this symposium. Areas that further the
science, technology, or undersianding of the
fol.owing will be emphasized: 1. Dopant
sources and incorporation; 2. ternary and
quaternary heterojunciions and alloy growth;

quantum well and modulation-doped de-
wces, 4. long wavelength source and de-
tector materials/devices; 5. metal/semicon-
ducior and semiconductor/mewal structures;
and 6. novel techniques, new materials, and
device resuits.

Publication of a proceedings volume is
being considered. Late news papers are
encouraged, as well as those to be presented
by student authors.

Suggestions and inquiries should be sent
to the Symposium Chairman: C. E. C. Wood,
Dept. of Electrical Engineering, Cornell Uni-
versity, Phillips Hall, Ithaca, NY 14853.

Luminescence

Luminescence in Amorphous Materials

This symposium is to provide a forum for
those interested in Juminescence as it
manifests inhomogeneities in the environ-
ment of the emitting center. Papers are in-
vited on glasses, hquids, polymers, liquid
crystals; topics are siie-selection spectro-
scopy, inhomogeneous broadening, energy
transfer among nonequivalent sites, correla-
tion of luminescence with composition or
with structure, etc.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: L. A. Rise-
berg or C. W. Struck, GTE Laboratories, 40
Sylvan Rd., Waltham, MA 02254,

Phosphor Depreciation

This symposium wili emphasize the mea-
surement and characterizaion of, the expla-
nation for, and the means of dealing with
phosphor depreciation and luminescent ma-
terial degradation; this will include all types
of phosphor materials in all applications. Of
particular interest will be papers concerning
the fundamental understanding of and expla-
nation for phosphor depreciation. Experimen-
tal and theoretical papers are solicited cover-
ing the following suggested topics: 1. Identi-
flcahon, measurement, and characterization
phenomenon;
3 color center formation and related optical
effects; 4. electron burn; 5. mercury interac-
tion; 6. ion bambardment 7. study of mate-
rial surface, e.g., SEM, ESCA (XPS) SIMS,

ES, etc.; and 8. theoretncal depreciation
models.

Suggestions and inquiries should be sent
to the Symposium Chairman: C. F. Chenot,
GTE Products Corp., Chemicals/Metals Div.,
Hawes St.,, Towanda, PA 18848.

Phosphor Screening

This symposium will emphasize properties
of phosphors which relate to the performance
or fabrication of phosphor-containing prod-
ucts, such as fluorescent lamps, CRT's, and
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flat panels. Examples of subjects for papers
include: 1. Optical properties of phosphors
as they relate to product performance; 2.
phosphor efficiencies as a function of excita-
tion density; 3. surface properties of phos-
phor to optimize screen application; and 4.
phosphor degradatlon dunng excitation.
Suggestions and inquiries should be sent
to the Symposium Chairman: H. Forest,
Zenith Radio Corp., Rauland Tube Div., 2407
West North Ave,, Melrose Park, IL 60160.

General Session

Papers concerning any aspect of lumines-
cence or display materials are invited. Groups
of papers will be organized wherever possi-
ble in such topics as:

Luminescence: General synthesis and prop-
erties of: lamp, cathode-ray tube, and x-ray
phosphors; organic and organo-metallic phos-
phors; electroluminescence; thermolumines-
cence; and chemiluminescence; ultraviolet
phosphors and lamps; special properties and
uses of luminescent materials; and lumines-
cence theory.

Displays: General preparation and proper-
ties of display materials and devices, includ-
ing: light emitting diodes; thin films, elec-
troluminescent devices; chromics; liquid
crystal devices; plasma display; injection
lasers; and fiber optics.

Twenty-five minutes will be allotted for
each paper, including discussions. Review or
survey papers requiring a longer time will
also be considered.

Suggestions and inquiries should be sent
to the Session Chairman: G. R. Gillooly, Gen-
%rgl Electnc Co., 1099 Ivanhoe Rd., Cleveland,

ELECTRONICS/DIELECTRICS AND
INSULATION

Growth of Single Crystals
on Amorphous Substrates

The intention of this symposium is to pro-
vide a forum for the presentation and discus-
sion on a wide range of topics concerned
with the growth of single crystals on foreign
amorphous substrate. Papers from the fol-
lowing general areas are solicited: Beam-
induced recrystallization of deposited films;
lateral CVD expitaxial overgrowth; graphoepi-
taxy; solid phase zone I&rowth; and growth
from liquid, vapor, and MBE techniques.

Although most recent research is concen-
trated on growth of silicon on amorphous in-
sulator and on growth of GaAs on amorphous
insulator, papers on the growth of other ma-
terials are welcomed. Of particular interest
are experimental works on crystal growth,
research on growth and nucleation theory,
the characterization of the microstructure of
the crystalline material and the interface be-
tween the crystalline and amorphous mate-
rials, and work on device application such as
S0, solar cells, and electro-optical devices.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: H. W. Lam,
Texas Instruments Inc, Post Office Box
225621, MS 944, Dallas, TX 75265; or J. Mon-
kowski, Dept. cf Electrical En &lneermg, Penn-
;)gvlarua State University, University Park,

Tutorial on Semiconductor Technology

This symposium is a new venture and
will be held to review some major aspects of
semiconductor technology. Topics to be ad-
dressed by invited speakers include chemical
and dry etching, lithography and resist tech-
nology, film deposition techniques, ion im-
plantation and diffusion, and oxidation and
compound semiconductors. Emphasis will
be placed on bas:c principles as well as on
the lat est ] its in pri and

The sym i will be oriented
toward those who are new to the current
technologies in semiconductor device fabri-
cation.

Some selected contributed papers may be
included. A proceedings volume is being
considered and will, hopefully, be available
at the time the symposium is held. Manu-
scripts for both invited and contributed
papers will be due October 1, 1981.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: D. A. Doane,
Bell Laboratories, Murray Hill, NJ 07974;
D. B. Fraser, Bell Laboratories, Murray Hill,
NJ 07974; or D. W. Hess, Dept. of Chemical
Engineering, University of California, Berk-
eley, CA 94720.

Joint General Session

Papers which deal with all aspects of ma-
terials of interest for electronic devices in-
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cluding their preparation, characterization,
interactions, and device applications and
whose subject matter is not covered by the
special symposia are invited to be submitted
to this session. Also invited are papers on
the basic chemistry and physics of materials
processing, computer control of materials
processing, and computer modeling of the
formation and of the characterization of ma-
terials and devices. Of particular interest are
new materiais and processes.

Suggestions and inquiries should be sent
to the Session Co-Chairmen: E. H. N:colnan.
Bell Laboratories, Murray Hill, NJ 07974; F.
Schwettmann, Hewlett Packard Laboratories.
3500 Deer Creek Rd., Palo Alto, CA 94304; or
G. Schwartz, IBM Corp., Dept. 206, Bldg. 300-
48A, Hopewell Junction, NY 12533,

Joint Recent News Papers Session

Recent News Papers and Extended Recent
News Papers consisting of topics covered
by the symposia and sessions being spon-
sored or co-sponsored by the Electronics and
Dielectrics and Insulation Division are invited
for presentation.

Suggesticns and inquiries should be sent to
the Session Chairman: W. A. Pliskin, IBM
Corp., Dept. 108, Internal Zip 48A, Hopewell
Junction, NY 12533. A special Call for Recent
News Papers will appear in the January,
February, and March 1982 issues of the
JOURNAL.

ELECTROTHERMICS AND METALLURGY

Electrochemistry of Pyrometallurgical
Processes

Papers are solicited on the fundamentals
or applied aspects of electrownnnmg and
Elelctroreﬂmng of metals in molten salt elec-
rolysi

Suggestions and inquiries should be sent
to the Symposium Chairman: D. Piron, Dept.
de Genie Metallurgique, Universite de Mon-
treal, Ecole Polytechnique, Montreal, Quebec,
Canada H3C 3A7.

Transport Phenomena in Metals

The main theme of this symposium will be
concerned with diffusional transport in
metals and alloys and will emphasize both
experimental and theoretical (including
analytical modeling) approaches to the sub-
ject. Diffusional phenomena associated with
transport along defects (e.g., grain bound-
aries) will be considered along with lattice
diffusion. It is recognized that insight into
metal and al.oy diffusion may be obtained
from studies of intermetallic phases and
compounds of metals and nonmetals; a lim-
ited number of such papers pertinent to the
theme of the symposium will be included in
the program.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: R.
Heckel, Dept. of Metallurgical Engmeenng‘
Michigan Technological University, Hough-
ton, MI 49931; or R. A, Rapp, Dept. of Metal-
lurgical Engineering, Ohio State University,
116 West 19th Ave,, Columbus, OH 43210,

ELECTROTHERMICS AND METALLURGY/
CORROSION

Electrochemical Techniques for
High Temperature Corrosion Studies

This symposium will focus on electrochem-
ical techniques for the study of high tem-
perature corrosion  processes involvin,
molten salt electrolytes. Both theoretical an
experimental papers are solicited. Suitable
topics will include: 1. The use of emf cells to
measure fundamental data relevant to corro-
sion processes; 2. New or novel high tem-
perature reference electrodes; 3. use of emf
cells to measure or control (by coulometric
titration) high temperature corrosive environ-
ments; 4. use of polarization or transient
electrochemical techniques to study corro-
sion reactions or to measure corrosion rates;
5. use of a-c impedance techniques to investi-
gate electrode reactions; 6. molten salt gal-
vanic corrosion; and 7. use of electrochemi-
cal techniques to infer corrosion mechan-
isms.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: D. A. Shores,
General Electric Co., Research and Develop-
ment Center, Bldg. K-l, Rm. 3A46, Post Office
Box 8, Schenectady, NY 12301; or R. A. Rapp,
Dept. of Metallurgical Engineering, Ohio
State University, 116 West 19th Ave., Colum-
bus, OH 43210,
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ELECTROTHERMICS AND METALLURGY/
DIELECTRICS AND INSULATION/
ELECTRONICS

Tenth International Conference on
Electron and lon Beam Science and
Technology

Papers on the following subjects are so-
licited: 1. Electron beam technology—papers
covering fundamentals of equipment rang-
ing from electron sources through electron
beam microfabrication systems; 2. ion beam
technology—papers covering the spectrum
from ion sources through ion beam micro-
fabrication systems and ion implantation
sysiems; 3. interaction mechanisms—papers
on all aspects of beam-materials interaction
including physics of the processes, material-
removal kinetics, radiation effects, radiation
damage, annealing, and proximity effects; 4.
advance devices—papers on devices that
are products of modern mICrofabncatlon
techniques, with ig
structures and outstandmg performance. 5.
microlithographic processes—papers dealing
with electron and x-ray resists and all as-
pects of exposure-processing and pat(ern-
forming 6. etching h
papers related to microdevices, specifically
on ion and plasma techniques; 7. electron
beam recording—papers dealing with tech-
niques for recording and information storage,
and systems for this task; 8. device-failure
diagnostics and instrumentation for the pur-
pose—papers on the broadening of sub-
miniature device technology which is plac-
ing new aemands upon those concerned
with production and application of these de-
vices, as well as papers dealing with all as-
pects of device diagnostics and failure anal-
SIS, and 9. high energy beams and applu:a-

papers on all
related to evaporation, matenals punﬂcatlon.
welding, and melting.

Suggestlons and inquiries should be sent
to the Conference Chairman: R. Bakish,
Bakish Materials COrp. Post Office’ Box 148.
Englewood, NJ 0763

ENERGY TECHNOLOGY

lon Insertion Phenomena

The aim of the symposium is to bring to-
gether researchers in all fields in which ion
insertion phenomena are relevant. Examples
include experimental and theoretical studies
of ion insertion in energy storage (e.g., lith-
ium batteries, electrodes, hydrides) and elec~
trochromic materials; areas of electrocataly-
sis and photoelectrochemistry in which ion
insertion is believed to play a role. Topics
include: lonic (cationic and anionic) and
atomic diffusion, electron transport, thermo-
dynamiCS. electronic states, optical proper-
ties, ion ordering, insertion overpotential,
reversibility, and aging. Studies of the in-
fluence on these processes of materials
properties (structure, stoichiometry, compo-
sition, etc.) as determined by methods of
fabrication are welcomed.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: G. Beni,
Bell Laboratories, Crawfords Corner Rd.,
Holmdel, NJ 33; or W. C. Dautremont-
g;gnﬁh, Bell Laboratories, Murray Hill, NJ

Photohiological Energy Conversion
and Storage Processes

This symgosrum will cover the following
topics: 1. The primary photoacts and the
secondary redox reactions of photosynthesis
(including biological photovoltalc and photo-
electrochemical phenomena); 2. development-
al and genetic aspects of photosynthetlc
apparatus; and 3. fuels and energy-intensive
chemicals from photosynthesis in vivo and
in vitro. Papers on both theoretical and
ptradchcal aspects of these topics are solic-
ites

Suggestions and inquiries should be sent to
the Symposium Co-Chairmen: S. Lien, Solar
Energy Research Institute, 1617 Cole Bivd.,
Golden, CO 80401; C. J. Arntzen, Michigan
State University, MSU-DOE Plant Research
Laboratory, East Lansing, MI 48824; or P. A.
Loach, Dept. of Biochemistry and Molecular
|B|.|°6'82goyi Northwestern University, Evanston,

General Session

Papers are solicited in areas of energy
technology not covered by current symposia.
Of particular interest are electrochemical as-
pects of energy conversion, distribution, and
storage.
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Suggestions and inquiries should be sent
to tlgg Session Co-Chairmen: H. Hovel,
IBM Corp., Thomas J. Watson Research
Center, Post Office Box 218, Yorktown
Heights, NY 10598; or A. J. Nozik, Solar En-
ergy Research Institute, 1617 Cole Bivd,,
Boulder, CO 80401.

ENERGY TECHNOLOGY/BATTERY

Energy Systems for
Developing Countries

This symposium covers energy systems ap-
plicable to developing countries, emphasiz-
ing electrochemical storage and generation
coupied to new and renewable energy tech-
nologies. Energy sources such as solar (elec-
tric and thermal), geothermal, wind, hydro-
power (including small hydro), biomass, oil
shale, and tar sands, ocean energy, peat,
are considered in this symposium. .

The symposium will consist of a few in-
vited papers in key areas and contributed
papers. »

uggestions and inquiries should be sent
to the Symposium Co-Chairmen: H. L. um,
Solar Energy Research Institute, 1617 Cole
Blvd., Golden, CO 80401; or E Gagnon,
General Motors Corp., Research Laboratories,
Dept. 37, 12 Mile and Mound Roads, Warren,
Mi 48090,

ENERGY TECHNOLOGY/BATTERY/
PHYSICAL ELECTROCHEMISTRY

Platinum Electrocatalysts:
Efficient Utilization and Alternatives

Platinum is used as a catalyst material in
many electrochemical systems. Because of
the cost and availability considerations, a
more efficient utilization of platinum in
these systems is important. The search for
a total or partial substitution of platinum is
an ongoing pursuit. This symposium provides
a forum for di ion of these a: .

Papers are solicited from all fields, includ-
ing batteries, fuel cells, electrolysis cells,
and electro-organic syntheses. Of interest
are the papers on the following topics: 1.
Theoretical and experimental studies to in-
vestigate and quantify inefficiencies leading
to a poor platinum utilization, deactivation
mechanisms, and others; 2. efficnen.t Pt util-
ization via better catalyst preparation tech-
niques, electrode structure design, catalyst
stabilization, and catalyst support; and 3.
platinum substitutes including alloys, non-
noble metals, and amorphous materials.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: E. Yeager,
Electrochemical Laboratory, Case Western
Reserve University, University Circle, Cleve-
land, OH 44106; H. C. Maru, Energy Research
Corp., 3 Great Pasture Rd., Danbury, CT
06810; or J. P. Hoare, 26065 Dover, Detroit,
MI 48239.

Molten Carbonate Fuel
Cell Technology

Papers are solicited on all aspects of
molten carbonate fuel cell chemistry and
electrochemistry, materials, and systems
technology. It is intended that this sym-
posium should summarize the state-of-the-
art and underline the growing interest in
the molten carbonate fuel cell as potentially
the highest efficiency and most cost effective
topping cycle for electricity generation from
coal in central station power plants, as well
as in dispersed ation appli-
cations. )

Appropriate subjects of papers include:
1. Electrochemistry and electrocatalysis
of anode and cathode processes; 2. cation
effects on reaction rates; 3. effect of im-
purity species on cell performance; 4.
transport effects: melt physical chemistry in-
cluding vapor pressure; 5. porous electrode
structures; 6. optimized operational param-
eters for cells; 7. cell and stack design—
component design requirements—cost-effec-
tive approaches to cell modeling and cell
construction; 8. alternative materials for cell
components; 9. systems and systems analysis
for cogeneration applications; and 10. sys-
tems and systems analysis of power plant
designs.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: J. R. Sel-
man, Dept. of Chemical Engineering, lllinois
Institute of Technology, lIT Center, Chicago,
IL 60616; or T. D. Claar, Institute of Gas
"I'Lacslagloéogyv 3424 South State St., Chicago,
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INDUSTRIAL ELECTROLYTIC

Electrochemical Process and Plant
Design

The symposium will focus on design meth-
odology used in electrochemical processes
and plants. Papers are solicited both on
electrochemical engineering aspects of ap-
plied problems as well as on unde(lylng
principles upon which design techniques
are based. Papers are solicited in such
areas as: 1. Experience in scale-up at the
beaker-, bench-, pilot-, and full-scale; 2.
evaluation of candidate processes and al-
ternatives; 3. economic evaluation; 4. identi-
fication of critical design variables; 5. cell
and flow-sheet optimization; 6. instrumenta-
tion and process control; 7. computer-aided
design techniques; 8. mathematical models
of electrolyzers; and 9. physical property
data.

A proceedings volume is planned and
papers are to be submitted by April 1, 1982.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: R. C. Alkire,
University of lilinois, 1209 West California
St., Urbana, IL 61801; R. Varjian, Dow Chemi-
cal Co., Central Research, Midland, M| 48649;
or T. Beck, Electrochemical Technology
Corp7.. 3936 Leary Way NW, Seattle, WA
98107.

INDUSTRIAL ELECTROLYTIC/BATTERY/
ENERGY TECHNOLOGY

Transport Processes in Electrochemical
Systems

This symposium is concerned with all
fundamental and applied aspects of trans-
port processes in electrochemical systems.
Papers are solicited on the following topics:
1. Transport in aqueous and nonaqueous
electrolytes; 2. transport in porous elec-
trodes; 3. transport in membranes and mi-
croporous separators; 4. transport in liquid
membranes; 5. transport in moiten salts;
and 6. novel methods for characterizing
transport properties.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: T. Katan,
Lockheed Palo Alto Research Laboratory,
Dept. 52-35, Bldg. 204, 3251 Hanover St., Paio
Alto, CA 94304; R. S. Yeo, The Continental
Group, Energy Systems Laboratory, 10432
North Tantau Ave., Cupertino, CA 95014; or
D-T. Chin, Dept. of Chemical Engineering,
Clarkson College of Technology, Potsdam,
NY 13676

INDUSTRIAL ELECTROLYTIC/
ENERGY TECHNOLOGY

Hydrogen Production and Storage

This symposium will consider all aspects
of hydrogen production and storage, with
emphasis on electrochemical methods. The
results of experimental, theoretical, and
applications-oriented work will be included.

Papers are solicited on the following or
related topics: 1. Electrolytic hydrogen pro-
duction; 2. future prospects and economics
of hydrogen production/use; 3. hydride and
other storage methods; 4. hydrogen recovery
in the electrochemical process industry; 5.
new technologies for both production and
storage; and 6. materials problems in hydro-
gen systems.

Suggestions and inquiries should be sent
to the Symposium Chairman: D. E. Hall,
INCO Research and Development Center,
Inc.,, Sterling Forest, Suffern, NY 10901.

ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY

Electrochemistry for the Study and
Control of Cell and Tissue Growth and
Repair

This muitidisciplinary symposium covers
topics dealing with ionic control of cell and
tissue function. Specific areas will range
from potential dependent membrane pro-
cesses involved in the delivery and mainte-
nance of intracellular ionic concentrations
via impedance and flux studies and the use
of electrochemically transduced weak peri-
odic current for the study and manipuiation
of cell regulation. Discussion areas will in-
clude electrochemical factors which control
cell proliferation and development with po-
tential therapeutic applications.

November 1981

Suggestions and inquiries should be sent
to the Symposium Chairman: A. A. Pilla,
Bioelectrochemistry Laboratories, Columbia

University, 630 West 168th St., New York, NY
10032,

Redox Mechanisms and Interfacial
Properties of Molecules of Biological
Importance

This symposium will present papers deal-
ing with the applications of electrochemical
and related method i to i
the redox mechanisms and interfacial prop-
erties of naturally occurring biomolecules
and related model systems. In additiol
papers will be p and are i
concerned with newly emerging techniques,
such as chemically modified electrodes and
multiple-technique approaches (e.g., spectro-
electrochemistry) which have been or would
be employed to help obtain mechanistic in-
formation concerning the redox and inter-
facial behaviors of biomolecules.

Both invited and contributed papers are
planned.

Suggestions and inquiries should be sent
to the Symposium Chairman: G. Dryhurst,
Dept. of Chemistry, University of Oklahoma,
Norman, OK 73019.

General Session

Suggestions and inquiries should be sent
to the Session Chairman: J. H. Wagenknecht,
Monsanto Co., 800 North Lindbergh Bivd.,
St. Louis, MO 63166.

ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY/INDUSTRIAL
ELECTROLYTIC

Industrial Electro-Organic Chemistry

This symposium will focus on the appli-
cation of electro-organic synthesis to the
production of commercially desirable com-
pounds. Papers are solicited describing such
syntheses on a laboratory, pilot plant, or
full commercial scale. Examples of “indi-
rect' electro-organic syntheses, via electro-
chemically generated inorganic redox re-
agents, will be accepted. Descriptions of en-
gineering studies, economic analyses, and
comparisons with competing chemical pro-
cesses are encouraged. Papers will not be
limited to those which describe commer-
cially successful syntheses.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: J. P. Cole-
man, Monsanto Co. Corporate Research
Laboratories, 800 North Lindbergh Bivd., St.
Louis, MO_63166; or C. Oloman, Dept. of
Chemical Engineering, University of British
Columbia, ~ Vancouver, British~ Columbia,
Canada V6T 1W5.

ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY/PHYSICAL
ELECTROCHEMISTRY/DIELECTRICS AND
INSULATION

Polymer Film Electrodes

This symposium will be concerned with
the recent progress in the applications and
study of polymer film electrodes. Most wel-
come are experimental and theoretical pa-
pers that deal with the preparation and
study of these films. Of particular interest
are the areas which include: 1. Preparation
of electroactive polymer films by, e.g., dip-
coating, spin-coating, plasma, and electro-
chemical polymerization; 2. electron trans-
fer and ion transport in the films; 3. elec-
trochemical characteristics and electrode
applications of the polymer films; 4. semi-
conductor surface corrosion inhibition; 5.
electrocatalysis; 6. electrochemical selec-
tivity; and 7. electrode characteristics of
highly conducting polymers.

A symposium volume is being considered.

Suggestions and inquiries should be sent
to the Symposium Co-Chairmen: A. F. Diaz,
IBM Corp., Research Laboratories, K32/281,
5600 Cottle Rd., San Jose, CA 95193; or L. R.
Faulkner, Dept. of Chemistry, University of
Lllinois, 1209 West California” St., Urbana, IL

1.

PHYSICAL ELECTROCHEMISTRY

Doubie Layer Phenomena

This symposium will focus on the struc-
ture of charged interfaces. The theory of
that part of the interface which is domi-
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nated by the long-range ionic interactions is
well developed. However, the theory of the
contributions of the solvent molecules and
of the role of short-range noncoulombic
interactions is much less well developed.
Papers dealing with theoretical and experi-
mental aspects of the double layer will be
welcome. The papers are to be presented so
as to enhance a dialogue between experi-
mentalists and theorists. Topics of particu-
lar interest for this symposium include: 1.
To what extent can the solvent near the
electrode be considered to be a monolayer;
2, is interfacial water different than bulk
water; 3. spectroscopic studies of the in-
terfacial region; 4. theory and simulation of
charged interfaces. Both invited and con-
tributed papers are planned.

Suggestions and inquiries should be sent
to the Symposium Chairman: D. Henderson,
IBM Corp., Research Laboratory, K33/281,
5700 Cottle Rd., San Jose, CA 95193.

J. Electrochem. Soc.: REVIEWS AND NEWS

General Session

Papers concerning any aspect of physical
electrochemistry not included in the topic
areas of the symposia are welcome.
Suggestions and inquiries should be sent
to the Session Chairman: E. J. Cairns, Law-
rence Berkeley Laboratory, Energy and En-
vironment Div., 90-3026, University of Cali-
fornia, Berkeley, CA 94720.

PHYSICAL ELECTROCHEMISTRY/
BATTERY/ENERGY TECHNOLOGY

Solid Electrolytes

Two primary topics will be addressed in
this symposium: General solid electrolyte re-
search and technology, and the more specific
area of B/B’-alumina ceramic degradation
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in battery applications. Appropriate topics
for the general session include new solid
electrolytes, fundamental properties of solid
electrolytes, ionic and ionic/electron con-
ductors, applications of solid electrolytes,
and methods of fabrication of solid electro-
lytes. The session on degradation of B/8"-
alumina will discuss materials degradation
problems related to the electrolyte in
sodium-sulfur batteries. .

Suggestions and inquiries on the session
on general solid electrolyte research and
technology should be sent to G. C. Farring-
ton, Dept. of Materials Science, University
of Pennsylvania, 3231 Walnut St., Philadel-
phia, PA 19104; or J. B. Wagner, Jr, Center
for Solid State Sciences, Arizona State Uni-
versity, Tempe, AZ 85281. Suggestions and
inquiries on the session on degradation of
B/B"-alumina should be sent to A. Virkar,
Dept. of Materials Science, University of
Utah, Salt Lake City, UT 84112.

a.) For receipt no later than December 1, 1981, submit a 75-word abstract of the paper to be delivered on the attached overleaf.
b.) For receipt no later than January 1, 1982, submit two copies of an extended abstract, 500-1000 words.

c.) Send all abstracts to The Electrochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534, with the exception of
Recent News Papers. For Recent News Papers see preceding pages.

Use overleaf in submitting your abstract for

The 1982 Spring Meeting
of

The Electrochemical Society, Inc.

to be held at the
Queen Elizabeth Hotel
Montreal, Canada
May 9-14, 1982



15-Word Abstract Form

(Deadline for receipt—December 1, 1981)

MONTREAL, CANADA, MEETING—MAY 8-14, 1982

Submit to: The Electrochemical Society, Inc.

10 South Main Street, Pennington, NJ 08534

Schedule for of
Symposium ECS Division
AbstractNo.
(do not write in this space)
(Title of paper)
(Authors) (Underline name of author pr paper)
(Business Affiliation and Address)
(ZIP Code) (Tel. No.)
(Type in this double spaced.)

Do you require any audiovisual equipment?
[J 35 mm (2 x 2 in.) slide projector
O Vu-Graph
O other (specify)
Is a full length paper on this work to be
submitted for Society Journal publication?

O Yes 0 No

Papers presented before a Society technical meeting become the
property of the Society and may not
written oermission ’gi the Society. Papers nresemed at soclety tech-
nicat

active member,

Insert name of Society author or
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@he Zlectrachemical Society, Jne.

10 SOUTH MAIN STREET
PENNINGTON, NEW JERSEY 08534

Telephone: 609-737-1902

SOME QUESTIONS AND ANSWERS ABOUT THE ELECTROCHEMICAL SOCIETY BUILDING FUND

Q. Why did The Electrochemical Society buy a headquarters building?

A. As the Society approached the end of the ten year lease it held on its head-
quarters space near Princeton, it undertook a careful evaluation of tne pos-
sible alternatives for housing its operations and concluded that the purchase
of an existing building would be the most economical and efficient way of
meeting its needs. The cost of continuing to lease was expected to double
before very long, and the investment required for new construction was con-
sidered to involve too great a commitment of Society resources. Fortunately,
a building well suited to the Society's needs became available in the right
time frame, and effective August 1, 1980, the Society purchased the property
and moved to 10 South Main Street in Pennington, New Jersey.

Q. How was the purchase of the building financed?

A. The Society utilized $48,750 of the existing surplus in the Society's General
Operating Fund to pay 25% of the $195,000 purchase price. The remainder,
$146,250, was covered by a mortgage at 12% interest, written for a period of
five years but payable on a ten year mortgage schedule. As of August 1, 1985,
when the mortgage will have to be refinanced, the balance will be $94,327.68.



Q. What ts the purpose of The Electrochemical Society Building Fund?

A. The Electrochemical Society Building Fund was set up by the Society's Board of
Directors to receive and record contributions from Society members and friends
that will be used first to repay the monies taken from the General Operating
Fund for the building purchase and then to reduce the mortgage balance.

Q. Why does the Society meed contributions to its building fund?

A. The Electrochemical Society has traditionally sought permanent funding for long
range commitments so as to maximize the use of current income in the current
technical activities that benefit its members. In purchasing a headquarters
building, the Society has entered into an undertaking that will ultimately limit
the growth of its housing costs and reduce its need for additional income. Con-
tributions to the building fund will speed the completion of this undertaking and
help the Society deal with its increasing publication and technical program costs.

Q. Are contributions to the building fund tax deductible?

A. Yes. The Electrochemical Society is classified as a 501(c) (3) non-profit charitable
organization by the Internal Revenue Service.

TO: The Electrochemical Society, Inc.
Enclosed is my contribution of $ to the Building Fund.

Signature
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