JOURNAL oF THE
ELECTROCHEMICAL
SOCIETY

ELECTROCHEMICAL
SCIENCE AND TECHNOLOGY

SOLID-STATE
SCIENCE AND TECHNOLOGY

REVIEWS AND NEWS

/VOL. 119, NO. 6 JUNE 1972

JESOAN 119 (6) 655-796, 159C-176C (1972)



I —

FUTURE MEETINGS
Of The Electrochemical Society

MIAMI BEACH, FLORIDA—OCTOBER 8, 9, 10,11, 12 & 13, 1972
Headquarters at the Fontainebleau Hotel

Planned symposia for the Miami Beach Meeting include the following Divisions and subjects:

Battery—Load Leveling and Standby Power, General Sessions; Corrosion—Effects of Metallurgical Sub-
strates on Fundamental Corrosion Processes, General Session; Dielectrics and Insulation—Electrets
Charge Storage and Transport in Dielectrics, Oxide-Electrolyte Interfaces, General Session; Electrode-
position—General Session; Electrodeposition and Electronics—Electrodeposition Processes in the Elec-
tronics Industry; Electronics—Semiconductor General Session, Chemistry and Physics of Compound
Semiconductor Surfaces, General Electronics (Molecular Beam Epitaxy); Electro-Organic—General Ses-
sion; Electrothermics and Metallurgy—Trace Elements; New Technology Committee with the Battery,
Corrosion, Electro-Organic, and Electrothermics and Metallurgy Divisions—Marine Electrochemistry.

CHICAGO, ILLINOIS—MAY 13, 14, 15,16, 17 & 18, 1973
Headquarters at the Sheraton-Chicago Hotel

The following Divisions are planning symposia:
Dielectrics and Insulation; Electronics (Semiconductor, General, Luminescence); Electro-Organic; Elec-
trothermics and Metallurgy; Industrial Electrolytic; Physical Electrochemistry; New Technology Com-
mittee—Electrochemical Aspects of Bio-Engineering.

BOSTON, MASSACHUSETTS—OCTOBER 7, 8,9, 10, 11 & 12,1973
Headquarters at the Sheraton-Boston Hotel

The following divisions are planning symposia:

Battery; Corrosion; Dielectrics and Insulation; Electrodeposition; Electronics; Electrothermics and Met-
allurgy; New Technology Committee—Electrochemical Control of the Environment.




THE RIGHT POTENTIOSTAT
FOR THE
RIGHT JOB...FROM P.A.R.

xxxxxx

- -. v e M-173 $2475

M-373 $1895

M-371 $1995

No matter what your potentiostatic or galvanostatic control require-
ments are, there’'s a P.A.R. instrument to fill your needs. Our 100V, 1A
Model 173 offers the ultimate in versatility and convenience with two
electronically-switchable, independent potential sources and a choice of
plug-in current readout modules. Our 100V, 1A Model 373 is a low cost
version of the 173 offering equivalent control specifications. Our Model
371 has full 20V, 7A capability. All instruments feature 1 us rise time and
are, of course, all solid state. Each comes complete with our unique Model
178 electrometer probe. Write or call for our new brochure. Princeton
Applied Research Corporation, P.O. Box 2565, Princeton, New Jersey 08540.
(609) 452-2111. Telex: 84-3409.

204

159C
15 a0 2515



EDITOR

Norman Hackerman

DIVISIONAL EDITORS

BATTERY

R. J. Brodd L. W. Niedrach
Elton J. Cairns G. F. Nordblom

F. P. Malaspina J. L. Weininger
CORROSION

Theodore R. Beck Ken Nobe

J. W. Faust, Jr. Earl S. Snavely, Jr.
Z. A. Foroulis J. Bruce Wagner

Jerome Kruger

DIELECTRICS AND INSULATION
Robert S. Alwitt
Newton Schwartz

Donald M. Smyth
Lawrence Young

ELECTRODEPOSITION
Seymour Senderoff

ELECTRONICS
Ephraim Banks
Charles M. Chapman Bertram Schwartz
George R. Cronin Alan J. Strauss
Simon Larach P. Wang

I. Arnold Lesk J. M. Woodall
Ernest Paskell

Jerome Prener

ELECTRO-ORGANIC

Manuel M. Baizer Stanley Wawzonek

ELECTROTHERMICS AND METALLURGY
Joan B. Berkowitz W. E. Kuhn
J. M. Blocher, Jr. W. W. Smeltzer

INDUSTRIAL ELECTROLYTIC

P. A, Danna Scott Lynn
PHYSICAL ELECTROCHEMISTRY

Allen J. Bard R. M. Hurd

M. W. Breiter Royce J. Murray

A. ). de Bethune C. W. Tobias

EDITORIAL STAFF
Nancy Gay Stewart, Assistant to the Editor
Julius Klerer, Book Review Editor

PUBLICATION STAFF

Sarah A, Kilfoyle, Publication Editor
Beverly M. Bruns, Assistant Publication Editor

PUBLICATION COMMITTEE

Newton Schwartz, Chairman
Elton Cairns

Robert T. Foley

Norman Hackerman

Earl S. Snavely, Jr.

Fred Strieter

Dennis R. Turner

Jack H. Westbrook

ADVERTISING OFFICE

P.0. Box 2071
Princeton, N. J. 08540

TECHNICAL PAPERS

T. R. Crompton
G. Uitenbroek
...655

G. D. McDonald
E. Y. Weissman
T. S. Roemer
... 660

T. Smith
F. Mansfeld
...663

N. Feldstein
J. A. Weiner
...668

D. M. MacArthur
...672

G. Neubert
E. Gorman
R. Van Reet
K. B. Prater
... 677

A. K. Vijh
...679

G. J. Barnes
A. W. Aldag
R. C. Jerner
... 684

S. E. Forman
W. J. Rhines
...686

L. Nanis
T. K. G. Namboodhiri
. 691

R. N. Roy
W. Vernon
A. Bothwell
J. Gibbons
... 694

C.R. Ito
S. Asakura
K. Nobe
...698

160C

JOURNAL OF THE

JUNE 1972

ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

Removal of Surface Antimony from Antimony Lead
Alloys by Sulfuric Acid-Hydrogen Peroxide Pick-
ling

Lead-Fluoroboric Acid Battery

An Ellipsometric-Electrochemical Cell: Initial Films
on Titanium in Water and Methanol Solutions

Contact Angle Measurements of Tin Sensitizing
Solutions

A Study of Gold Reduction and Oxidation in
Aqueous Solutions

Current Distribution at the Rotating Ring-Disk Elec-
trode

Electrode Kinetic Studies on Electro-Organic Syn-
theses Involving Carbonium lons
|. Anodic Oxidation of Acetate lons to Methyl
Acetate

Surface Concentration of Molybdenum in Types 316
and 304 Stainless Steel by Auger Electron Spec-
troscopy

Vibration Characteristics of Crystal Slicing ID Saw
Blades

Mathematics of the Electrochemical Extraction of
Hydrogen from Iron

Standard Potentials of Ag-AgCl Electrode and Re-
lated Thermodynamic Quantities in Dimethyl Sulf-
oxide-Water Mixtures from 5° to 45°C

Diffusion Kinetics at Microelectrodes



ELECTROCHEMICAL SOCIETY

Vol. 119 @ No. 6

J. R. Lloyd Local Natural Convection Mass Transfer Measure-

E. M. Sparrow ments

E. R. G. Eckert

... 102

D. Landolt Throwing Power Measurements during High Rate

... 108 Nickel Dissolution under Active and Transpassive
Conditions

TECHNICAL NOTES
R. S. Perkins

Gallium Oxidation in Alkaline Solution

P. L. Wallace A Rapid and Complete Method to Remove Plu-
J. C. Walden tonium Contamination from Aluminum

J. W. Magana

... N5

N. Q. Lam An Electrochemical Technique for Microsectioning
S. J. Rothman Silver

L. J. Norwicki

... 15

BRIEF COMMUNICATION
R. Greif Transport in Non-Newtonian Flow
R. Kappesser

1. Cornet
L7

DISCUSSION SECTION
... 19

SOLID-STATE SCIENCE AND TECHNOLOGY

TECHNICAL PAPERS

J. W. Lindsay Oxidation of Beta-Phase Plutonium

K. Terada

M. A. Thompson

... 126

J. L. Stakebake Plutonium Oxidation in Moist Oxygen-Nitrogen Mix-
L. M. Steward tures

... 130

E. T. Fitzgibbons TiO; Film Properties as a Function of Processing
K. J. Sladek Temperature

W. H. Hartwig

... 135

R.J.R. S. B. Bhalla Cathodoluminescence Characteristics of Mn2+-Ac-
E: w1.4\:h|te tivated Willemite (ZnsSiOy4) Single Crystals

161C

DIVISION OFFICERS

Battery Division

Alvin ), Salkind, Chairman
Ralph J. Brodd, Vice-Chairman
Howard R. Karas, Secretary-Treasurer
General Battery Corp.
P. 0. Box 1262
Reading, Pa. 19603

Corrosion Division

Z. A. Foroulis, Chairman

J. P. Pemsler, Vice-Chalrman

Roger Staehle, Secretary-Treasurer
Ohio State University
Dept. of Metallurgical Engineering
116 West 19th Avenue
Columbus, Ohio 43210

Dielectrics and Insulation Division

Lawrence Gregor, Chairman
Lyon Mandelcorn, Vice-Chairman
Benjamin Vromen, Treasurer
Frederick Vratny, Secretary
Bell Telephone Laboratories
Murray Hill, New Jersey 07974

Electrodeposition Division

Rolf Weil, Chairman

John L. Griffin, Vice-Chairman

Vladimir Hospadaruk, Secretary-Treasurer
1412 Plainfield Avenue
Dearborn Heights, Michigan 48129

Electronics Division

Erik Pell, Chairman

I. Arnold Lesk, Vice-Chairman (Semiconductors)
William A. McAllister, Vice-Chairman (Luminescence

lan M. Croll, Vice-Chairman 1((;eneral)
Jerry M. Woodall, Secretary-Treasurer
Thomas J. Watson Research Center
1BM Corporation
Yorktown Heights, New York 10598

Electro-Organic Division

Allen ). Bard, Chairman

Manuel M. Baizer, Vice-Chalrman

Charles K. Mann, Secretary-Treasurer
Department of Chemistry
Florida State University
Tallahassee, Florida 32306

Electrothermics and
Metallurgy Division

Joan B. Berkowitz, Chairman
Walter W. Smeltzer, Senior Vice-Chalrman
Robert Bakish, Junior Vice-Chairman
John M. Blocher, Jr., Secretary-Treasurer
Battelle Memorial Institute
Columbus, Ohio 43200

Industrial Electrolytic Division

Nolan E. Richards, Chairman

D. N. Goens, Vice-Chairman

Thomas C. Jeffery, Secretary-Treasurer
816 Ardmore
Lake Charles, Louisiana 70602

Physical Electrochemistry Division

Robert E. Meredith, Chalrman

Manfred W. Breiter, Vice-Chairman

James D. E. Mcintyre, Secretary-Treasurer
Bell Telephone Laboratories, Inc.
|E-439
Murray Hill, New Jersey 07974

v a /
wWHIRUM  NTINHIANENT

T 540 s



SOCIETY OFFICERS AND STAFF

Theodore D. McKinley, President

E. I. du Pont de Nemours & Co., Inc.
Pigments Department

Experimental Station

Wilmington, Del. 19898

N. Bruce Hanna{, Vice-President
Bell Telephone Laboratories, Inc.
Murray Hill, N. J. 07971

David A. Vermilyea, Vice-President
General Electric Reseafth Laboratories
Building K01, Room 3A45
Schenectady, N. Y, 12301

Theodore R. Beck, Vice-President
10035 31 Avenue, N.E.
Seattle, Wash. 98125

Dennis R. Turner, Secretary

Bell Telephone Laboratories, Inc.
Room 1E-245

Murray Hill, N. J. 07971

R. Homer Cherry, Treasurer
2350 Huntingdon Road
Huntingdon Valley, Pa. 19006

Emest G. Enck, Executive Secretary
The Electrochemical Society, Inc.
P.0. Box

Princeton, N. J. 08540

V. K. Assistant Executive y
;he Electrochemical Society, Inc.

.0. Box 2071
Princeton, N. J. 08540

Marie Falloon, Financial Secretary
The Electrochemical Society, Inc.
P.0. Box 2071

Princeton, N. J. 08540

Manuscripts submitted to the Journal should
be sent, in triplicate, to the Editorial Office at
P. 0. Box 2071, Princeton, N. J. 08540. They
should conform to the revised ‘“‘Instructions to Au-
thors’ available from Society Headquarters. Manu-
scripts so_submitted, as well as papers presented
before a National technical meeting, become the
property of the Society and may not be published
elsewhere in whole or in part without written per-
mission of the Society. Address such requests to
the Editor.

The Electrochemical Society does not maintain a
supply of reprints of papers appearing in its
Journal. A photoprint copy of any particular paper
may be obtained from University Microfilms, 300
North Zeeb Road, Ann Arbor, Michigan 48106.

Inquiries regarding positive microfilm copies of
volumes should be addressed to University Micro-
films, Inc., 300 N. Zeeb St., Ann Arbor, Mich. 48106.

Walter J. Johnson, Inc., 111 Fifth Ave., New
York, N. Y., 10003, have reprint rights to out-of-
print volumes of the Journal, and also have avail-
able for sale back volumes and single issues,
with the exception of the current calendar year,
Anyone Interested in securing back copies should
correspond directly with them.

Published monthly by The Electrochemical So-
ciety, Inc., at 215 Canal St., Manchester, N. H.;
Executive Offices, Editorial Office, and Circulation
Dept., and Advertising Office at P. 0. Box 2071,
Princeton, N. J. 08540, combining the JOURNAL
and TRANSACTIONS OF THE ELECTROCHEMICAL
SOCIETY, Statements and Opinions given in articles
and papers In the JOURNAL OF THE ELECTRO
CHEMICAL _SOCIETY are thgse| (;f the contributors,

t i ociety

and The E no re-
sponsibility for them.

Claims for missing numbers will not be allowed
if received more than 60 days from date of mailin,
plus time normally required for postal delivery of
JOURNAL and claim. No claims allowed_because of
failure to notify the Circulation Dept., The Electro-
chemical Society, P. 0. Box 2071, Princeton, N. J.,
08540, of a change of address, or because copy is
“missing from files.” Subscription to members as
part of membership service; subscription to non-
members $40.00 plus $3.00 for postage outside
U.S. and Canada. Single copies $2.50 to members,
$4.00 to nonmembers. © 1972 by The Electro-
chemical Society, Inc. Second Class Postage Paid
at Princeton, New Jersey, and at additional mailing
offices. Printed in U.S.A.

SOLID STATE SCIENCE (Cont.)

R. E. Enstrom
J. J. Hanak

J. R. Appert
K. Strater

... 743

R. S. Ronen
P. H. Robinson
... 147

R. R. Mehta
S. F. Vogel
... 152

M. Kowalchik
A. S. Jordan
M. H. Read
... 756

V. S. Ban
... 161

L. M. Foster

J. E. Scardefield
J. F. Woods

... 165

C. F. Gibbon
E. I. Povilonis
D. R. Ketchow
—1

R. C. Henderson
L 172

V. J. Silvestri

T. Yashiro
... 180

G. Dionne
J. C. Woolley
... 184

TECHNICAL NOTES

R. C. Taylor
V. Sadagopan
8

H. G. Maguire
P. D. Augustus
L. 191

Effect of Impurity Gas Additions on the Supercon-
ducting Critical Current of Vapor-Deposited
NbsSn

Hydrogen Chloride and Chlorine Gettering: An Ef-
fective Technique for Improving Performance of
Silicon Devices

Sputtered Cadmium Oxide and Indium Oxide/Tin
Oxide Films as Transparent Electrodes to Cad-
mium Sulfide

Coprecipitation of Ga;O0; in the Liquid-Phase Epi-
taxial Growth of GaP

Mass Spectrometric Studies of Vapor-Phase Crys-
tal Growth
Il. GaN

Thermodynamic Analysis of the IlI-V Alloy Semi-
conductor Phase Diagrams
11l. The Solidus Boundary in the Gaj-xAlcAs
Pseudobinary System

The Effect of Mask Edges on Dopant Diffusion into
Semiconductors

Silicon Cleaning with Hydrogen Peroxide Solutions:
A High Energy Electron Diffraction and Auger
Electron Spectroscopy Study

Thermodynamic Calculations of the Ge-H-Cl Sys-
tem

Some Properties of Vapor Deposited GezNys Films
and the GesN4-Ge Interface

Crystal Growth and Isothermal Annealing of
Pb; —xSnxTe Alloys

Preparation and Properties of Hexaferrite Films

The Detection” of Silicon-Oxynitride Layers on the
Surfaces of Silicon-Nitride Films by Auger Elec-
tron Emission

DISCUSSION SECTION

... 793

NEWS

... 165C

162C

REVIEWS AND NEWS



N I
ki

jwad -

,1»‘ R

-, 5

A o mgtt}whm
gt r es,
Gy w can makoglg
il go better.

contact with plates mus
nonwoven fabrics can do
They have been perf
over millions of hours in ury-zinc,
air, lead-acid, cuprous ch nde, and nickel-
absorbers. For anumberof very good cadmium systems. The unusually broad line
- If primary and secondary of fine Webril products gives you greater
are to parform muc design flexibility. You can choose from poly-
propylene, Dynel*, nylon, highly purified .
~cotton, modified cellulose, and other fibel :
Find out more today. Write Mr.
Electrical Specialtaas Depa

And whatever the jo
performance gets a
Webril® nonwoven fabr

jion Carbide Corp. trademark for its modacrylic fiber.

163C



THE ELECTROCHEMICAL SOCIETY, INC.

The Electrochemical Society is an international organization of individuals and com-
panies concerned with or interested in electrochemistry and allied subjects.

OBJECTIVES
1. The advancement of the theory and practice of electrochemistry, electrometallurgy, elec-
trothermics, electronics, solid state and allied subjects.

2. To encourage research and the reporting of such research for the dissemination of knowl-
edge in the field of electrochemistry and solid state.

3. To insure the availability of adequate training in the field of electrochemistry for chemists,
engineers, metallurgists, physicists, and solid state investigators.

BENEFITS OF MEMBERSHIP

1. Assurance of keeping abreast of the latest scientific developments in your particular fields
of interest.

2. Enjoyment of personal association with fellow scientists and engineers in the professions.

3. Opportunity to contribute to the advancement of the science and application of electro-
chemistry and solid state in your areas of interest.

4. Stimulation of interdisciplinary exchanges.

DIVISIONS

The activities of the Society are carried on by its nine divisions as follows:

Battery Electronics
(Including Semiconductors

Corrosion ;
and Luminescence)
Dielectrics and Insulation Electro-Organic
Electrodeposition Electrothermics and Metallurgy
Industrial Electrolytic
Physical Electrochemistry
SECTIONS

Local Sections of the Society have been organized in the following cities and regions:

Boston Niagara Falls

Chicago North Texas

Cleveland Ontario-Quebec

Columbus Pacific Northwest

Detroit Philadelphia

Indianapolis Pittsburgh

Midland (Michigan) San Francisco

Metropolitan New York Southern California-Nevada
National Capital Area South Texas

164C




JOURNAL OF THE ELECTROCHEMICAL SOCIETY

ELECTROCHEMICAL SCIENCE

- AND TECHNOLOGY

JUNE

1972

Removal of Surface Antimony from Antimony Lead
Alloys by Sulfuric Acid-Hydrogen Peroxide Pickling

T. R. Crompton and G. Uitenbroek*
Oldham & Son Limited, Denton, Manchester, England

ABSTRACT

It has been shown that treatment of cast antimonial lead alloys with mix-
tures of hydrogen peroxide and sulfuric acid at 20°C dissolves surface anti-
mony at an appreciably greater rate than occurs with sulfuric acid alone, even
at elevated temperatures. Optimum hydrogen peroxide-sulfuric acid reagent
compositions have been established for the maximum solution of antimony
from the alloy. A correlation exists between the quantity of antimony removed
by this treatment and the quantity of antimony that is subsequently released
from the alloy into sulfuric acid electrolyte when it is set up as an anode
against pure lead cathodes. Batteries made using positive grids which have
been pickled in hydrogen peroxide-sulfuric acid mixtures, then brightened by
dipping in a 10% aqueous solution of diethylene triamine have been shown to
have a greater life on charge/discharge cycles than batteries made using

standard unpickled grids.

Antimony is added as an alloying constituent to im-
part increased hardness to lead used in the manufac-
ture of grids for lead-acid batteries. Alloy grids are
much less liable to distortion during battery manu-
facturing operations. However, positive battery plates
used in lead-acid battery manufacture, made from
such castings, will, during plate formation, release a
large proportion of their surface antimony, which will
migrate towards the negative plate, thereby contami-
nating the formation electrolyte, the negative active
material, and the positive active material. Similarly,
in battery operation, antimony contamination of plates
will occur. Both forms of antimony contamination have
adverse effects on battery performance such as in-
creases in positive plate corrosion (i.e., shorter life)
and in self-discharge rates; also it prevents the positive
plate from reaching its true potential. For these reasons
research has been undertaken to study removal of
antimony from such grids.

Burbank and Simon (1) have shown the manner in
which the anodic corrosion of lead and its hypoeutectic
antimony alloys takes place in sulfuric acid and how
such corrosion is related to the microstructure of these
alloys. Pure lead and alloys containing up to 0.5%
antimony corrode intergranularly (i.e., grain boundary
attack). At higher concentrations a combination of
intergranular and interdendritic penetration occurs,
but up to 6% antimony the attack remains preferen-
tially intergranular. At higher antimony concentra-
tion (6-12%) the corrosion is more evenly distributed
between intergranular attack and attack along the in-
terdendritic network of segregated antimony. Burbank
and Simon also revealed by x-ray diffraction that the
surface of castings containing 6% or more antimony is
richer in antimony than within the bulk of the cast-
ings, i.e., an antimony-rich surface layer is present.

A search brought to light one patent, by Bosch (2),
which involves a pickling treatment for removing con-

* Electrochemical Society Active Member.

Key words: battery, lead-acid, alloys, antimony, battery grids,
pickling.
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centrations of antimony on the surface of cast lead-
antimony alloys used in lead acid battery manufacture.
This process involves dipping the as-cast metal in
sulfuric acid of 1.75 sp gr. This treatment it is claimed
will remove antimony from a surface layer of at least
10-¢ mm thickness of alloy.

The work described below for removing surface
antimony from antimonial lead differs from that de-
scribed by Bosch in that it incorporates a sulfuric
acid-hydrogen peroxide reagent which has been shown
to be much more effective than sulfuric acid alone in
removing surface antimony from antimonial lead.

Experimental

Pickling in sulfuric acid.—Experiments were first
carried out to establish the extent to which pickling
in aqueous sulfuric acid dissolved antimony from 7%
antimonial lead. One kilogram of metal was immersed
in 2 liters of sulfuric acid of known specific gravity and
maintained at a constant temperature. In the work de-
scribed in this paper the lead was in the form of cast
grids of the type used in the manufacture of lead acid
batteries. After various time intervals portions of the
acid were removed and dissolved antimony determined
by a procedure which is sensitive enough to detect
down to 0.2 mg antimony in a liter of test solution.

Pickling in sulfuric acid-hydrogen peroxide mixture.
—A range of solutions were prepared such that the
final mixtures had a known specific gravity with re-
spect to sulfuric acid (between 1.03 and 1.60 sp gr at
20°C) and contained a known concentration of hydro-
gen peroxide (between 2 volume and 5 volume concen-
tration).! In all cases the solutions were prepared im-
mediately prior to use. The pickling experiments were
then carried out as discussed above.

Determination of antimony in sulfuric acid-hydrogen
peroxide mixtures.—Reagents.—Standard antimony so-
1 0One volume concentration H20. is that concentration (0.3g HaOe/

liter) which upon decomposition produces 1 ml oxygen at STP per
milliliter of the peroxide solution.
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lution, prepared from potassium antimonyl tartrate
“ANALAR” to contain 0.1 mg antimony per milliliter.

Ascorbic acid/potassium iodide reagent was prepared
by dissolving 70g potassium iodide “ANALAR” and 5g
ascorbic acid in deionized water and making up to 500
ml. This solution must be prepared freshly as required.

Sulfuric acid was 1.2 sp gr, aqueous.

Potassium permanganate (1N) aqueous, was pre-
pared from “ANALAR” solid.

Calibration curve.—Into seven 100 ml volumetric flasks,
pipette 0.0, 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 ml of standard
antimony solution (e.g., 0.0 to 0.1 mg Sb) then add 10
ml of 1.2 gravity sulfuric acid. Add 25 ml potassium
iodide/ascorbic acid reagent to each flask then make
up to 100 ml with 1.2 sp gr sulfuric acid.

Fill two 10 mm glass spectrophotometer cells, re-
spectively with the solution which is free from anti-
mony (control) and the solution containing 0.1 ml
standard antimony solution.

Place the two cells in spectrophotometer and mea-
sure the optical density at 425 myu of the sample solu-
tion relative to the control (antimony free) solution in
the reference beam. Repeat with each of the standard
antimony solutions.

Plot a curve of milligrams antimony in the original
100 ml test solution vs. the corresponding optical den-
sities obtained.

Analysis of pickling solutions.—Transfer a suitable
volume (maximum 10 ml) of pickling solution into a
100 ml volumetric flask. If the specific gravity of the
sulfuric acid in the pickling solution is less than 1.2
then add a calculated volume of 1.6 sp gr sulfuric acid
to adjust the gravity in the final mixture to 1.2, If
the specific gravity of the pickling solution exceeds 1.2
then add a calculated volume of deionized water suffi-
cient to adjust the gravity of the final mixture to 1.2.
Add sufficient 1.2 sp gr sulfuric acid to make the vol-
ume up to 10 ml. To a second control 100 ml volumetric
flask add 10 ml 1.2 sp gr sulfuric acid. To both solu-
tions add dropwise from a burette, potassium per-
manganate solution until a faint pink color is produced
which persists for 5 min, indicating complete neu-
tralization of hydrogen peroxide. Add 25 ml potassium
iodide/ascorbic acid reagent and make up to 100 ml
with 1.2 sp gr sulfuric acid. Refer the optical density
to the calibration curve to obtain the weight of anti-
mony present in the original 100 ml of diluted pickling
solution.

If it is found that the concentration of antimony in
the original pickling solutions is too high, then this
solution should be diluted by a known amount with
sulfuric acid of the same specific gravity and the above
analysis repeated.

Measurement of the release of antimony from alloys
under electrochemical conditions.—Pickled and un-
pickled castings (150g) in 4.5, 7, and 10% antimonial
lead were set up as anodes, against pure lead cathodes
in cells containing a liter of 1.25 sp gr sulfuric acid. A
2A current was passed through the castings and the
antimony content of the electrolyte determined at
intervals.

Construction of test batteries—The test batteries
used in the study were Miners Caplamps batteries con-
structed with two cells, each containing a tubular posi-
tive plate and two negative plates and a standard
separator system.

A low antimonial alloy (4.5% antimony) was used
throughout; only the positive grids were pickled.

Pickling was conducted for 8 hr at 15°-20°C in a
solution consisting of 4 volume strength hydrogen per-
oxide in 1.200 sp gr sulfuric acid. The solution was con-
tained in a glass or polyethylene tank and the lead
grids were suspended, without touching in this solution
at a ratio of 1 kg of lead to 2 liters of solution.

In some experiments the grids were then rinsed in
cold running water to remove acid and were then
allowed to dry. Such grids had on the surface a very
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thin whitish layer, presumably of lead sulfate. In
other experiments, pickled grids were immediately
dipped in a 10% aqueous solution of diethylene tri-
amine for a few minutes until lead sulfate had been
completely removed and the metal was bright. The
plates were then quickly rinsed in water and left to
air dry.

Batches of batteries containing unpickled, pickled
and water washed, and pickled and amine washed posi-
tive grids were then assembled by standard manufac-
turing methods.

The batteries were then continuously cycled accord-
ing to the following schedule: charge: constant volt-
age charge at 4.90 to 2.45V per cell (about 15 hr);
discharge: for 9 hr through a 1A calibrated bulb re-
cording the time taken to reach 1.85V per cell. Cycling
tests were discontinued when the discharge time
dropped below 7 hr, i.e., end of battery life.

Results

Sulfuric acid pickling.—Antimony extraction was ex-
tremely low at acid gravities of 1.2 and 1.4 even at op-
erating temperatures up to 80°C. At 1.6 gravity and
80°C, 72 mg of antimony was dissolved from the alloy in
300 hr from 1 kilo of alloy, i.e., only 0.1% of the anti-
mony content of the original alloy (7%) was dissolved
into the pickling solution. At 80°C in 1.4 gravity acid, a
small amount of white precipitate was noted in the
acid, presumably lead sulfate. At 80°C in 1.6 gravity
acid, a small amount of a brown orange precipitate
was noted in suspension in the solution and as a coat-
ing on the metal. This solid contained about 4% anti-
mony and, presumably by its color, contained antimony
sulfide. The solution itself had a deep brown discolora-
tion. In the same experiment, a bubbler containing
10% aqueous silver nitrate solution was connected to
the sealed vessel in which the pickling was carried out
and it was observed that during the experiment, a
black precipitate formed in the silver nitrate solution.
This was presumably, silver stibnide and/or silver
sulfide produced by reaction of silver ions with stibine
and/or hydrogen sulfide produced during pickling.
These observations fit in with the reactions known to
occur between antimony and hot sulfuric acid solutions
of specific gravity greater than 1.55. Decomposition
products of this type were not observed in pickling
experiments conducted in acid gravities below 1.4

Sulfuric acid-hydrogen peroxide pickling.—Figure 1
compares the rate of extraction of antimony from 7%
antimonial lead by strong sulfuric acid at 80°C and by
various acid-hydrogen peroxide mixtures at normal
ambient temperatures. The dramatic increase in anti-
mony extraction resulting upon incorporation of hydro-
gen peroxide is immediately evident.
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Fig. 2. Influence of sulfuric acid concentration on pickling rate
of 7% antimonial lead.

Increase in the concentrations of acid and peroxide
leads to higher antimony extractions (compare curves
II and III, Fig. 1).

Effect of sulfuric and concentration.—The curves in
Fig. 2 plot the course of antimony extraction occurring
from 7% antimonial lead during pickling times of up
to 180 hr at 25°C in a reagent consisting of hydrogen
peroxide (2 volume) and sulfuric acid (between 1.03
and 1.60 sp gr). Experimental replication is satisfactory
(compare curves 7 and 11). At acid gravities of under
1.1, antimony extraction ceased after 40-50 hr, reach-
ing 70-80% of this value in 10 hr. At acid gravities
higher than 1.1 antimony extraction from the grid still
continued after 180 hr with no evidence of leveling
out. The highest antimony extraction recorded was
obtained with 1.1 to 1.2 gravity acid. Also, at acid
gravities in this range, antimony extraction following
a 5 hr pickling was about half that obtained during a
140 hr pickle. After pickling, the metal became eventu-
ally gray or white colored and, at certain acid concen-
trations a turbidity or precipitate, presumably of lead
sulfate, formed in the solution. At acid concentrations
of 1.2-1.3 sp gr and pickling times up to 30 hr no
insoluble matter was evident in the solution.

Effect of hydrogen peroxide concentration.—The re-
sults in Fig. 2 show that extension of the pickling time
above 10-20 hr is not a very efficient method of in-
creasing the antimony extraction rate in the case of a
reagent consisting of 2 volume hydrogen peroxide and
sulfuric acid in the 1.1-1.2 sp gr range. Next, a com-
parison was made between antimony extraction ob-
tained for 7% antimonial lead using 2 volume and 5
volume hydrogen peroxide, both with 1.2 gravity acid
at 25°C. After 10 hr the antimony extraction increased
almost pro rate with increase of hydrogen peroxide
concentration, and, in fact, the solution containing 5
volume hydrogen peroxide removed as much antimony
in 5-10 hr as did the weaker reagent in 140 hr. The
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Fig. 3. Influence of acid gravity and hydrogen peroxide concen-
tration on antimony extraction in 8 hr pickle of 4.5, 7, and 10%
antimonial lead.

quantities of antimony dissolved from approximately
1 kilo of lead in a 140 hr pickle using the two and five
volume hydrogen peroxide were respectively 1.3g and
2.4g. Thus, increasing the concentration of peroxide
in the reagent is a more effective method of increasing
antimony extraction than extension of pickling time.

Figure 3 shows the effect of sulfuric acid and hydro-
gen peroxide concentration on antimony extraction
during an 8 hr pickle at 25°C for freshly cast lead
alloys containing 4.5, 7.0, and 10% antimony. For each
alloy, antimony extraction was highest at an acid
gravity of 1.2 and at the higher peroxide concentration.
A repeat experiment on these alloys three weeks after
casting gave an identical set of curves. A plot of
weight of antimony extracted during an 8 hr pickle
against the antimony content of the alloy showed a
linear relationship for each of the eight reagent sys-
tems quoted in Fig. 3.

Tables I and II show the effect of reagent composi-
tion and pickling time on the percentage of the original

Table I. Percentage dissolution of antimony from 7%
antimonial lead (thin section 1/16 in.)

Per cent of original antimony
content of alloy extracted
into pickling solution

Pickling time

Sulfuric acid gravity 10 hr 20 hr Extended*

1.6 (nil hydrogen peroxide)

a > <0.001 0.001 0.1 (300.I)
1.03 (2 vol. H:02) at 25°C 0.45 0.5 0.6 (40.M)
1.1 (2 vol. H202) at 25°C 1.2 1.5 1.9 (70.M)
1.2 (2 vol. H202) at 25°C 1.0 11 1.7 (140.I)
1.2 (5 vol. H2O2) at 25°C 2.6 3.0 3.3 (70.M)
1.4 (2 vol. H:0,) at 25°C 0.8 0.9 1.4 (145.1)
1.6 (2 vol. H202) at 25°C 0.6 0.65 1.0 (160-180.1)

* Numerals in brackets indicate prolonged pickling time in hours.
I indicates that antimony concentration of solution is still increasing
at end of test period. M indicates that it had reached a maximum at
end of test period.
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Table I1. Percentage dissolution of antimony from various antimonial lead (thicker section Y-V in.)

Per cent of original content of alloy extracted into pickling solution

4.5% antimonial lead
pickling time
20

10% antimonial lead

7% antimonial lead
i pickL{ng time

pickling time

Sulfuric acid gravity 7% hr 10 hr hr Extended* % hr % hr
1.03 (2 vol. HaQ») at 25°C 0.2 0.3 0.4 0.5 (50) 0.1 0.1
1.03 (4 vol. H202) at 25°C 0.2 — — —_ 0.15 0.1
1.1 (2 vol. H202) at 25°C 0.25 0.5 0.6 0.7 (50) 0.3 0.25
1.1 (4 vol. H202) at 25°C 0.3 — _— — 0.3 0.3
1.2 (2 vol. H:0») at 25°C 0.3 0.9 0.9 —_— 0.3 0.3
1.2 (4 vol. H:O) at 25°C 0.4 0.75 — —_ 0.4 0.4
1.3 (2 vol. H202) at 25°C 0.3 — = —_ 0.3 0.25
1.3 (4 vol. H:02) at 25°C 0.4 — = — 0.4 0.4

* Numerals in brackets indicate pickling time in hours, antimony extraction had reached a maximum within these times.

antimony content of the alloy which is removed by
pickling. Comparison of these results show that with
similar reagents the percentage of the original anti-
mony content of the alloy which is extracted from
thinner section moldings is higher than with thicker
section moldings, due, presumably to the higher area
to volume ratio of the former with its consequent in-
creased surface area per unit weight of lead available
for antimony dissolution. The inefficiency of pickling
with strong sulfuric acid without peroxide at 80°C is
clearly evident in Table I, which shows that only
0.001% of the original antimony content of the alloy
has been extracted. Contrasted with this and confirm-
ing the earlier experiments, 3% antimony extraction
occurs when pickling is carried out at 25°C in 1.2
gravity acid containing 5 volume peroxide. Clearly,
this antimony removal must occur principally at the
metal surface (or in the region near to the surface).
If, with an as-cast alloy there is no enrichment of
antimony at the surface above the normal level this
result implies that, on the average, the pickling reagent
penetrates only to a depth of between 0.001 and 3%
of the average thickness of the metal. If, on the other
hand, as had been postulated, antimonial lead castings
have a very thin surface layer of appreciably higher
antimony content than the bulk of the alloy, then the
average depth of reagent penetration into the grid to
produce the observed antimony extractions would be
less than those quoted above.

Hydrogen peroxide decomposition.—It was observed
that gas bubbles were continuously formed on the
surface of grids during pickling at 25°C. The gas is
produced by a gradual decomposition of hydrogen
peroxide to oxygen and water and is presumably cata-
lytically induced by lead or by impurities therein.
Peroxide decomposition was monitored during pickling
by analyzing timed samples by titration with standard
potassium permanganate.

Figure 4, shows, for 7% antimonial grids during a
40 hr pickle, the influence of acid gravity on antimony
extraction and the parallel decomposition of hydrogen
peroxide. It is seen that hydrogen peroxide decomposi-

o s | | |
: Br== !
i i
W ‘ e nm T
T
ELTT ! I
T
I ]
! : A
= ! i
LiEd e ! ‘
I; : o - e
A 1 AT A
i, e ; AT A
s L . (11
£ L - ; p s e
7 Pl — L
P t ke
EE B ] I Fifrmn
I it I
T 1 I
3 (R A0S [] »
I E T P~ } I

Fig. 4. Relation between pickling time, antimony extraction, and
hydrogen peroxide decomposition.

tion is highest under those conditions under which
antimony extractions are highest.

Effect of pickling on subsequent release of antimony
from alloys under electrochemical conditions.—Ob-
viously, the more efficient the removal of antimony by
pickling then the lower will be the equilibrium anti-
mony content of the electrolyte in an electrolysis ex-
periment, compared to the equilibrium antimony con-
tent obtained by electrolysis of unpickled control
alloys. This procedure therefore offers a method of
ascertaining the influence of chemical pickling in acid
hydrogen peroxide on the subsequent rate of removal
of antimony from the alloy under conditions where a
current flows.

Figure 5 plots the relationship between the antimony
content of the original alloy and the weight of anti-
mony removed from 150g of three lead alloys during
a 25 hr electrolysis. It is seen that less antimony is
removed by electrolysis of alloys which have been
previously pickled compared to the unpickled controls.
The effect of chemical pickling upon subsequent anti-
mony removal occurring upon electrolysis, is greatest
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Fig. 5. Electrochemical removal of antimony from pickled and
unpickled lead as a function of original antimony content of alloy.
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in the case of the 4.5% antimonial alloy in which
antimony removal upon electrolysis is about half the
value obtained for the unpickled control. Smaller ef-
fects of pickling on antimony removal during electrol-
ysis were noted in the case of the two higher anti-
monial alloys.

It was attempted to ascertain whether a relationship
existed between antimony removal from the grid dur-
ing chemical pickling and the amount of antimony
which is subsequently removed from the grid upon
electrolysis.

If, during electrolysis of an unpickled metal casting,
the concentration of antimony that builds up in the
electrolyte in time T is denoted by X mg Sb/g alloy
and if, during the same time interval, the concentration
of antimony that builds up in the electrolyte in con-
tact with pickled alloy at the same initial antimony
content is denoted by Y mg Sb/g alloy, then (X — Y)
is a measure of the efficiency of the chemical pickling
process in removing surface antimony from the alloys.
If the weight of antimony removed from the alloy
during pickling is denoted by Z mg/g alloy, then it
follows that for an alloy of a particular composition,
an increase in the value of Z should be accompanied
by a decrease in the value of Y, i.e., an increase in the
value of (X — Y) for each of the three alloys ex-
amined. That this is so is confirmed by examination of
Table III.

It follows from the previous discussion that
(X — Y) 100/X represents the percentage reduction
in extractable antimony that occurs as a result of
chemical pickling of alloys compared to unpickled
controls in the same antimonial alloy. This quantity is
a direct measure of the reduced amount of electro-
extraction of antimony from alloys that occurs under
standard electrochemical conditions as a result of
various chemical pickling treatments of the alloys.
It is interesting to examine, therefore, the influence
of increasing the antimony removal from alloys, i.e.,
increasing Z during pickling (by using different pick-
ling reagents) on (X — Y) 100/X. This is shown in
Fig. 6 which plots Z against (X — Y) 100/X. It is seen
that three groups of results are obtained corresponding
to the 4.5, 7, and 10% antimonial alloys. At each alloy
composition, as expected, an increase in antimony re-
moval (Z) during pickling is accompanied by an in-
crease in the percentage reduction of electroextractable
antimony (X — Y) 100/X. The latter is greater in the
case of the 4.5% antimonial alloy (viz. 40-50%) and
least in the case of the 10% alloy (viz. about 20%).

Mining caplamp battery cycling tests.—The results in
Table IV give distinct evidence that batteries made up
with 4.5% antimonial lead positive grids which have
been pickled and amine washed have a longer cycle
life than batteries made using either unpickled grids
of the same antimony content or grids which have
been pickled but not amine washed.

Table I11. Influence of pickling the alloy on subsequent solution
of antimony by electrolysis

Pickling reagent

composition
Alloy com- Y* (X -Y)*
position H:SO, H:0: (25 hr elec- (25 hr elec-

w/w ¢ Sb sp gr vol. z trolysis) trolysis

45 1.03 2 13 32 4

1.1 4 22 28 8

1.2 2 21.5 21 15

1.3 4 31 22 14

7.0 1.03 2 14 66

11 4 34 66 17

1.2 2 35 52 20

1.3 4 40 52 20

10.0 1.03 2 13 138 10

1.1 4 44 120 28

1.2 2 50 120 28

1.3 4 55.5 120 28

*® For explanation of terms see text.
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Fig. 6. Effect of efficiency of antimony removal during pickling
on per cent reduction in electroextractable antimony from lead.

Discussion

Pickling of antimonial lead at ambient temperature
in mixtures of hydrogen peroxide and sulfuric acid is
a considerably more efficient method of stripping off
the surface rich antimony layer that has been postu-
lated to exist on these alloys than is achieved by
pickling in sulfuric acid alone, even at elevated tem-
peratures. For alloys in the composition range studied
up to 10% antimony, antimony extraction is highest
at a sulfuric acid concentration in the pickling solution
corresponding to 1.20 =+ 0.10 sp gr.

This applies at all hydrogen peroxide concentrations
between the extremes of the range studied (2-5 vol-
ume strength). At any particular hydrogen peroxide
concentration in the reagent, the extraction of anti-
mony during a standard pickling time decreases as the
sulfuric acid concentration is decreased below or is
increased above the acid gravity of 1.20 + 0.10. At a
particular acid concentration and pickling time, anti-
mony extraction increases with increase in hydrogen
peroxide concentration. Increase of the concentration
of hydrogen peroxide in the pickling solution is usually
a more efficient method of antimony removal than
extension of the pickling time.

Depending on various factors viz. reagent composi-
tion, pickling time, surface area/volume ratio of lead,
antimony content of alloy, between 0.1 and 3.3% of
the original total antimony content of the alloy is
extracted during pickling processes (Tables I and II).
Also, as indicated in Table III, the greater the amount
of antimony that is removed from the surface of the
lead by pickling prior to electrolysis then the smaller
the amount of surface antimony that is left on the
grid. This indicates that both pickling and electrolysis

Table 1V. Effect of grid pickling on cyclic life tests of
mining caplamp cells

Positive Grid pickled Grid pickled
spine No. then water then amine
pickling pickle washed washed

Cycles to end of life (when dis-
charge time to 3.70V decreases

Battery No. to less than 7 hr
1 0

360 8 500

2 480 360 540
3 340 340 440
4 360 360 420
5 300 400 440
6 340 500 540
7 400 400 440
8 360 420
9 380 540
10 400 500
11 340 560
12 420 440
13 240 480
14 400 520
Average 368 377 484
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remove antimony from the surface, only, of the lead.
Obviously, the higher the extraction of surface anti-
mony during pickling the less are adverse effects to
be expected by antimony in subsequent battery oper-
ation. Data in Fig. 5 and 6 indicate that positive 4.5%
antimonial lead grids that have been pickled for 8 hr
in a 1.2-1.3 gravity sulfuric acid/2-4 volume hydrogen
peroxide pickling solution would be expected under
electrochemical conditions to release only approxi-
mately 50% of the amount of antimony obtained from
an unpickled 4.5% antimonial alloy. The correspond-
ing figure for pickled 10% antimonial alloy is 80% of
the amount of extracted antimony that would be ob-
tained for the unpickled alloy. Thus the beneficial
effects of pickling on subsequent battery performance
would be expected to be greater in the case of lower
antimonial alloys.

The data in Table IV indicate that an 8 hr pickling
of 4.5% antimonial positive grids in a reagent com-
prising sulfuric acid (1.20 sp gr) and hydrogen per-
oxide (4 volume) followed by amine treatment to
remove surface deposits leads to an approximately
30% increase in cyclic life of the particular type of
battery studied. Examination of the data in Table II
shows that extension of the pickling time with this
reagent to times greater than 8 hr would have removed
considerably more antimony (perhaps 2-3 times as
much) than was in fact removed during 8 hr. Possibly,
positive grids which had been given an extended
pickling time would lead to further improvements in

June 1972

cyclic life to that obtained in the experiments de-
scribed above. Additionally, it is possible that negative
grid pickling would have further beneficial effects.

It is clear that, to obtain maximum benefits from
grid pickling, a careful study should first be conducted
of the effect of pickling reagent composition, pickling
time and other factors on antimony removal occurring
during pickling for the types of plates it is intended to
use in each particular type of battery.
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Lead-Fluoroboric Acid Battery

G. D. McDonald,* E. Y. Weissman,* and T. S. Roemer

Globe-Union, Inc., Milwaukee, Wisconsin 53201

ABSTRACT

A reserve battery is described that can operate over a wide temperature
range, including temperatures as low as —60°C at coulombic efficiencies of
16% or better. The battery is based on the system: lead/fluoroboric acid/lead
dioxide and utilizes a bonded lead dioxide cathode. The system is discussed
based on data such as: capacities, current-voltage relationships, and coulombic
efficiencies, as a function of temperature; self-discharge characteristics; spe-

cific energy; and cost considerations.

The lead/fluoroboric acid/lead dioxide battery has
typically been used for applications requiring an inex-
pensive reserve-type power supply capable of high
discharge rates over a wide temperature range. An
example of such an application is the proximity fuze
battery (1, 2). The characteristics of a typical Pb/
HBF4/PbO; battery are summarized in Table I, where
the listed specifications have been all exceeded to a
significant degree (e.g., 50 sec of 0.040A discharge,
above 18V at + 60°C; 90 sec of 30 mA discharge,
above 15V, at —40°C).

* Electrochemical Society Active Member.

Key words: fluoroboric acid battery, lead dioxide electrode,
bonded lead dioxide electrode, lead-fluoroboric acid battery.

Table I. Characteristics of a fluoroboric acid proximity fuze battery

Number of cells: 14

Minimum voltage: 15V

Current: 0.030A
Discharge duration: 20 sec
Temperature range: —40° to +60°C
Activation time: <0.4 sec
Battery volume: 2.5 cc

Battery weight: approx. 4

g
a) shelf life of up to 20 yr
b) low cost of raw materials
(lead at 45¢/kg; fluoro-
boric acid at 55¢/kg)

Special features:

Fluoroboric acid is particularly well suited for such
types of reserve batteries because of its wide liquidus
range, good conductivity, and ready availability (used
in the electroplating industry). Table II summarizes
its properties as well as the over-all electrochemical
reaction in which it participates. The boric acid is
present in order to suppress hydrolysis in which the
fluorine atoms attached to the boron are stepwise re-
placed by hydroxyl groups, with the other hydrolysis
product being hydrofluoric acid.

An important feature of this electrochemical system
is the solubility of lead fluoroborate, the reaction
product formed at each electrode (approximately 380g
per liter). Because of this property, dense, nonporous,

Table Il. The fluoroboric acid electrolyte

Over-all reaction

Pb + PbO:; + 4HBFy > 2Pb(BFy)2 + 2H:0
/ E = 1.86 at 25°C /

Electrolyte characteristics

Available as 48% aq. solution (with ~2.5% H3BOs)
Freezing point: —178°C

Decomposition point: +130°C
Conductivity
at room temp.: 0.61 ohm-1 cm-!
at —60°C: 0.06 ohm-1 cm-!
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and structurally stable electrodes can effectively be
used with a resultant savings in required battery vol-
ume. At the same time, fluoroboric acid attacks most
other metals and metal oxides to give soluble reaction
products. While we have found that neither lead nor
lead dioxide are attacked in the absence of oxygen,
the generally corrosive nature of this electrolyte re-
quires a careful selection of the battery materials of
construction.

At the present time, lead-fluoroboric acid type bat-
teries use bipolar electroplated electrodes consisting
of nickel-plated steel shim stock with lead plated on
one side and layers of «- and g-lead dioxide on the
other. Capacity densities of the order of 7 A-sec per
cm? of geometric electrode area are attainable. At-
tempts to increase this capacity by heavier plating have
proved fruitless owing to adhesion or active material
brittleness problems. The only successful attempts to
increase cell capacity have resulted from increases in
electrode plate area (3).

Lately, some work (4) has been carried out in the
area of development of bonded lead dioxide electrodes
possessing higher capacities and improved mechanical
properties. The present paper summarizes results ob-
tained along similar lines, based primarily on the use
of electrode hot-pressing techniques.

Experimental

The raw materials were: commercially available
lead dioxide powder (Fisher Scientific; particle size
range: 90-100.); lead sheet (99% pure, 0.52 mm thick-
ness); and 48% fluoroboric acid (Harshaw Chemical).
All materials were used without preliminary purifica-
tion or processing steps. The lead dioxide particles
were solvent-coated with suitable thermoplastic bind-
ers and the resulting mix was comminuted and then
hot-pressed onto expanded metal (e.g., nickel) cur-
rent collector grids.! The test cells were constructed
using lead sheet counterelectrodes, a “back-to-back”
configuration (lead dioxide cathode sandwiched be-
tween two lead anodes), and microporous polyvinyl
chloride separators.

When using 2.5 by 3.8 cm electrodes with 1.5 ml of
electrolyte the cells weighed about 10g each, had a
volume of 2 cm3, and a theoretical capacity of approxi-
mately 0.5 A-hr. They were evaluated by force-dis-
charging at constant current and recording voltage vs.
time. Linear voltage sweeps were carried out with a
Wenking Model 121 potentiostat and a Wenking SMP
66 function generator. Internal resistance measure-
ments were based on a modification of a previously
reported technique (5), using 20 usec interruptions.

Self-discharge tests were also carried out, by main-
taining a test cell at open-circuit at various tempera-
tures for predetermined time intervals and then dis-
charging it at the given temperature and/or at room
temperature. A Conrad environmental chamber was
used for all tests taking place at other than room
temperature.

Results and Discussion

Figure 1 shows typical discharge curves of a fluoro-
boric acid test cell at various temperatures; they all
exhibit well defined voltage end points and no apparent
activation transients. Figure 2 exhibits the effect of
discharge rate on the coulombic efficiency (i.e., avail-
able capacity) of the lead dioxide electrode. For the
types of electrodes evaluated there appears to be es-
sentially no change in attainable capacity up to about
50 mA/cm? Higher discharge currents result in lower
capacities.

It is interesting to note that 200 mA/cm? corre-
sponds to approximately the 1 min rate, at which

1The oxidizing characteristics of lead dioxide would seem to pre-
sent a potential hazard. However, no difficulties were encountered
in this work and DTA tests of the plastic-coated lead dioxide have
exhibited initiation temperatures for a redox reaction which are
about 30°C higher than the hot-pressing temperatures required for
electrode preparation. Nevertheless, this aspect will warrant fur-

ther attention prior to any development of large scale manufactur-
ing processes,
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Fig. 2. Coulombic efficiency characteristics of the lead dioxide
electrode in fluoroboric acid.

point the efficiency is still 16%. Furthermore, we have
evidence to indicate that pulse current densities of
300 mA/cm? are also possible.

Figure 3 shows the effect of temperature on the
coulombic efficiency of the system. At low tempera-
tures the internal resistance accounts for the lower
capacity, whereas at the higher temperatures, capacity
is limited by self-discharge. Indeed, as far as this
latter aspect is concerned, we note that commercially
available electroplated bipolar electrodes have an acti-
vated stand capability of less than 6 min at room
temperature. As opposed to that, state-of-the-art, high
rate, bonded lead dioxide electrodes do not self-dis-
charge appreciably for the first 48 hr at room tempera-
ture (Fig. 4). At a temperature of —50°C, correspond-
ing to a variety of applications (e.g., weather bal-
loons), no significant self-discharge has been observed
after 4 months of activated stand.

Figure 5 summarizes our findings regarding the
activated stand capability of a bonded, high rate, lead
dioxide electrode at the upper temperature extreme of
80°C. The capacity loss is rapid, about 1.33% per min,
corresponding to complete self-discharge after 75 min.
Similar studies were conducted at 40° and 60°C. The

© P w0 w0

istics of the lead dioxide

Fig. 3. Coulombic efficiency ch
electrode in fluoroboric acid.
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TEMPERATURE:  23°%C
CURRENT DENSITY. 20 ma/cm?

PERCENT OF INITIAL CAPACITY

Fig. 4. Self-discharge characteristics of high rate, bonded, lead
dioxide electrode in fluoroboric acid.
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Fig. 5. Self-discharge characteristics of high rate, bonded, lead
dioxide electrode in fluoroboric acid.

absolute temperature was found to be logarithmically
related to the self-discharge rate with an intercept of
375 (correlation coefficient of 0.9994).

As expected, most of the loss in capacity is due to
grid-active material interactions. Recent test.results,
based on the use of modified, low rate electrodes, not
containing metallic current collector grids, have shown
some promise for long activated stand lives under
difficult conditions. An example in point is a 79 hr
steady current discharge of 155 wA per cm2? (which
happens to be a discharge rate required by some
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Fig. 7. Tafel plots for the lead dioxide electrode in fluoroboric
acid.

applications) at 50°C, recently demonstrated in our
laboratory.

A general operation aspect, noteworthy from a de-
sign standpoint, is the complete lack of gassing in this
type of battery, either due to self-discharge or any
other reason.

Figure 6 presents some typical linear voltage sweep
data. Single electrode potentials are expressed vs. a

+ t +
-454+
-4.01 T
£
& -351 +
P4
w
[a]
-
Z
3
e -30+ T
o
L
c
-2.5+ +
-2.0+ g
' } )

1 T

3.0 3.5 4.0

(ABsoLuTE TemPERATURE) ' X103

Fig. 8. Arrhenius plots for the lead dioxide electrode in fluoroboric
acid.
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lead-lead fluoroborate reference electrode. The scans
were terminated at 3A owing to equipment limitations.
Figure 7 is a Tafel plot of these data. At high tempera-
tures essentially ideal behavior is exhibited, while at
the lower temperatures, the curve is suggestive of a
dissolution process (6). The Tafel slope, based on these
lines, exhibits the theoretical linear temperature de-
pendence with a slope corresponding to R/F. The cal-
culated exchange current at 20°C is approximately
105 A/cm2.

Figure 8 is an Arrhenius plot of the data yielding an
activation energy of 1.1 kcal/gmole at 100 mV po-
larization for the linear portions of the curves (i.e., the
lower current regions). This very low value, together
with the Tafel information, would indicate diffusion
control of the reaction. However, an examination of
Fig. 8 shows that the activation energy is dependent on
electrode polarization. This suggests that chemical po-
larization also plays a role (7). The low activation
energy, however, would seem to indicate that the
electrode reaction proceeds with little impedance and
that constructional parameters affecting the internal
resistance of a cell will be the limiting factor for this
system.

Conclusions

The improvements already demonstrated for the
fluoroboric acid battery by the use of high capacity
bonded lead dioxide electrodes of both the high rate
(metallic current collector) and low rate variety are
likely to increase the utility of this system for low
specific energy (=45 whr/kg) applications, requiring
wide temperature range capabilities at low cost. One
feature representing a completely new aspect of this
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technology is the significantly longer activated stand
life demonstrated for the present state-of-the-art lead-
fluoroboric acid system.

It is therefore possible that this type of reserve
battery may provide sufficiently attractive design-
related characteristics to be considered as an alterna-
tive to some of the costlier systems presently in use.
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An Ellipsometric-Electrochemical Cell: Initial Films

on Titanium in Water and Methanol Solutions

Tennyson Smith* and Florian Mansfeld*

North American Rockwell Science Center, Thousand Oaks, California 91360

ABSTRACT

An ellipsometric-electrochemical cell is described for simultaneous ellip-
sometric and electrochemical measurements of metal samples. The unique
feature of this cell is the ability to prepare in one cavity with an appropriate
etch-polishing solution surfaces which within the experimental error of ellip-
sometric measurements approach an atomically clean state. The reaction prod-
uct and etchant are washed away in a second cavity and in situ measurements
of changes on the surface are made in a third cavity without exposing the
sample to the atmosphere. It is demonstrated that Ti surfaces, which have the
same optical constants as observed after ion bombardment cleaning and an-
nealing in an ultra high vacuum system (~10-10 Torr), can be prepared in the
cell. Results are reported for the initial film growth on clean Ti in aqueous HF,
aqueous NaCl, aqueous methanol-HCl, and anhydrous methanol-HCl solu-
tions as a function of applied electrochemical potential.

It is well known that obtaining and studying
atomically clean metal surfaces requires a means for
removing surface films in an ultra high vacuum (UHV)
system (e.g., ion bombardment, cleaving, scraping).
The UHV system must operate in the 10-9-10—10 Torr
range in order to maintain a clean surface for periods
of minutes to hours. It would be desirable to study
metal surfaces which approach cleanliness obtainable
in a UHV system, but immersed in an electrolyte in an
electrochemical cell. This can in some instances be ac-
complished in an ordinary electrochemical cell if the

* Electrochemical Society Active Member.
Key words: aqueous and anhydrous solutions, HF contamination,
optical constants, polarization, ultra high vacuum.

metal surface contamination can be removed electro-
chemically and the electrolyte does not contain surface
active contamination. However, for many metals (e.g.,
Ti) air-formed oxide films cannot be removed electro-
chemically.

The purpose of this paper is to report our attempts to
introduce atomically clean Ti surfaces to the electrolyte
of interest and observe surface reactions in situ via
ellipsometry as well as potential and current measure-
ments. The technique involves cleaning of the surface
by a suitable process (etching, electropolishing, etc.),
followed by exposing this freshly cleaned surface to the
electrolyte without exposing it to another environment
(such as air).
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Experimental Techniques

Materials.—The cell was constructed of glass rein-
forced Teflon, the electrolyte reservoirs were of glass,
the etchant reservoir tanks were of Teflon, as were the
tubes connecting the reservoirs with the cell. Conse-
quently, the etchant (20% HSO4, 20% HF, 30% HNOj;
by volume) was exposed only to Teflon, while the elec-
trolyte was exposed only to Teflon, glass, paraffin
(used for sealing), the platinum counterelectrode, and
the sample.

The Ti samples were cut from Ti-75A as cylinders
having a slight taper. The surface to be studied was
polished to a mirror finish with 600 silicon carbide
paper and etched to remove surface damage. The final
polishing solution consisted of 1x alumina in a solution
of 1 part ammonium hydroxide, 1 part distilled water,
and 1 part 3% hydrogen peroxide. The hydrogen per-
oxide was added last and was fresh.

Electrolytes.—The electrolytes were prepared from
reagent grade materials and bidistilled water.

The cell.—A photograph of the assembled cell is
shown in Fig. 1. Figure 2 shows a side view of the
Teflon cell, which contains three cavities (A, B, and C)
and a Teflon slider S that holds the metal sample.
When the sample is positioned at cavity A, etchant
(20% H2SO04, 20% HF, 30% HNOj3 by volume) can be
made to flow through the cavity from its reservoir, past
the sample and into the collector reservoir. After ex-
posing the sample to the etchant for a predetermined
length of time, the sample is positioned at cavity B. At
cavity B the electrolyte is forced past the sample to
remove etchant carried from cavity A, and is then col-
lected in another reservoir. After thus washing the
sample in cavity B for a predetermined period, it is
positioned at cavity C through which the test solution
is flowing for observation by ellipsometry with or
without a potential applied to the specimen. The win-
dow W in Fig. 2 is used for visual inspection of the
sample in cavity C. The slider S in Fig. 2 consists of a
rectangular plate of Teflon S; bolted to a steel plate
Ss. The sample is forced into a cylindrical well
(slightly smaller than the large diameter of the tapered
sample) with attached bolt and nut, such that the metal
surface is about 0.004 in. below the surface of the
Teflon slider. This is to ensure that the metal sample
will not scratch the cell surface as the sample is sliding
up and down and thus cause leaks between cavities. In
order to prevent leakage between cavities, the slider
surface must be pressed against the cell surface with
considerable pressure. To accomplish this, a plate P is

Fig. 1. Photograph of cell
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Fig. 2. Sketch of ellipsometric-electrochemical cell

spring loaded against the back plate BP, with the
spring load bolts B and a wrench R. To reduce the
friction between plates P and S,, bearings are placed
in plate P or S, to roll on. The slider is pulled up and
down with a lever and can be positioned by a notched
side arm such that the sample is at the center of
cavity A, B, or C.

Electrodes.—The counterelectrode consists of a plati-
num cylinder in the channel leading to window W.
This Pt counterelectrode is spot welded to a Pt wire
which had been sealed into a glass tube and inserted
into the cell, as shown in Fig. 2 as L. A saturated
calomel reference electrode (SCE) is inserted as shown
in Fig. 2. The O-rings in the windows and around the
SCE were coated with paraffin before use. For elec-
trical connections to the sample, an insulated copper
wire is spot welded to a copper washer that is placed
on the sample bolt under the nut as shown ~t D (Fig.
2). Entrance and exit channels for the etchant, washing
solution, and electrolyte are placed such that the en-
trance to each cavity is at the bottom of the cavity and
the exit at the top. This eliminates collection of gas
bubbles in the cavities. The channels for the light beam
are placed such that the beam has an angle of incidence
of 70°.

Ellipsometry.—A good description of ellipsometry
can be found in Ref. (1). The cell was constructed to be
mounted on a Rudolph ellipsometer (sensitivity 0.01°).
Filters were used to isolate the 5461A light from a
mercury lamp or the 6328A light from a He-Ne laser.
The polarizer and compensator were placed before
the reflecting surface and the analyzer and detector
after the reflecting surface. The ellipsometer param-
eters A and y refer to the phase shift of the normal and
parallel component of the polarized light and the
arctan of the amplitude ratio of these components, re-
spectively. The polarizer angle p and analyzer angle a
are related to A and v (in zone I) by A = 2p + x/2 and
v = a. p and a values were averaged for the four zones
to minimize alignment errors (1).

To correct for the birefringence of the windows, it
would be desirable to measure p and a values with and
without the windows. However, since measurement
with electrolyte in the cell but without windows can-
not be made, it was necessary to first measure the cor-
rection due to the windows in an unstressed state, i.e.,
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Table 1. Measurements to obtain window corrections

Test condition Zone P a

Windows off 1 11.52 29.63

1 11.65 29.70

1 11.52 29.67

1 11.63 29.57
Average value 11.58 = 0.06  29.64 % 0.04

3 10.77 30.34

2 10.65 29.39

4 11.50 30.70
Average of 4 zones 11.25 = 0.41  30.02 = 0.50
Windows, no pressure
(Average 4 zones) 9.15 30.48
Correction for loose windows 2.10 —0.46
CH3;0H flowing, windows leaking
(Average 4 zones) 5.08 28.93
CH3;OH flowing, leak tight
(Average 4 zones) 4.37 28.02
Correction for window pressure 0.71 0.91
Correction for loose windows 2.10 —0.46
Total window correction 2.81 0.45

measurement of p and a with and without the windows
but with air in the cell. The results in Table I indi-
cate that for unstressed windows a correction of 11.25°
— 9.15° = 2.10° must be made. A second correction is
necessary for the stress induced in the windows when
sufficient pressure is applied to prevent leakage of elec-
trolyte from the cell. To obtain this correction, mea-
surements of p and a were made with electrolyte in the
cell and the windows held loosely in position (elec-
trolyte leaking) and with enough pressure to prevent
leakage. The results in Table I indicate this correction
to be 5.08° — 4.37° = 0.71°. The total window correction
is then 2.10° + 0.71° = 2.81° for p. A similar calcula-
tion yields a total correction of 0.45° for a. Measure-
ment of p and a without windows (air in cell) show
that measurements can be repeated with an average
deviation of about +0.05° (see Table I).

HF contamination.—Care must be taken to be sure
that none of the HF in the etching-polishing solution is
carried into the working cavity (C of Fig. 2). This can
occur if scratches exist in the Teflon slider or mating
cell surface, or if insufficient pressure is used between
these parts. A check for such leakage was made by
using distilled water in the washing and working cavi-
ties and monitoring the pH of the water leaving the
working cell. To show the drastic effect of small HF
contamination in the electrolyte in the working cell, a
series of experiments was performed with varying con-
centrations of HF added to distilled H2O as test elec-
trolyte. The resultant changes in p and a are shown as
a function of time in Fig. 3a. Tests with small addi-
tions of HoSO4, HCI, or HNOj of similar concentration
gave virtually no changes in p and a readings. The
effect of HF must result from the strong complexing
action of the F~ ion resulting in thick films of corro-
sion products. Accelerated corrosion of Ti in sulfuric
acid containing fluoride ions has been reported recently
(1)

Since there are only two experimental ellipsometric
parameters p and a and there are three unknowns, film
thickness d, index of refraction ng, and absorption co-
efficient «;, a unique solution for d, ns, and «¢ is not pos-
sible. It becomes necessary, therefore, to interpret p
and a in terms of d and n¢ for reasonable ranges of «i.
A discussion of the problems inherent in the interpre-
tation of the ellipsometric results in terms of thick-
ness d and film index of refraction is given in Appendix
A. A computer program (2) is used to calculate solu-
tions for d and index of refraction of the film n; while
assuming various values of the absorption coefficient ¢
(i.e., ke = 0, 1, 2, and 3). In the case of films formed in
pure water, solutions for ns and d were not found ex-
cept for k¢ = 0. In the case of films formed in the pres-
ence of HF, solutions were found for « ~ 0 and 1, but
for k¢ = 0 the values of nf were too small and d too
large to be realistic. It is concluded that films formed
in solutions containing HF as contamination are ab-
sorbing with « ~ 1, whereas films formed in pure
water are transparent with x¢ ~ 0.
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Figure 3b shows the calculated values of film thick-
ness d, and index of refraction n¢ which corresponds to
Fig. 3a, with « = 0 for pure water and «f = 1 for HF
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solutions. In distilled water, without HF addition, a
film of about 14A is formed in 100 min. The addition of
HF causes very thick films to grow. The initial growth
rate of these films is second order with respect to HF
concentration. In every case n; decreases and levels off
as the films grow.

Experimental Results

Optical constants of cleaned surfaces.—A test of the
surface cleanliness was made by comparing the optical
constants obtained in the ellipsometric-electrochemical
cell immediately after etching and washing, with the
optical constants obtained after cleaning by ion bom-
bardment and annealing in an ultra high vacuum
(UHV) system (3). Auger spectroscopy in the UHV
was used to determine the presence of contamination in
the first atom layers of the Ti substrate. It was possible
to prepare surfaces with less than 0.1 monolayers of
Cl and S which were the only contaminants after ion
bombardment and annealing at about 550°C. Zone re-
fined polycrystalline Ti was used in the UHV system,
while polycrystalline Ti-75A was used in the ellipso-
metric-electrochemical cell. It would be expected that
the optical constants of these materials are the same. In
experiments in the cell the Ti surface was cleaned by
passing the etching-polishing solution! through cavity
A for 10 sec. The specimen was then washed in cavity
B for 10 sec with the test electrolyte and moved to
cavity C, through which the test electrolyte was slowly
flowing. The ellipsometer readings A and y were re-
corded as a function of time. Using the computer pro-
gram (2) mentioned above the optical constants were
then calculated. The initial values for various electro-
lytes are compared with those obtained in the UHV
system in Table II. The average values of the optical
constants for a freshly cleaned surface ns = 3.05 = 0.05
and ks = 1.20 + 0.06 are close to the values obtained in
the UHV system, n; = 3.09 = 0.01 and «xs = 1.11 = 0.01
for . = 5461A. Similar agreement is found for ). =
6328A. This indicates that etching the Ti-75A sample
in cavity A for 10 sec and washing in cavity B for 10
sec provides a surface which is approaching an atomi-
cally clean state (within the uncertainty of ns and «).
The uncertainty of ns and «s for experiments in the cell
is about 0.05 units which corresponds to an uncertainty
with respect to surface cleanliness of about 3A effec-
tive thickness for TiO; as the contamination.

Electrochemical studies.—The primary purpose of
the cell was to make possible simultaneous ellipso-
metric and electrochemical studies. Solutions used were
3.5% NaCl, CH30H-1N HCI “aqueous” and CH;0H-1N
HCI “anhydrous.” The “aqueous” solutions were pre-
pared by adding concentrated (37%) HCI to methanol,
while the “anhydrous” solutions were prepared by

' The mixture of HF-HNO;-H:SO,-H:O removes oxide films on Ti,

but also chpmically polishes the surface. Effects of surface rough-
ness on ellipsometric data are therefore not to be expected.

Table 1. Optical constants of polycrystalline Ti 75A in various
electrolytes compared to zone refined Ti in the ultra high vacuum
(UHY)

N = number of experiments

Electrolyte AMA) Optical constants N
ny Ks

1. Ellipsometric-electrochemical cell

CHJOH 5461 3.03 = 0.01 1.20 = 0.01 5

CH40H-0.01N NaCl 5461 3.06 = 0.18 1.30 = 0.06 4

—0.3% H:0

H.O 5461 2.96 = 0.01 1.23 £ 0.03 8

6N HCl 5461 3.15 = 0.01 1.08 =+ 0.01 4
3.05 = 0.05 1.20 =+ 0.06

CH,OH 6328 3.28 111 2

CH;OH-1N HCI aq. 6328 3.31 +£0.05 1.01 = 0.02 20

CH30H-1N HCl anh. 6328 3.30 = 0.05 1.05 = 0.02 18

H:0 6328 3.27 = 0.06 1.14 = 0.05 12

3.57¢ NaCl 6328 3.25 +0.03 1.12 =+ 0.005 13
3.26 = 0.03 1.11 = 0.02

1. UHV

5 x 10-1 Torr 5461 3.09 = 0.01 1.11 +=0.01 5

5 x 10-% Torr 6328 3.16 = 0.01 1.12 £ 0.01 5
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saturating CH3OH with HCI gas and then diluting with
CH3;0H until the solution was 1N in HCI. For further
details, see Ref. (4). These solutions were used since
it had been shown earlier by potentiostatic polarization
curves (4), that Ti is covered with a passive film in the
aqueous solutions, but no such film can form in an-
hydrous solutions. Figure 4 shows a typical plot of the
change in polarizer and analyzer readings as a function
of time for potentiostatic anodic polarization of Ti-75A
in aqueous 3.5% NaCl. The bars at the end of the
curves at 1500 mV indicate the range of the scatter of
the data. The data at each potential were obtained for
a freshly cleaned and polished surface. Most of the
curves increase rapidly with time, level off after about
100 sec, then slowly increase with time. Pitting oc-
curred in aqueous CH30H-HCI solutions (4) when a
potential of +200 mV was exceeded as indicated by a
continuous rise of the anodic current. Within the scat-
ter of the data p and a values were close to those mea-
sured in aqueous NaCl solutions where no pitting was
observed. Figure 5 shows average values of the change
in p (Fig. 5A) and a (Fig. 5b) after 100 sec as a func-
tion of the applied potential. Curve 1 in Fig. 5a
is for Ti in 3.5% NaCl, curve 2 is for Ti in aqueous
CH30H-1N HC], and curve 3 is for Ti in anhydrous
CH3OH-1N HCL
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Fig. 4. Changes of ellipsometric values as a function of time and
potential (vs. SCE). Ti75A, aqueous 3.5% NaCl.
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Fig. 5. Ellipsometric values after 100 sec and film thickness as a
function of potential. 35% NaCl, -----acuu--
CH30H-1N HCl-aqueous, —" —' —"CH30H-1N HCl-anhydrous.
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The results in Fig. 5 show that the changes of the
ellipsometric parameters with potential in 3.5% NaCl
are essentially the same as in aqueous CH3;0H-1N HCI
for potentials noble to the rest potential which for a
freshly cleaned specimen was ~ —0.8V. However, for
Ti in anhydrous CH30H-1N HCI very thick films form
at potentials more positive than —0.4V. For potentials
cathodic to the rest potential (< —0.8V) no film is
formed in 3.5% NaCl. The films that form more nega-
tive than —0.8V in the methanol solutions are essen-
tially the same in aqueous and anhydrous solutions.

Discussion

It has been shown (Table II) that it is possible to
prepare by proper etching and washing in our ellipso-
metric-electrochemical cell Ti surfaces the cleanliness
of which approaches cleanliness obtained in UHV
after ion bombardment. The finding that it is possi-
ble to produce a clean surface in an environment
like water is not contradicted by the results of Beck
and co-workers (8), who showed that the anodic cur-
rent on a freshly broken Ti surface in an electrolyte
decreases to a very small value in a few milliseconds.
While this can be called repassivation, it does not have
to mean that the whole surface is being covered by
an oxide film, but might result from blockage of the
most active sites on the freshly broken surface by ad-
sorbed oxygen as demonstrated by Frankenthal for
passivation of Fe-Cr (9). Depending on the applied
potential and the electrolyte, different films are formed:
it was observed, however, that at least for the first
100 sec after the electrode was immersed in the elec-
trolyte (cavity C) film growth was very slow at po-
tentials close to the rest-potential. Our results in 3.5%
NaCl at potentials noble to the rest-potential are simi-
lar to those obtained by Green and Sedricks (5) for
Ti-7.76% Al who found a linear increase of the ellip-
sometric parameter A with potential. The film thicken-
ing at potentials active to —1.0V, reported by these
authors based on some indirect evidence but not shown
by ellipsometric results, was not detected in our
studies.

The different behavior of Ti-75A at potentials noble
to the rest-potential in anhydrous and aqueous solu-
tions of CH3OH-HCI can be explained based on the re-
sult obtained in a study of the effect of water on
passivity and pitting of Ti (4). In aqueous CH3;0H-1N
HCI enough water is present to produce a passive film,
which is destroyed by pitting when the applied poten-
tial exceeds the critical pitting potential. Consequently,
it was found in the present study that thin films grow
in aqueous solutions at about 40 A/V for the first 100
sec, when an anodic potential was applied. In an-
hydrous CH30H-1N HCI no passive film can be formed;
thus, anodic polarization results in accelerated dissolu-
tion under charge transfer control (4). The rapid
change of ellipsometric parameters in this solution is
then due to accumulation of corrosion products on the
surface of the test specimen.

Films formed on Ti-T5A at potentials negative to
the rest potential seem to be identical for aqueous and
anhydrous solutions of CH3OH-HCI. They therefore do
not require water molecules for their formation. While
hydride formation might take place, more experiments
have to be carried out to determine the nature of these
films. Potentiostatic polarization experiments in
CH30H-HCI solutions have shown (6), that at poten-
tials more negative than —1.2V the current continu-
ously increases at constant potential with an ever in-
creasing rate of gas evolution. Potentiokinetic mea-
surements show a change in slope at this potential and
a marked hysteresis when the potential is decreased to
more noble potentials leading to a more noble rest-
potential.

Due to the difficulties mentioned above and de-
scribed in Appendix A, unique values of the complex
index of refraction of the films formed and their thick-
ness cannot be obtained. However, certain conclusions
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can be drawn concerning these physical parameters
from the ellipsometric data in Fig. 5. In the anodic
region (¢ > —0.8V) for films formed in NaCl or aque-
ous methanolic solutions (curves 1 and 2) experimental
values for p and a are consistent with those calcu-
lated with a complex refractive index of nf ~ 2.5 and
k¢ ~ 0. These values are consistent with TiO, films as
reported in the literature (10-13). The anodic oxide
film forms at about 40 A/V in the first 100 sec between
—0.5 and 1.5V. This is estimated from the slopes of the
curves in Fig. 5 between —0.5 and +1.5V and the
slopes of the curves for ny = 2.5, xf = 0 in Fig. A-la.
This is about twice the value reported (13,14) for
much larger potentials (0-200V).

In the cathodic region (¢ < —0.8V) the lack of a
change in p and a indicates that films are not formed
on Ti in the NaCl solutions. Very peculiar films are
formed in aqueous and anhydrous methanol solutions
in the cathodic region. The peculiarity lies in the fact
that for these films the polarizer azimuth p changes
dramatically but within experimental error no change
in the analyzer azimuth a occurs. Figure A-la of the
appendix indicates that for transparent films (i.e,,
k = 0) da remains unchanged or becomes negative
only for n¢ slightly greater than 1 or less. However,
for these values of my dp is positive. Therefore, the
cathodic films formed in CH;OH-HCI cannot be trans-
parent (nonabsorbing). Figure A-1c and d indicate that
for xr > 2, da is always positive, therefore cathodic
films formed in CH;OH-HCI are limited to the range of
nr and «r found in Fig. A-1b and in particular to values
of about 7y ~ 1-3, k¢ ~ 1. The large absorption coeffi-
cient xy ~ 1 corresponds to films of metallic character
(e.g., for Ti n ~ 3, x = 1). The cathodic films formed
in CH3OH-HCI] may be titanium hydride or colloidal
particles of metallic Ti with some electrolyte between
the particles. Further experimental data are needed to
elucidate this point.

Our results also have shown that care has to be taken
to avoid the presence of F~ ions which even in very
small amounts leads to severe corrosion and film for-
mation on Ti.
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APPENDIX A

Since there are only two experimental ellipsometric
parameters p and a and there are three unknowns, film
thickness d, index of refraction ny, and absorption co-
efficient «;, a unique solution for d, m;, and «; is not
possible. It becomes necessary, therefore, to interpret p
and a in terms of d and n¢ for reasonable ranges of
k. To aid this interpretation, values of p and a were
computed for various values of d. ny, and « for Ti in
distilled water for very thin films with » = 63284 and
an angle of incidence of 70°. Figure A-1 shows plots of
p and a vs. d for the values of n; (first number) and &y
(secornd number) reported in brackets on each curve.
From Fig. A-1 and a knowledge of the range of values
expected for ny and &y, it is possible to anticipate the
relative increase or decrease of p and a as the film

Table A-l. Comparison of optical constants of Ti and W to show
the effect of surface contamination

Metal Preparation n K Ret.

w Ton bombard, 10-'" Torr, anncaled 37
W Heat treatment, 10- to 5 x 10-*

Torr 3.40 0.88 1151
Ti  Ion bombard, 10-" Torr, annecaled 3.09 1.11 (a3
Ti  Polished in air 2.0 1.5 (16!

3.75 0.800 (13)
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Fig. A-1, Computed values of p and a vs. film thickness d for
TiO2/Ti in water at 6328A, for various values of the absorption
coefficient of the film x;r and refractive index of the film ny.
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grows. For example, more metallic films are expected
to have lower values of n¢ and higher values of «;. The
opposite is expected for insulating films. Consequently,
insulating films will always cause p to decrease and a
fo increase as d increases. a only decreases for very
small values of n; and «;, and p only increases for very
small or very large values of ny and «i.

It should be noted that accurate values for optical
constants are difficult to obtain due to surface contami-
nation. For example, Table A-I gives reported values
for Ti and W for different preparation of the samples.
Computer calculations using the exact Drude relations
indicate that contamination tends to decrease n and in-
crease « if the ambient is gas or vacuum. Therefore,
it is believed that the lower values reported for W and
Ti in Table A-I resulted from surface contamination.
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Contact Angle Measurements of

Tin Sensitizing Solutions

N. Feldstein* and J. A. Weiner
RCA Corporation, David Sarnoff Research Center, Princeton, New Jersey 08540

ABSTRACT

A study of tin sensitizing solutions was made by contact angle measure-
ments. Through the control of solution composition, i.e., stannous and stannic
concentrations, major improvements in the effectiveness of such sensitizers on
hydrophobic surfaces have resulted..The incorporation of excess sodium chlo-
ride was found to further improve the performance of such sensitizing solu-
tions. The presence of the stannic ions facilitates the adsorption of the stannous
ions necessary for the reduction of palladium.

In the plating of dielectric substrates, a pretreat-
ment of the substrate is essential in order to effectively
deposit metals by the electroless plating technique.
One of the more prevalent procedures in commercial
use is the two-step immersion sequence of acidic stan-
nous chloride solution followed by an acidic palladium
chloride solution. In general, the first bath is referred
to as the sensitizer solution while the second solution
is the activator. The net result of this sequence is the
formation of finely divided palladium nuclei which
initiate the autocatalytic plating process (1,2). The

* Electrochemical Society Active Member.

Key words: sensitizer solutions, electroless plating, contact angle
measurements,

formation of the palladium metal nuclei is believed to
be due to a redox reaction taking place between the
adsorbed stannous ions on the surface and the palla-
dium ions in the activating solution.

In spite of the wide commercial application of plated
plastic parts, very little work has been reported re-
garding the chemistry of sensitizing and activating
solutions. A review of this technology has been sum-
marized by Goldie (3). Pearlstein (4) has observed
variations in plating due to compositional changes of
either the sensitizer or activator solutions. More re-
cently, Cohen et al. (5,6), investigated the solution
chemistry of the tin chloride sensitizing process. This
study was based upon the Mossbauer spectroscopy of
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tin. Their proposed model invokes a colloidal formation
based on the stannic ion with stannous ions bound onto
this colloid.

Although the sensitizer compositions described in the
literature are most effective for a wide variety of sub-
strates, such solutions possess a major shortcoming
whenever hydrophobic substrates are employed. Based
upon work in this laboratory, it has been demonstrated
that the performance of conventional-type sensitizers
(SnCl; - nHC1 plus colloidal Sn(IV)) (5,6) may be
greatly improved for use with hydrophobic substrates.
This is achieved primarily through the proper control
of the stannous-stannic concentrations.

In this investigation, a study of tin sensitizing solu-
tions was undertaken employing contact angle mea-
surements. Such an approach was believed to be useful
since adsorption of thin films can potentially alter the
resulting contact angle. Such an approach may lead to
a more quantitative way by which the effectiveness of
sensitizers may be evaluated. A later publication (7)
will propose a mechanism for the sensitization of hy-
drophobic and hydrophilic substrates by tin-type solu-
tions.

Experimental Procedures

Chemicals and solutions.—All chemicals used
throughout were Baker Reagent grade; the hydro-
chloric acid used was Mallinckrodt electronic grade.
The water used was deionized and then distilled. The
following solution was used throughout this investiga-
tion

26M SnCl; - 2H,O in concentrated
HCI (37%) (Final HCI is 9.4M)

Concentrate

Working sensitizer solutions of different composi-
tions were made from this concentrate.

Substrate preparation.—Cover glass plates, 2 X 2 in.
(E. Leitz, Inc, New York, Cat. No. 19821), which
were cleaned in a mild soap solution, rinsed and
spin dried, served as substrates. These substrates were
coated with commercially available photoresists to form
hydrophobic surfaces for testing. A positive resist,
AZ-1350 (distributed by Shipley Company, Newton,
Massachusetts) was spin coated onto the glass at 5000
rpm for 60 sec. To remove solvent(s) and polymerize
the resist film, a baking procedure of 200°C for 3 min
was employed. For a typical negative resist, KTFR
(Eastman Kodak Company) was used. The resist com-
position was mixed in accordance with the manufac-
turer’s specification. This resist was spin coated at 8000
rpm for 30 sec. A baking procedure of 7 min at 200°C
was employed. Teflon! (FEP) Type A film was also
used in conjunction with this study. The film thickness
chosen was 20 mils. Prior to the contact angle mea-
surements on the Teflon, a mild soap cleanup was
employed.

Substrate treatment.—Two basic procedures were
employed prior to the contact angle measurements. In
the first procedure (procedure “a”), drops of varied
sensitizer composition were placed on the photoresist
surface, and the contact angle was measured. An alter-
nate procedure was developed (procedure “b”) which
resulted in a greater sensitivity in the measurements.
This adopted procedure consisted of

1. Immersion of substrate into various sensitizer
compositions for 1.0 min.

2. Substrates were dipped (about 2 sec) in D.I. water
of 1 liter volume.

3. Substrates were rinsed in D.I. water in an over-
flow rinse tank (volume = 1.2 liter) with a flow rate
about 4 liters/min.

4. Substrates were spin dried in air.

5. Drops of D.I. water (or palladium chloride solu-
tion consisting of 1 g/liter PdCl; and 1 cc/liter con-
centrated HCl) were placed on the photoresist surface

1 Teflon (fluorocarbon film)—Trademark of E. I. du Pont de Ne-
mours & Co.
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Fig. 1. Dispensing device for contact angle measurements

using a Pasteur pipette from a controlled height of
0.184 in. (See Fig. 1).
6. Contact angle was measured.

Contact angle measurements.—All measurements
were made using a contact angle goniometer Model
A-100 (Ramé-Hart, Inc., 43 Bloomfield Avenue, Moun-
tain Lakes, New Jersey 07046). Due to the spreading
effect, contact angles were measured as a function of
time and extrapolated to time zero. A time interval of
10 min was chosen for convenience, however, no
changes in the extrapolated values were noted in mea-
surements greater than 10 min. Figure 2 shows the
contact angle of sessile drops as employed in pro-
cedures “a” and “b,” respectively. A least square cal-
culation was used to derive the extrapolated values
at zero time. All reported angles are the extrapolated
values, and these values were found to be reproducible
within =*+2°, except for the case of Teflon, which re-
sulted in variations of +5°.

Surface tension measurements.—Surface tension
measurements were made using a Fisher Surface Ten-
siometer Model 20. A 6 cm Pt-Ir ring was used for
making measurements.

Results and Discussion

In the first stage of this investigation, a procedure
was attempted in which the contact angle was mea-
sured by placing sensitizer drops onto the organic sur-
face. Typical results employing this procedure showed
little change upon the addition of stannic ions. Surface
tension measurements of sensitizing solutions, with
and without added stannic ions, resulted in variations of
a few per cent. Specifically, the addition of 2.5 X 10—2M
stannic chloride to a solution composed of 0.13M SnCls
and 0.47M HC], resulted in surface tensions ranging
from 68 dynes/cm to 70 dynes/cm. These minor altera-
tions in the surface tension of the sensitizer solutions
are consistent with the minor variations of contact
angle. It is concluded that a different mechanism takes
place, other than surface tension modification, which
accounts for the variations in the effectiveness of the
present sensitizers on hydrophobic-type substrates.
Therefore, this approach was not further pursued.

Examination of the contact angle following the sensi-
tization step showed a greater degree of sensitivity in
comparison to the results of procedure “a”. Hence, all
reported angles are based upon the modified procedure
(Fig. 2, procedure “b”). In the modified procedure, it
was found that results within experimental error were
obtained by using drops of either water or palladium
chloride solutions. For convenience, the use of water
drops was adopted for most of the experimental work.

v nm'?wﬁlfmrmm
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Fig. 2. Contact angle of sessile drops

In a recent study, the role of the stannic ions in con-
ventional-type sensitizers was described. As pointed
out (6), typical reagent grade stannous chloride con-
tains approximately 5 mole per cent (m/o) stannic
ions, and upon dissolution in aerated water, further
oxidation yields a total of about 6 m/o of stannic ions.
A model based upon the formation of colloidal stannic
compound(s) has been invoked to account for the
mechanism of sensitization. The stannous ions are
bound onto these colloids and are presumably retained
on the surface by both an adsorption- and absorption-
type mechanism. Table I shows the resulting contact
angle measurements of different sensitizer composi-
tions. It is quite evident that for sensitizers 1 through
4, the contact angle is nearly the same and thus seems
to be independent of composition (SnClo/nHCI ratio)
as well as the manner by which the sensitizer was pre-
pared. It should be recalled (6) that sensitizers A, B,
and C were proposed as a means for controlling the
colloid present in the stannous solutions. By contrast,
the incorporation of the stannic chloride solution as
made in this laboratory (Table I, No. 5) shows clearly
the modifications associated with such combinations,
further suggesting that other mechanism(s) may take
place during the sensitization process which are
especially important in the case of the hydrophobic-
type substrates. )

Figures 3 and 4 show the variations of the contact
angle due to the compositional modification of the sen-

Table I. Contact angle(@ for typical stannous
sensitizers/activators

Contact angle

Sensitizer/activator system (degrees)
1 Bell Telephone Laboratories “A’(» 66
2 Bell Telephone Laboratories “B’(¢) 635
3 Bell Telephone Laboratories “C’’ () 67
4 RCA( 66
5 RCAM 53
6 Catalyst 9F and Acclerator 19 71

(@ AZ-1350 resist was used.

() Solution prepared by dissolving 20.0g SnCl: - 2H.0 in water,
adding 10.0 ml concentrated HCl and then diluting up to 1 liter
with water.

(¢) Solution prepared by dissolving: 20.0g SnCl: - 2H.O in 10.0 ml
HCI and then diluting to 1 liter with water.

() Solution prepared by dissolving 10.0 ml HCI in nearly 1 liter
water, adding and dissolving 20.0g SnCl: - 2H:O and then diluting
to 1 liter with water.

() Solution composed of 0.13M SnCl: in 0.47M HCL

(H'Same as Footnote (» plus 7.5 x 10-3M SnCl..

'm Shipley Company, Inc., Newton, Mass., Catalyst 9F was mixed
with 2 parts water and 1 part HCI as suggested by supplier. Accel-
erator was mixed with 4 parts of water. Immersion in the above
two was for 3 min each; a sufficient DI rinse was carried out be-
tween the catalyst and accelerator.
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Fig. 4. Contact angle variations vs. compositional changes. Con-
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sitizer solution. The choice of substrate materials in
these figures was made because of the good reproduci-
bility obtained in their preparation. For a constant
added Sn(IV), a sharp drop in the measured contact
angle takes place upon increasing the Sn+2/Sn*+* ratio.
A minimum in the contact angle is found, after which
further increase in the Sn+2/Sn+4 ratio results in an
increase in the contact angle. Increasing the tin (IV)
concentration results in displacing the minimum to-
wards lower values. However, a convergence is found
at the higher tin (IV) concentrations. The increasing
portion of the curves with excess addition of SnCly/
nHCI is due to a combination of factors: (i) increasing
the hydrogen ion concentration tends to increase the
measured contact angle and (ii) the large excess of
stannous ions relative to the stannic ions prevents the
surface adsorption of the latter ions. These factors were
qualitatively tested and verified. A full account con-
cerning the shape of these curves will be covered in a
later publication.

Figure 4 shows the variations in the measured con-
tact angle on KTFR resist and Teflon. The general
trend for these cases is similar to that demonstrated in
Fig. 3. Of the various materials examined, the Teflon
shows the most dramatic change in contact angle with
variations in the stannous/stannic ratio.

Figure 5 shows the effect(s) of added sodium chlo-
ride on the resulting contact angle. As seen from Fig. 5,
the addition of this salt to a conventional-type sensi-
tizer (0.13M SnCl; and 0.47M HCI1) results in no appre-
ciable effect on the measured contact angle. At the
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L T T4 T three distinct steps: (i) immersion in stannic, (ii)

69 = E immersion in stannous, and (iii) immersion in palla-
4=0.3MSHClz #0ATHHCI dium chloride activator solution. As seen from Table II,

= BE 0 65X 10 2MSnCly T the major change in the contact angle is observed fol-
& 57 b= - lowing the stannic immersion step with a slight change
= 4 10710 "MSnCle ] in the subsequent steps (immersion in stannous and
s 5 ¢ = 0.1BMSNCl, + 047TMHCI +6.5X 10 MSnCl palladium, respectively). It is interesting to note that a
w contact angle of 53° has resulted prior to the activation
3 45 step independent of the path taken. Furthermore, upon
& deletion of the stannic ions, following immersion in
~ 3 stannous type solution, the observed contact angle is
§ about 67°. It is thus concluded that the presence of the
z3 stannic ions provides a new mechanism (7) by which
© the active stannous ions are adsorbed onto the sub-
a strate. The stannic ion may be incorporated along with
al a conventional-type stannous sensitizer solution or
used as a separate immersion step prior to conven-

15 L L L ! | tional-type sensitization. In a subsequent publication

0 1.0 20 3.0 40 5.0 6.0 (7), a mechanism accounting for the different modes

MOLAR CONCENTRATION OF ADDED NaCl

Fig. 5. Contact angle variations vs. sodium chloride concentra-
tion on AZ-1350 resist.

same time, the addition of sodium chloride to solutions
containing the stannic ions alone shows a substantial
decrease in the measured contact angle. Excess addi-
tion of sodium chloride to this media (6.5 x 10~3 or
1 X 10—2M SnCly4) results in a leveling effect. In curve
¢, the effect of added sodium chloride to a solution
containing both the stannous and stannic ions is dem-
onstrated. The concentrations of the stannous, stannic,
and hydrochloric acid are the combined concentrations
of those concentrations used for curves a and b. Al-
though there is a general resemblance between curves
b and c, the effect of sodium chloride is more pro-
nounced in a system which combines the stannous and
the stannic ions. These results are thus suggestive that
an interaction exists whereby the degree of surface
modification due to sensitization is altered to a greater
extent. Substitution of bromide ion for the chloride
resulted in the same general characteristics.

Table II provides a summary of the contact angle
measurements resulting at each of the steps along the
sensitization and activation sequence. As seen, the
major surface modifications take place after the sen-
sitization step. Once the surface is suitably ‘“sensi-
tized,” very little change is noted at the conclusion
of the activation step. In an alternative sequence, the
process of sensitization and activation was divided into

Table 11. Contact angle measurements during the different stages
of pretreatment

Two-step sequence
Contact angle

Three-step sequence
Contact angle

(degrees) (degrees)
AZ-1350 resist, as AZ-1350 resist as
prepared [ prepared 70
After sensitizaton(® 53 After stannic(® 59
After activation 51 After stannous(® 53(M
After activation 56

(@ Sensitizer used composed of 0.13M SnCls, 7.5 x 10-3M SnCl,
and 0.47M HCI.

® Solution composed of 7.5 x 10-3M SnCl; plus 1M NaCl to com-
pensate for the chloride content present in a combined solution.

() Solut.ion composed of 0.13M SnCl. and 0.47M HCI.
f‘;”lpelehon of the stannic immersion step gives a contact angle
o 3

of sensitization will be given.

Conclusion

In the plating of dielectric substrates, a pretreatment
step of sensitization and activation is generally em-
ployed. Following this sequence, a catalytic layer is
present which is capable of initiating electroless plat-
ing baths. In general, it is desired to have a continuous
conductive metallic layer prior to an electrolytic
build-up of the metallic films. There are, however, ma-
terials which do not yield a uniform metallic film.
These materials are generally hydrophobic. Of the
various steps prior to the electroless plating, the sen-
sitization process controls whether the final metallic
film is uniform.

In the current investigation, it has been demon-
strated that contact angle measurements can quantita-
tively demonstrate the effectiveness of sensitizing solu-
tions. Furthermore, controlled additions of stannic ions
with or without sodium chloride provide a simple and
effective way of modifying conventional sensitizers for
the uniform plating of hydrophobic substrates. The role
of the added stannic ions is to provide a path for the
adsorption of the stannous ions. The stannous ions ad-
sorbed on the substrate were not necessarily bound to
any stannic ions in bulk solution, and, in fact, separate
solutions may be used effectively, thus separating the
stannous from the stannic ions.
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A Study of Gold Reduction and Oxidation
in Aqueous Solutions

D. M. Mac Arthur*
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

The electrochemical behavior of gold in alkaline cyanide, citrate, and
phosphate buffered solutions has been studied using cyclic voltammetry and
galvanostatic transients. Two reaction paths were observed. At low overvoltage
the reaction goes through an adsorbed intermediate.

Au + CN- 2 |AuCNlags 4+ e~
|Au CN|adgs + CN— 2 Au(CN),~ (rate determining)

At larger overvoltages a direct transfer between the gold complex in solution
and the metal atom was found on reduction. The reduction reaction was the
same in all the solutions but in the phosphate and citrate baths the gold did

not oxidize to a soluble species.

The electrodeposition of gold on various electronic
devices is in widespread practice because the metal
has good corrosion resistance, electrical conductivity,
and bonding properties. A complete understanding of
the reaction mechanism for electrodeposition would
be of considerable value to the technology of gold plat-
ing but has not been achieved. The work described
here was undertaken to add to our knowledge of the
reaction mechanism for gold reduction and oxidation in
practical gold-plating baths.

Maja (1) has reported on the alkaline gold cyanide
bath which contains an excess of free cyanide and on
the basis of thermodynamics and kinetic measurements
concluded that reduction from alkaline solution occurs
as follows!

Au(CN)2~ > |Au(CN) 2 |ags

|Au(CN) 2~ |ads + e~ - Au + 2CN-
He also found that the oxidation reaction is
Au 4 CN~ - |AuCN]ags + e~
JAu CNJags + CN~ - Au(CN),~

Cathro and Koch (2) used potentiostatic and galvano-
static measurements on gold oxidation in alkaline
cyanide electrolytes. They concluded that gold was
oxidized to |AuCN|.s at potentials less than —0.6V
(SCE reference) and became passive in the potential
range —0.6 to —0.3V through the formation of a gold
oxide or basic cyanide. A second active region was
found at approximately +4-0.1V which, it was proposed,
was the conversion of an adsorbed Au(I) basic cyanide
to an adsorbed Au(III) basic cyanide. A third active
region at +0.4V was found and was passivated by the
formation of Au,0;. Thermodynamically the formation
of gold oxides is expected to occur at potentials con-
siderably more positive than —0.3V. Basic gold cya-
nides are not known to exist in alkaline cyanide solu-
tions. It is difficult to accept therefore that a gold oxide
or basic cyanide can form at a potential of —0.3V. It
is also difficult to accept that an Au(III) salt can exist
in contact with an aqueous cyanide solution since
Au(CN)4~ is known to be unstable with respect to
Au(CN);~ and cyanogen in these solutions, or that
steady-state currents in the range of 1-2 mA/cm? can
be observed for the oxidation of one adsorbed species
to another. We believe, therefore, that the proposed
passivation mechanisms at —0.3 and +0.1V may be in
error.

*® Electrochemical Society Active Member.

Key words: electrodeposition, gold plating, cyclic voltammetry.

! The solutions of commercial significance in gold plating all con-
tain gold predominately as the Au(CN)z- complex.

672

Taran and co-workers (3) have proposed that solu-
tions with a low pH have a more easily discharged
gold complex in solution and that the citrate solution,
in particular, has adsorbed citrate on the gold metal
surface.

These authors have proposed various reaction mech-
anisms. Although the solutions vary, it is difficult to
accept that the reactions can be so different since the
initial and final gold species are the same. In this work
cyclic voltammetry and galvanostatic transient tech-
niques are used to provide additional information on
the reaction mechanisms.

Experimental

Three gold plating solutions were used in this work
as follows:

Alkaline cyanide; 15.0g KAu(CN),, 55.0g KCN, 5.0g
KOH per liter of solution pH 12.2

Citrate; 50.0g dibasic ammonium citrate,
KAu (CN); per liter of solution pH 5.0.

Phosphate; 18.2g KAu(CN)2; 36.4g dibasic potassium
phosphate; 9.1g monobasic potassium phosphate pH 7.0.

Reagent grade chemicals were used throughout. De-
ionized water that had been passed through both cation
and anion exchangers was used to prepare solutions.

Wire electrodes 0.025 in. in diameter and held in a
gold-plated pin vise were used as working electrodes.
These wires were about 1 in. in length and were im-
mersed 0.5 in. into the solutions. It would be prefer-
able to use an immersed electrode with defined area,
but the problem of leakage around edges, particularly
in cyclic potentiometry experiments led to the adop-
tion of this technique. The counterelectrode was either
a platinum- or gold-plated platinum wire. A saturated
calomel reference electrode was used and all potentials
are referred to this electrode. In the galvanostatic
transient experiments, a gold wire reference electrode
in the same solution was used, and its potential fre-
quently checked against the calomel reference.

A standard potentiostatic circuit incorporating an
X-Y recorder, potentiostat, and triangular wave func-
tion generator was used in the potential scan experi-
ments. The galvanostatic transient experiments used a
24V battery supply for the cathodic transient with a
potentiometer for current control and a Western Elec-
tric 276B mercury-wetted relay to switch the current.
Another 3V battery was used to apply a small anodic
current preceding the cathodic transient. Potentials
were fed through a high impedance voltage follower
and displayed on an oscilloscope which was triggered
by the switching circuit.

Solutions (100 ml) were contained in a double-
walled Pyrex flask with circulating water for tempera-

20.0g
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ture control. The temperature was 61° + 1°C. The
flask had a machined Teflon lid. All solutions were de-
oxygenated by bubbling Nj through them.

Results

Cyclic Voltammetry Experiments

The alkaline cyanide bath.—Figure 1 shows a scan
of the bath using a gold wire electrode. (In this pre-
liminary scan a 0.020 in. diameter wire was used.)
Two reduction regions A and B may be observed and
two oxidation regions C and F are also evident. The
oxidation peaks C and F were observed as distinct
peaks in all scans moving in the anodic direction, but
only in the first two scans were they separate when
moving in the cathodic direction. As scanning was
continued, peak F disappeared and the peak in the C
region became complex as shown in the figure. Peaks
A and B were only observed when moving from the
anodic to cathodic potentials in all scans.

The areas under peaks C and F on the anodic scan
were approximately 105 and 150 millicoulombs as
determined by geometric integration of the curves. The
double layer charging current was about 1 xA and
negligible. Oxidation of a monolayer of Au would
require only about 0.05 millicoulombs (using the area
of the electrode as 0.20 cm?2, assuming Au(I) was
formed and taking the radius of the Au atom as 1.54).
The peaks correspond to oxidation of 2000-3000 mono-
layers. This is too large to represent a thin adsorbed
layer nor can it be the formation of an insoluble film
since there is no corresponding large reduction peak
and the peaks do not change upon continued scanning.
It will be shown that peak C is an oxidation reaction
that proceeds through a surface film to a soluble
product and that peak F is an oxidation reaction passi-
vated by the formation of an oxide on the electrode.
The area under peak B on the other hand is approxi-
mately 1 millicoulomb, a quantity that could corre-
spond to an adsorbed species. Peak A will be shown to
correspond to reduction of Au(CN)2~ from solution.

Some of the details of the gold reaction are obscured
in the standard solution because of the high free cya-
nide level (approximately 0.85M). Figure 2 shows a
potential scan of a gold wire (0.025 in. diameter) in a
solution of 0.2M KCN and 0.2M KOH. This solution is
about one quarter the concentration in CN— and twice
the concentration OH—- of the standard bath. In Fig. 2
the solution does not contain Au(CN)2~ to an appre-
ciable extent. Peak A is not present, but there is some
evidence of peak B at —1.0V. It is not as large as in
solutions containing relatively large amounts of
Au(CN),—, and therefore it appears to be related to
the presence of Au(CN)2~ in solution. Peaks C and F
are evident scanning in both directions and peak F
shows further evidence of being complex. In addition
a broad peak E on the side of the oxygen wave and a
reduction peak D located just anodic to the oxidation
peak F when scanning in the cathodic direction, are
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Fig. 1. Potential scan of a Au wire in the alkaline cyanide gold
bath. Velocity 0.040 V/sec.
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Fig. 2. Potential scan of a Au wire in 0.2M KCN and 0.2M KOH.
Velocity 0.042 V/sec.
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Fig. 3. Potential scan of a Au wire in 0.2M KOH
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Fig. 4. Potential scans of a Au wire in 0.2M KCN 0.2M KOH and
0.035M KAu(CN)2. Curve 1, 0.041 V/sec; curve 2, 0.099 V/sec.

observed. Peak D may be seen more clearly in Fig. 4.
In order to identify peak D comparison may be made
to Fig. 3 which is a scan of a gold wire in 0.2M KOH
only. The rest potential of the Au/AuyOs electrode
in KOH solutions has been reported (4) as about 1.1V
on the hydrogen electrode scale. For the 0.2M KOH
solution this would be about 0.1V on the SCE scale.
The oxidation peak and the reduction peak which are
close to this value in the figure may reasonably be
assigned to the formation and reduction of gold oxide.
By analogy it then appears reasonable to correlate peak
D in the alkaline cyanide solutions with reduction of
gold oxide on the electrode. Peak E is assumed to be
a thickening of the gold oxide layer which is first
formed at potentials closer to 0.1V.

Figure 4 shows two scans at different velocities of
the same 0.2M KCN, 0.2M KOH solution to which
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Fig. 5. Peak height as a function of the square root of the scan
rate for reduction peak A.

KAu(CN), has been added to make the Au(CN):—
concentration 0.035M. The behavior of peaks A, B, C,
and F as the scan rate is varied will now be discussed.
At high scan rates the cylindrical geometry of the wire
electrode may be approximated by planar geometry.
This approximation is valid for rates determined by

the inequality (5)

= (2-)" <02

r \nV ’
which, for the wires used in this work requires that
the scan rate be greater than 0.45 V/sec.2 Although the
effect of cylindrical geometry may be found in the
shape of the recorded curves it turns out (5) that the
peak height is only slightly altered, and the peak cur-
rent is a linear function of the square root of the scan

rate for velocities as low as 0.1 V/sec. At 61°C this
function is

ip = 2.57 X 105 n8/2 A D1/2 C° V1/2

A plot of i,/A - C° as a function of V% is shown in
Fig. 5 for peak A. A linear relationship was observed
indicating a diffusion limited reaction which must be
the reduction of the Au(CN).~ from solution. The
true area of the gold wire was estimated from the
peak height vs. V* plot for the oxidation of Fe(CN)g—*
and its known diffusion coefficient in dilute chloride
solution at room temperature. A roughness factor of 1.3
was determined. Using this true area of the gold wire
the diffusion coefficient of Au(CN)z~ in the 0.2M KOH,
0.2M KCN solution was found to be 1.8 X 10—5 cm?
sec—! at 61°C. Literature sources (6) give the value of
1.60 X 10—5 cm? sec—! which is satisfactory agreement.

Peak B was found to have a constant capacity of
about 1 millicoulomb in the two different alkaline
cyanide solutions and for the various scan rates used.
This would correspond to about 15-30 molecular lay-
ers depending on how tightly packed the atoms were.
The reduction reaction would appear to have two pos-
sible paths; one through an adsorbed state (peak B)
and one by direct charge transfer (peak A).

The number of coulombs passed in area C increased
as the scan rate decreased. This was evident not only
in the cathodic to anodic scan but in the reverse direc-
tion also. In addition the current did not increase
without limit when moving in the anodic direction as
would be expected for a charge transfer reaction form-
ing directly a soluble species from a metal electrode.

3 A list of symbols used is included at the end of the paper.
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These observations then are consistent with a reaction
mechanism in which charge transfer forms an inter-
mediate on the electrode and the intermediate species
is solubilized in a following chemical reaction.

Cathro and Koch (2) concluded that the peak in
area C was passivated by the formation of an adsorbed
basic gold cyanide. The shape of the peak is not con-
sistent with a passivation type reaction which causes
an abrupt decrease in current (compare the shape of
peak F and C). It is consistent with the charge transfer
followed by chemical reaction mechanism in which
the chemical reaction is rate limiting and the surface
intermediate interferes with the charge transfer reac-
tion.

Peak F has the characteristic shape of a passivated
reaction which is depassivated upon reduction of a
surface film at D. As mentioned earlier, this reduction
potential corresponds to that for gold oxide which,
therefore, is the passivating film. Cathro and Koch (2)
observed two peaks in this area and indeed peak F
does give evidence of being composed of two over-
lapping peaks. The number of coulombs passed in this
region is much too large for the reaction to be the
formation of an adsorbed layer. In addition, the ob-
servation that the number of coulombs passed does not
increase with decreasing scan rate (except to a small
and sometimes variable extent) suggests that the reac-
tion is direct oxidation to a soluble species complicated
by the presence of gold oxide which eventually passi-
vates the electrode. This phenomenon has also been
observed (7) for gold oxidation in acid chloride solu-
tions and the same explanation for passivation was
proposed.

The citrate bath.—Gold-plated Kovar (Fe, Ni, Co
alloy) wires were used for some of the experiments in
the citrate and phosphate baths. The gold was electro-
deposited at about 1 mA (approximately 4 mA/cm?)
from the solution before commencing the scans. In the
citrate and phosphate solutions the gold is not oxidized
to a soluble species because of the absence of excess
CN- or other complexing agents and the electrocoated
wires were not observed to differ from the solid gold
wires.

Figure 6 shows scans at three different speeds of a
gold-plated Kovar wire in the citrate bath. The peak
numbering scheme used in describing the results of the
alkaline bath is retained here and also for the phos-
phate bath to be described next. A plot of i,/A - C°
(peak A) as a function of V* is included in Fig. 5. A
linear relationship was observed but the calculated dif-
fusion coefficient was 0.88 X 10—5 cm? sec—! not in
agreement with the literature value (6) of 1.67 x 10-5
cm? sec— 1. This lack of agreement indicates that peak
A is not a simple charge transfer reaction involving
reduction of a soluble species. The absence of a clearly
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Fig. 6. Potential scans of Au plated wire in the citrate bath.
Curve 1, 0.17 V/sec; curve 2, 0.52 V/sec; curve 3, 0.85 V/sec.
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defined peak B which is assumed to be reduction of an
adsorbed intermediate suggests that this reduction
path is also occurring in the potential range of peak A
resulting in the low calculated value for the diffusion
coefficient. More evidence to establish that this is the
case was obtained from the galvanostatic transients
which will be described later.

Peak C was observed to have a capacity in the range
of 0.1-0.3 millicoulombs—that expected for the forma-
tion of an insoluble surface layer. From a comparison
of this figure with the preceding figures, it is con-
cluded that this is oxidation of gold to the adsorbed
intermediate observed in the alkaline bath but in this
case the following chemical step to a solubilized
product does not occur because of the absence of excess
CN-. Peaks D and E are reduction of gold oxide and
oxidation of gold, respectively.

The phosphate bath.—Figure 7 shows scans of a gold
wire in the phosphate bath. The current in peak A is
plotted in Fig. 5. The calculated D is 0.88 X 10-5 cm?
sec~! the same as that for the citrate bath and not in
agreement with the literature value (4) of 1.63 x 10-°
cm? sec— 1. In this bath it is also concluded that reduc-
tion through the adsorbed intermediate is occurring in
the same potential range as the direct charge transfer
to Au(CN)»~ although evidence for peak B may be
seen on the edge of the reduction wave. Peak C was
observed to have capacities ranging from 0.2 to 1.1
millicoulombs indicating that in this bath oxidation
proceeds to the intermediate surface state which is
not solubilized.

Galvanostatic Transient Experiments

Oxidation.—Galvanostatic transients for a gold wire
during oxidation in a 0.2M KOH, 0.2M KCN, and 3.58
X 1072M KAu(CN), solution were obtained in the
range of 18 to 48 mA/cm2. A potential of 0.3 to 0.45V
(peak F) was observed for the oxidation followed by a
sharp potential rise to oxygen evolution at potentials
greater than 1V [Fig. 8(a)]. The transition time was
taken as the commencement of the sharp potential
rise. For the lower current densities another plateau
at about 0.1V was observed with a capacity of about
1.7 millicoulombs/cm?2 before the potential plateau at
0.3-0.45V. The transition times include this plateau
because the surface intermediate is later chemically
dissolved. Figure 9 is a plot of it and it% determined
from these oxidation experiments as a function of
current density. The linear it* relationship is an indi-
cation that the predominate oxidation reaction is the
formation of a soluble species. (If the reaction were
predominately the formation of a surface film a linear
it relationship would be observed.) For a metal oxida-
tion reaction into solution the concentration of the
metal ion at the surface is
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Fig. 7. Potential scans of a Au wire in the phosphate bath. Scan
rates were 0.060, 0.24, 0.55, and 1.0 V/sec.
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If the electrode follows Nernst behavior then the
potential of the electrode increases as the logarithm
of the square root of time without abrupt transition.
When a passivating reaction can occur, however, as il
does in this case then the potential rises to the value
where passivation occurs and then increases abruptly.
The concentration of the metal ion when this occurs
may be designated C,* and is given by
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Substitution of the value 11.5 X 10-3 (Fig. 9) for it%
into this equation gives a value of 3.5 X 10-2 mole/l
for Co*. This value is less than the saturation value
for Au(CN),~ suggesting that passivation occurs not
from precipitation of gold cyanide but as a result of
another reaction beginning at a potential of about 0.45V
and this is the formation of gold oxide.

Reduction.—The transition time during reduction
occurs when the reaction, under mass transport limited
kinetics, reaches the condition that the surface con-
centration of the reacting species is zero. The transition
time is given by

it%a = lox %anF C° D'z

If the reaction is preceded by a slow chemical reaction
then the it'2 product is not constant but decreases with
increasing current density. If the reaction is preceded
by an adsorption step then the product it becomes con-
stant at sufficiently high current densities and the it'z
product increases. A convenient means of distinguish-
ing these reaction mechanisms is thus available. Peters
and Lingane (8) have modified transition time theory
for planar electrodes to include cylindrical geometry.
In the worst case considered here the correction is less
than 10% for the cylindrical geometry so the unmodi-
fied theory is used throughout. A typical potential-
time curve for gold reduction is given in Fig. 8(b).

The data from transition time experiments are dis-
played in Fig. 10. In these experiments four different
solutions and three different geometries were used.
Considering this, the scatter in the ir*2/C° values is not
excessive. One set of data (the open circles) indicates
a preceding adsorption step. These measurements were
taken with the electrode “floating” without an applied
potential before the imposition of the cathodic current.
All the other data in the figure were obtained with an
anodic current of from 50 to 200 xA applied to the elec-
trode before switching to the cathodic current. In these
latter experiments the formation of an oxide on the
surface prevented adsorption of the intermediate re-
duced in peak B (Fig. 2). On reduction the thin oxide
layer was rapidly reduced and then Au(CN).~ was
reduced from solution. The oxide layer was thin (about
1 millicoulomb/cm?), reacted rapidly and at a potential
about 0.5V anodic to the gold reduction wave so that
it did not interfere in the measurements.

Experiments using the % in. diameter rod con-
sistently gave transition times less than those using
the ' in. rod, and the wire, and with less scatter. This
could be the result of a better geometry. In any event
examining all the data there does not appear to be any
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Fig. 10. Transition time plot for various Au electrodes in the
citrate, phosphate, and alkaline Au plating solutions,
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difference in the reduction mechanism from the three
solutions and the diffusion coefficient of the reacting
species is the same within the experimental error. This
is expected to be the case since the reacting species is
the same in all the solutions and the diffusion coeffi-
cient will vary only slightly with the activity of the
ion in the solutions of different ionic strength. The
average value from all the experiments with the ex-
ception of the “free floating” one provides a diffusion
coefficient of 1.8 X 10-5 cm?2 sec—!. The scatter in the
data, however, place a possible error of +0.35 x 10-5
cm? sec~! on this value.

There is sufficient agreement between this value for
D and the literature values (6) for the diffusion co-
efficient of Au(CN),~ in alkaline cyanide, citrate, and
phosphate solutions to conclude that Au(CN),~ is the
reacting species and that the reason for the low D
values found from the cyclic voltammetry experiment
was the interference of the adsorbed intermediate in
the citrate and phosphate solutions.

Summary

Ozidation of gold.—The oxidation of gold in alkaline
cyanide solutions is seen to be complex. It is concluded
that at low overvoltages oxidation proceeds through a
surface intermediate probably |Au CN|,s and that the
oxidation of gold in the region —0.6 to —0.3V is limited
by the dissolution of the surface intermediate. When
the surface is completely covered the rate of reaction
is controlled by the rate of chemical dissolution of the
intermediate. In this work no true passive region was
observed when the gold electrode was potentiostated at
potentials less than +0.45V in the alkaline cyanide
bath at temperatures higher than 40°C. The chemical
dissolution reaction logically must be

|Au CN|ags + CN— - Au(CN),-

At higher overvoltages a complex oxidation peak (F)
was observed. In agreement with Cathro and Koch (2)
it is concluded that this active region is passivated by
the formation of oxide on the gold surface. The ca-
pacity of the peak does not allow assignment to the
oxidation of a surface film. The results indicate that in
this region gold is oxidized to a soluble species. The
reaction is too complex to analyze fully at this time.
but two possibilities are the direct oxidation of gold
to Au(CN),~ without the formation of an intermedi-
ate and the oxidation of gold to an Au(III) complex
which presumably would react with CN~ oxidizing this
and being in itself reduced to Au(CN)z~.

Reduction of gold.—Two reduction paths were ob-
served. In the alkaline cyanide bath these were evi-
dent in the cyclic voltammetry curves but in the citrate
and phosphate baths they were not. One reduction path
was through -an adsorbed intermediate and on the
basis of the oxidation results this is presumed to be
|Au CNJags. The other reduction path was a direct
charge transfer to the soluble Au(CN)2~. The two re-
duction paths may be expected to lead to electrode-
posits differing in physical character.

Manuscript submitted April 30, 1971; revised manu-
script received ca. July 29, 1971.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972
JOURNAL,
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Current Distribution at the Rotating
Ring-Disk Electrode

G. Neubert, E. Gorman, R. Van Reet, and K. B. Prater*
Department of Chemistry, University of Texas at El Paso, El Paso, Texas 79968

ABSTRACT

The digital simulation method is used to calculate the current densities at
both the ring and disk surfaces of a ring-disk electrode when the two surfaces
are at the same potential. Simulated and experimental results show that the
current density at the ring is nonuniform and measurably different from that
at the disk electrode, even if the current density at the disk is assumed to be

. uniform. In addition, a technique is presented which allows the determination
of the simulation representations of the electrode radii from experimental

data.

Most treatments (1-3) of rotating disk and ring-
disk electrodes have assumed that the disk is a uni-
formly accessible surface—that is, that the current
density is uniform across the entire surface of the disk
electrode. Newman (4) concluded that the current
density should in fact be nonuniform at applied po-
tentials below the limiting current. Albery and Ulstrup
(5) presented results of experiments at the ring-disk
electrode in which observed collection efficiencies for
the Br-Br; system deviated from those predicted by
a theory based upon the assumption of uniform ac-
cessibility. This deviation was attributed to nonuni-
form accessibility by the authors. Marathe and New-
man (6) then pointed out that the deviation observed
by Albery and Ulstrup was in the wrong direction to
be attributable to nonuniform current density at the
disk. It seemed to us that a more reasonable explana-
tion for the observed deviation would be that the cur-
rent efficiency at the disk was less than 100%. This
has recently been confirmed by Albery and Hitchman
(7). In the same chapter (7) Albery and Hitchman also
present new ring-disk electrode data which are in
agreement with Newman’s treatment. These data and
the data obtained by Marathe and Newman (6) and
Bruckenstein and Miller (8) leave no doubt that under
certain conditions nonuniform current density prevails
at the disk electrode.

In response to the Albery and Ulstrup paper (5),
Marathe and Newman (6) suggested that the ring-disk
electrode could be used for a quantitative study of
nonuniform current distributions by applying the same
potential to the disk and ring electrodes. They sug-
gested that observed differences in the current densities
at the ring and disk electrodes would be a direct mea-
sure of the nonuniformity of the current density at the
disk electrode. The purpose of this paper is to present
the results of digital simulation and experimental work
which show that, due to the presence of the insulating
gap between the ring and disk and the different
boundary condition which holds there, even if the
current density were uniform at the disk, a nonuni-
form and measurable different current density would
be observed at the ring. Only in the limit as the width

* Electrochemical Society Active Member.

Key words: ring-disk electrode, current distribution, uniform cur-
rent density.

of the gap approaches zero will the two current den-
sities approach one another.

Digital Simulation
The technique for the digital simulation of the ro-
tating ring-disk electrode has been presented previ-
ously (3). For the purposes of this study two quanti-
ties in addition to the collection efficiency (3), N, were
simulated for the reversible reaction

A+neeB [1]

In order to accurately model the electrodes, it was
necessary to simulate the limiting current at the ring
when the disk was held at open circuit potential. This
was done simply by applying the boundary condition
which is used for the gap to the disk as well, and
applying the usual disk boundary condition to the ring.
The second simulation was that of the limiting cur-
rents and current densities at the disk and the ring
when the two electrodes are shorted together and the
potential is such that the limiting current is passed at
the disk. In the nomenclature of Ref. (3), the boundary
conditions were

Fa(1,1) = FA(1,Kgr) = 0.0
Fg(1,1) = Fp(1,Kr) = 1.0 [2]

The dimensionless disk current parameter, ZD, which
is calculated by this technique is

ZD = i4/(0.51) 1/3nFAyC° pADp2/3w1/2,~1/6 [3]

where iq is the limiting current at the disk, n is the
number of electrons transferred per molecule, F is the
Faraday, Aq is the area of the disk, C°s is the bulk
concentration of species A, Dj is the diffusion co-
efficient of A, w is the rotation rate, and » is the kine-
matic viscosity. Notes that ZD is proportional to the
current density at the disk.

The dimensionless ring current parameter, ZR, which
is calculated by this technique (3) is

ZR = i/ (0.51) 1/3nFA4C° ADp2/301/2,—1/8 [4]

where i, is the limiting ring current. When ZR is multi-
plied by the ratio of the area of the disk to the area of
the ring, A,, a new parameter, ZRN, is generated
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Table I. Dependence of current density ratio on width of gap

Width of gap® CDR"
40 1.54
20 1.34
10 1.20
1 1.03

(0 Arbitrary units.
® Current density ratio—(ir/Ar)/(ia/Aa).

which is proportional to the average ring current den-
sity.

ZRN = 1,/(0.51) 1/3nFA,C°aAD?%/3w1/2,~1/6 [5]

Note that the ratio of ZRN to ZD is the ratio of average
current density at the ring to the current density at the
disk when the two are shorted together. That is

CDR = ZRN/ZD = (i+/A,)/ (ia/Aq) (6]

Thus for a given electrode, three experimentally mea-
surable parameters were calculated (i) the ratio of the
limiting ring current with the disk inactive to the
limiting disk current, (ii) the collection efficiency (3),
and (iii) the ratio of the average current density at the
ring to the current density at the disk when the two
electrodes are shorted.

Simulation Results

The simulated ratio of the average current density at
the ring to the current density at the disk when the
two electrodes are shorted together is presented in
Table I for a series of electrodes differing only in the
width of the gap. For these calculations, the radius of
the disk was, in each case, 99.5 units, the width of the
ring was 25 units, and the width of the gap was varied
as shown in Table I. The current densities were cal-
culated using the same boundary conditions at the ring
and disk and assuming uniform current density at the
disk.

As might be expected, the average ring current den-
sity approaches the disk current density as the thick-

4
3
C.D.
2
A
B
C
o
|
5

Fig. 1. Ring current density profile for electrodes in Table I.
Ring and disk are shorted together. R is the distance from the
inner edge of the ring. C.D. is the ring current density at each
point normalized by the disk current density. The width of the
gaps are: A —40,B = 20,C = 10,D = 1.
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ness of the gap approaches zero. As the gap is made
wider, the average current density gets larger and
would be expected to approach that for a ring elec-
trode alone.

The current density profile for each of the electrodes
is presented in Fig. 1. Again the results are as might be
expected with a uniform current density being ap-
proached only as the width of the gap approaches zero.

Experimental

All chemicals were reagent grade and used without
further purification. The potentiostat which was used
for limiting current measurements was a Werking
Model 66TS10 and the recorder was a Hewlet Packard
7004A X-Y with 17171A d-c preamp plug-ins. For col-
lection efficiency measurements, a constant current
source with a floating power supply and utilizing Ana-
log Devices operational amplifiers was used to supply
the disk current. The platinum ring-disk electrodes
were obtained from Pine Instruments, Grove City,
Pennsylvania, and were rotated with a Motormatic
E-550 motor with feedback controller modified to
operate up to 10,000 rpm which was obtained from
Electro Craft, Hopkins, Minnesota. All experiments
were carried out at room temperature.

Before each run, the electrodes were pretreated by
rotating them in an acid dichromate solution for 60 sec,
rinsing with distilled water and drying. With this pro-
cedure, limiting currents could be reproduced within
+0.5%. Measurements of the collection efficiency were
made by applying a constant current to the disk elec-
trode and determining the limiting current at the ring.

Results and Discussion

Measurements were made on two electrodes. One,
electrode A, had a relatively thin gap while the other,
electrode B, had a much wider gap. The collection
efficiencies of these electrodes were determined for so-
lutions which were 1 x 10~3M in K ;Fe(CN)gs and 2M
in KCl. The results are presented in Table II. In all
runs, the current applied to the disk was less than the
limiting current.

Next, the limiting disk current, i4, limiting ring cur-
rent with the disk at open circuit, iy, and the limiting
current with the disk and ring shorted together, i,q,
were measured in succession in the same solution. This
procedure was repeated at rotation rates varying from
100 to 5000 rpm.

The ratio of ir, to iq and the collection efficiency were
used to determine the radius of the outer edge of the
gap, 72, and the radius of the outer edge of the ring, 73,
relative to the radius of the disk, r;. This was done by
simulating these two parameters for various values of
the simulation representation of these radii, IR1, IR2,
and IR3. A value of IR1 was selected and the param-
eters IR2 and IR3 were adjusted until the simulated
values of iro/ia and the collection efficiency were in
satisfactory agreement with the experimental values.
Since (3)

IR1 — 0.5 = rar [7]
and
IR2 — 0.5 = 7247 [8]
(IR2 — 0.5)/(IR1 — 0.5) = 12/, [9]
Table I1. Experimental collection efficiencies
Electrode A Electrode B
w@ N Runs N Runs
500 0.569 =* 0.005 15 0.452 * 0.003 17
1000 0.569 * 0.004 31 0.449 = 0.002 9
2000 0.570 * 0.004 14 0.450 == 0.003 11
3000 0.563 * 0.005 14 0.450 = 0.002 10
4000 0.563 * 0.004 14 0.450 * 0.003 8
5000 0.561 * 0.004 23 0.448 * 0.002 20
Avg. 0.566 * 0.005 0.450 = 0.003

() Rotation rate, rpm.
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Table I11. Experimental and simulated collection efficiencies and
limiting current ratios

Electrode A
N 3

Electrode B
iro/id N i

iro/ia

Experimental 0.566 = 0.005 3.21 *=0.04 0.450 % 0.003
.5 20 0.448

2.56 = 0.03
Simulated 0.566 3. 2.56

IR1 = 83, IR2 = 92, IR3 = 159 IR1 = 83, IR2 = 104, IR3 = 151

and similarly
(IR3 — 0.5)/(IR1 — 0.5) = r3/m [10]

In a similar manner, it is found that the ratio of the
area of the ring to the area of the disk, A;/Aq is given
by
A./Aq = [(IR3 — 0.5)2 — (IR2 — 0.5)2]/(IR1 — 0.5)2

[11]

Note that in order to determine r. and r3 explicitly, 71
would have to be determined independently. This is not
necessary for this work. The experimental results and
best fit simulation results are presented in Table III.

With satisfactory values of IR1, IR2, and IR3 deter-
mined, it was then possible to calculate the expected
values of the ratio of the average current density at the
ring, irs/Ar, to the current density at the disk, ia/Aq
when the ring and disk are shorted together for each
of the two electrodes for which data were available.
The experimental values of i,s were obtained by sub-
tracting the measured iq from irq, the total ring and
disk current. The ratio irs/ia when multiplied by Ad/Ar,
the reciprocal of Eq. [11], yields the experimental ratio
of the current densities, CDR. The agreement between
the experimental and simulated current density ratios
is shown in Table IV.

Conclusion

It has been shown that the current density at the
ring electrode when shorted to the disk electrode is
nonuniform even if the current density at the disk is
uniform as it is at the limiting current. The digital
simulation technique has been shown to accurately
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Table 1V. Experimental and simulated current density ratios

Electrode A Electrode B

Experimental 1.07 = 0.01 1
Simulated 1.07 1

calculate the average current density at the ring when
the current density at the disk is uniform. It is expected
that a nonuniform current density at the disk would
give rise to measurably different average current
densities at the ring under these conditions and that
such a technique should be valuable in measuring such
nonuniformity. The digital simulation of this case is
now being undertaken.
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Electrode Kinetic Studies on
Electro-Organic Syntheses Involving
Carbonium lons
1. Anodic Oxidation of Acetate lons to Methyl Acetate

Ashok K. Vijh*
Hydro-Quebec Institute of Research, Varennes, P. ., Canada

ABSTRACT

Anodic electrosynthesis of methyl acetate on graphite electrodes in aqueous
acetate solutions is known to proceed via intermediate formation of carbonium
ions. Kinetic-mechanistic aspects of this reaction have not been examined pre-
viously and an attempt has been made in the present investigation to elucidate
these aspects by carrying out electrode kinetic studies. Potentiostatic Tafel
plots, potentiodynamic profiles, anodic charging curves, open-circuit potential
decay measurements, capacity-potential relationships, apparent heats of acti-
vation, and reaction order derivatives are reported for this system. On the
basis of an analysis of these data, it has been suggested that initial discharge
step is the rate-determining step (r.d.s.) in the over-all reaction. Possible ex-
planation for the occurrence of a carbonium ion pathway, in preference to a
radical one as observed for the Kolbe reaction, in the present case is also put
forward.

An interesting aspect of modern work in synthetic
organic chemistry is the elucidation of the role of
radicals and radical ions in various syntheses. This

* Electrochemical Society Active Member.
Key words: carbonium ions, electro-organic synthesis, electrode
kinetics, anodic oxidation, acetate ions.

problem also arises in some electro-organic syntheses
in which it has been observed that radicals (1) or car-
bonium ions (2) can play an important role as reactive
intermediates. If one considers the anodic oxidation
of acetate ions in aqueous solutions on a platinum
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electrode, one observes that ethane and carbon di-
oxide are formed in the over-all reaction

2CH;3CO0 - CyHg + 2CO; + 2e [1]

This reaction, called the Kolbe reaction, is known to
proceed in several steps and is believed (1,2) to occur
by intermediate formation of radicals. When one con-
ducts the anodic electrolysis of the aqueous acetate
solutions on a graphite electrode, however, one does
not obtain the usual Kolbe products but instead, methyl
acetate is formed as the major product with a yield (2)
of ca. 82%. The over-all reaction in this case is

2CH3COO0 - CH3COOCH; + CO» + 2e [2]

Several investigators, notably Corey and co-workers
(3,4) and Koehl (5) have presented a great deal of
evidence to show that the over-all reaction in Eq. [2]
involves intermediate formation of carbonium ions. In
several other related anodic electrosyntheses, Ross and
co-workers (2) have postulated the intermediate for-
mation and participation of carbonium ions.

Despite a great deal of synthetic work (2-5) on elec-
tro-organic syntheses involving carbonium ions, no
electrode kinetic studies seem to have been carried out.
The purpose of the present series of studies is to ex-
amine the electrode kinetic features of electro-organic
syntheses involving carbonium ions, on the basis of
general approaches applied earlier to the Kolbe reac-
tion (1). The aim would be to present new electro-
chemical evidence and an associated kinetic analysis
that will seek to examine the nature of various ele-
mentary steps involved in the over-all reaction as
well as the identity of the rate determining step (r.d.s.)
in a likely reaction pathway. An attempt will also be
made to establish the nature and role of any adsorbed
reaction intermediates that might be involved in the
over-all reaction. It is believed that such electrode
kinetic studies will provide vital information, supple-
mentary to the previous synthetic work (2-5), needed
to formulate a kinetic-mechanistic picture of electro-
syntheses involving carbonium ions. It is hoped that
a somewhat better understanding of the various aspects
of these electrode processes thus developed will per-
haps aid in the further explorations of electro-organic
syntheses involving carbonium ions.

Experimental Section

The instruments and the cell employed as well as
the details on electrodes, gas purification, preparation
of conductivity water, cell cleaning, etc. have been de-
scribed recently (6). The general electrode kinetic
approaches used in the present work were reviewed
previously (1).

All electrode potentials expressed here are against
a hydrogen reference electrode in the same solution.
No pre-electrolysis was conducted in the present work
since it was noted previously (1) that in electro-
organic work pre-electrolysis tends to produce rather
than remove traces of impurities.

All solutions were made from potassium acetate
(Fisher, A.C.S. certified, mol. wt. 98.15), acetic acid
(Fisher reagent, 99.7%), and conductivity water.

Results

Steady-state  current-potential  relationships.—In
Fig. 1, steady-state (point-by-point) potentiostatic cur-
rent-potential relationships for the anodic oxidation
of acetate ions on graphite electrodes in aqueous acidic
solutions have been presented. An hysteresis between
the ascending and descending curves is observed which
is not entirely unexpected for anodic reactions (7). A
Tafel slope of ca. 2.3 X 2RT/F is observed at higher
anodic potentials, whereas Tafel lines showing higher
slopes are indicated below 1.8V. Some rudimentary
inhibition inflections, of the type discussed by Gilroy
and Conway (8) may also be noted, around 0.5V on the
ascending curve and around 1.3V on the descending
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E (Volt)

1 1
10 107 10° 162
Current Density, a-cm?
Fig. 1. Potentiostatic, steady-state (point-by-point) Tafel rela-
tionships on a graphite electrode in aqueous acetate solutions,
both in the ascending and descending direction of potentials. The

2RT
Tafel slope at the high anodic potentials is ca. 2.3 X —F Solu-

tion is SN CH3COOK + IN CH3COOH in water. Room tempera-
ture, Time of polarization at every point is 2 min.

curve. The change in Tafel slopes around 1.8 would
indicate two parallel mechanisms (7).

Temperature effects on the rate—In Fig. 2 (a) and
2 (b), effect of temperature on the ascending and
descending, respectively, Tafel plots has been repre-
sented. Only the linear Tafel regions have been shown.
It is seen that the potential at which the two Tafel
lines with different slopes intersect depends on the
temperature, i.e., at higher temperature the change in
the slope of the Tafel line, and the associated shift
over to an alternative parallel mechanism, tends to
occur at lower electrode potentials. This is not at all
unexpected since temperature and potential both drive

1of, 1 1 1

16° w0? 107 102 10"

Current Density, a-cm?

Fig. 2 (a). Tafel plots at the shown temperatures taken in the
ascending direction of potentials. Graphite anode in 2N CH3COOK
<+ IN CH3COOH. Time of polarization at every potential is 2
min.

0 295°K
310°K—~

Ey (Volt)

1 1
10° 102 10"
Current Density, a-cm?
Fig. 2 (b). Same as Fig. 2 (a) but now taken in the descending
direction of electrode potentials.
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Fig. 3. The current density vs. 1/T (where T is the absolute

temperature) plots adopted from Fig. 2 (a) and 2 (b) in order to

determine the apparent heat of activation. The MH* values lie
between ca. 10 and 16.5 kcal depending on the electrode potential.

the reaction in the same direction, i.e., higher rates at
higher values of potential or temperature.

The electrochemical Arrhenius plots at some typical
electrode potentials, as derived from Fig. 2 (a) and
2 (b) have been presented in Fig. 3. It is seen that the
apparent heat of activation as given by the differential,

(blogi) lies bet 10.6 and 16.6 kcal d
ST /s, ies between ca. 10.6 and 16.6 kcal de-

pending on the electrode potential.

Reaction orders.—An important parameter in the
modern electrode kinetic analysis is recognized to be
the electrochemical reaction order (7, 9). In the present
work, the potentiostatic current-potential curves were
studied at various acetate concenirations, both in the
ascending [Fig. 4 (a)] and the descending [Fig. 4 (b)]
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e oad w=50N
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oaen
8] od o
cAm
10F o awm
A 1

1 1
0° 10? 103 102

Current Density, a-cm?

Fig. 4 (a). Tafel plots taken in. the ascending direction of
potentials in the following solutions: @ 0.IN CH3COOK + 1IN
CH3;COOH; A 05N CH3COOK + 1IN CH3COOH; (O 20N
CH3COOK + 1IN CH3;COOH; B 50N CH3COOK + 1IN
CH3COOH.

Current Density, a-cm2

Fig. 4. (b).Same as Fig. 4 (a) but now taken in the descending
direction of electrode potentials.

directions of the electrode potential. An attempt
was made to deduce the reaction order derivative,

1

( _aﬁg___ , from these plots [Fig. 4 (a)
dlog Ccuzcoo / nu.T....

and (b)] and the results are presented in Fig. 5. At

lower potentials, the reaction order tends to be zero

whereas at 2.0V, it is observed that

( dlogi

—_— ~ 04
8 log Ccrscoo

YT

Potentiodynamic profiles—No peaks were observed
in the potentiodynamic profiles taken over a wide
range of sweep rates. A typical potentiodynamic pro-
file (1, 7) is shown in Fig. 6. Absence of peaks would
preliminarily suggest absence of significant change in
the electrode coverage in the potential range scanned
as well as absence of diffusion-controlled oxidation-
reduction of redox type species in the solution.

Open-circuit decays.—Open-circuit decay profiles
triggered from various initial steady-state potentials
show absence of any arrests. Typical results are given
in Fig. 7. This would tend to confirm the conclusions
deduced from the potentiodynamic profiles, namely,

102
(]
(0]
20V 6
E10°T © O
o
2 19v &
S
‘@
§
(=]
=104 17V
g = e
5
o
15V = 2 O
10—n 1 | 1 1 1
o1 05 10 20 50 100

Acetate Conc, (N)

Fig. 5. Log [current density] vs. log. [acetate ion concentration]

dlogi
plot adopted from Fig. 4 (a). The (-i-) value at 2.0V is
dlog C

ca. 0.4 whereas at lower potentials these values approach zero.
Essentially similar results are obtained when one constructs this
plot from Fig. 4 (b).
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Fig. 6. A typical potentiodynamic profile on graphite in 2N
CH3COOK + 1N CH3COOH. Sweep speed, 5 mV sec—1. Absence 7 Ly SO SO [P SO | ST [ O (S S
of peaks may be noted. No peaks are observed even when one 0 s 25 50

changes the sweep rate by several orders of magnitude.
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Fig. 7. A typical open-circuit potential decay profile for a
graphite anode in 2N CH3COOK -+ 1IN CH3COOH. Absence of
arrests may be noted.

absence of significant electrode coverage by electro-
active species in the steady state.

Charging curves.—In order to examine the possibil-
ity of coverage by adsorbed intermediates further,
anodic charging curves were recorded at various cur-
rent densities. Clear-cut arrests were again not ob-
served although at low charging current densities, some
incipient changes of slope in the charging curve were
observed (Fig. 8). An electrode capacity-potential pro-
file calculated from a typical charging curve (Fig. 8)
is presented in Fig. 9 in which no clear-cut capacity
maxima or minima, possibly diagnostic of changes of
the electrode coverage during the transient, are ob-
served. The maximum values of the differential capac-
ity in this Fig. 9 would suggest the presence of some
adsorption pseudocapacitance even when one takes into
account the fact that the graphite electrodes have a
very large ratio of real to geometric area (this ratio
being unknown) and that such electrodes can uptake
significant amounts of absorption (6). The values of
differential capacity in Fig. 9, however, cannot perhaps
be taken as a sufficient evidence for the presence of
significant amounts of adsorbed intermediates in the
steady state. A consideration of the peculiarities of the
graphite electrode (6) as well as the evidence in Fig.
6-8 would tend to indicate rather strongly that the
anodic formation of methyl acetate in the present study
probably proceeds without involving significant cov-
erage by the adsorbed intermediates during the steady-
state electrolysis.

TIME, (Sec.)

Fig. 8. An anodic charging curve (charging current density —
27.6 uA cm—2) triggered from the rest potential (0.5V). Graphite
in 2N CH3COOK + 1IN CH3COOH. Although an incipient arrest
is indicated, significant coverage of the electrode during steady-
state electrolysis is not concluded on the basis of discussion in the
text. This incipient arrest does not become more pronounced, but
rather tends to disappear, when one changes the charging current
density.
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Fig. 9. A capacity-potential profile constructed from Fig. 8

Discussion
The anodic formation of methyl acetate by an over-
all two-election reaction (i.e., Eq. [2]), which is known
to proceed via intermediate formation of carbonium
ions (2-5) may be assumed to involve the following
elementary steps

CH3COO0 + S - CH3CO0—S + e (3]
CH;3COO — S - CH;—S + CO; [4]
CH3—S - CHz* + e+ S (5]
CH;3+ 4 CH3COO - CH3COOCH; (6]

Here, S, denotes the graphite electrode surface on
which the reaction occurs.

A value of Tafel slope equal to 2.3 X 2RT/F and
absence of a significant amount of electrode coverage in
the steady state, as observed in this investigation,
would indicate rather unambiguously that the initial
discharge step (i.e., Eq. [3]) is the likely rate-deter-
mining step (r.d.s.) in the over-all reaction (1, 7), at
least above 1.8V. The rate equation for this case in
concentrated solutions (¢ = 0) may be written as

i =k (1 — 6) Ccugcoo™ efnF/RT [7]

Where i is the current; 6, the electrode coverage; k_, a
combination of constants; Ccuscoo™, the concentration
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of acetate ions; g, the charge transfer symmetry factor;
n, the anodic over potential; F, the Faraday; R, the gas
constant; and, T, the absolute temperature. Since the
coverage, 6, is observed to approach zero, one may
write Eq. [7] as

i = k Ccuacoo e8nF/RT 8]

o 2RT
- ] = 2.3 X —— = Tafel slope
dlogi F

The reaction order expected would be

( dlogi ) 1
8 log Cengcoo™ 7/

This predicted reaction order, however, is not in
agreement with the observed value (~ 0.4 at high
anodic potentials) and the source of this discrepancy is
not clear, although some tentative explanations can be
put forward (see below).

The heats of activation observed (Fig. 2, 3) are
quite high (> 10 kcal mole—!), which would qualita-
tively tend to support the mechanism suggested here,
by analogy with the case of hydrogen evolution reac-
tion.

On the basis of reaction order evidence (Fig. 4, 5)
alone, it would appear attractive to suggest that a
step subsequent to the initial discharge is perhaps the
r.d.s. However, other evidence such as the Tafel slopes,
lack of appreciable coverage as deduced from the
transient studies, and rather high heat of activation
would tend to support quite strongly the mechanistic
proposal put forward here, namely, initial discharge
as the r.d.s.

It appears interesting to speculate here on the pos-
sible reasons for the formation of carbonium ions, and
thence methyl acetate, on graphite electrodes in con-
trast to the occurrence of the Kolbe reaction on
platinum electrodes in the electrolysis system investi-
gated here. Since the strength of Pt—CHj3 and C—CH;
bonds, as estimated by the Pauling equation, is nearly
identical (10), the explanation would seem to lie else-
where. It has been pointed out by Ross (10) that the
graphite electrodes possess paramagnetic centers on
which the methyl radicals are probably bound ultra-
strongly. If this suggestion is assumed to be correct,
it is easy to see that the second electron transfer from
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the adsorbed methyl radical, to give the carbonium
ion, is more facile than the alternative path demand-
ing desorptive coupling of the methyl radicals.
Although a clear-cut interpretation of the observed
reaction orders seems difficult, a possible explana-
tion may be mentioned. Fractional reaction orders of
this magnitude would be expected if one invokes the
presence of competing reactions, a situation consistent
with the present case in which the efficiency of forma-
tion of methyl acetate is substantially less than 100%.
This suggestion is particularly emphasized by the di-
rection of the abrupt changes in slopes of the Tafel
lines [Fig. 1, 2 (a) and 2 (b)], so characteristic of a
change over to a parallel reaction or a parallel rate-
determining step within the same reaction (7).
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Surface Concentration of Molybdenum in
Types 316 and 304 Stainless Steel
by Auger Electron Spectroscopy

G. J. Barnes, A. W. Aldag, and R. C. Jerner

School of Chemical Engineering and Materials Science, University of Oklahoma, Norman, Oklahoma 73069

ABSTRACT

Auger electron spectroscopy has been used to determine surface concen-
trations of Mo in Types 304 and 316 stainless steel. The technique involved
was Ar+ bombardment removal of the stainless surface with alternate monitor-
ing of the height of the 190 eV Mo peak. Surface concentrations of 14% were
observed in mill-finished Type 316 containing 1.95% bulk Mo. Surface segre-
gation of Mo was also observed in Type 304 containing 0.45% Mo impurity.

The effect of minor Mo additions on the corrosion
resistance of 18-8 Type stainless steels is well estab-
lished (1) and has led to increased utilization of
molybdenum-bearing (2-4% Mo) stainless steels,
especially in saline environments. The role of Mo in
enhancing corrosion resistance has not been established
because of a lack of information about the surface
composition, Indeed, due to diffusion from the bulk,
concentrations in the surface phase may be quite dis-
tinct from that in the bulk. Using Auger electron spec-
troscopy (AES), Harris (2), Haas (3), and Sickafus
(4) have shown that certain thermal treatments can
be used to concentrate bulk impurities at a free sur-
face, In the case of 3340 steel, sulfur was observed (2)
to concentrate at the surface after a short time at
330°C.

In the present studies, AES has been used to deter-
mine the concentration of Mo from the surface into
the bulk of Types 316 and 304 stainless steel. Surface
concentration of 14% was observed in mill-finished
Type 316 containing 1.95% Mo. Surface segregation
was also observed in Type 304 containing 0.45% Mo
impurity.,

Review of Auger Spectroscopy

The technique of auger electron spectroscopy is not
new (5) although its application to surface studies is
relatively recent (6). The Auger electron emission
process is analogous to x-ray emission from an excited
atom and, in fact, the processes often occur simul-
taneously in a given experiment. When an inner core
vacancy of an atom is neutralized by absorption of an
electron from one of the outer shells either an x-ray
or an Auger electron with a precise energy will be
emitted from the sample (Fig. 1).

In applying AES to surface studies, the initial inner
core vacancy is created by electron bombardment of
the surface with 1-3 keV electrons. The secondary
Auger electrons have energies typically between 0 and
1000 eV, and only those electrons coming from within
a few monolayers of the surface escape with a well-
defined energy (7). The Auger energy levels of many
of the metals and typical surface contaminants are
known and the values agree quite well with the x-ray
values tabulated by Hill et al. (8).

The interest in Auger spectroscopy as applied to
surface studies evolved from the early low energy
electron diffraction (LEED) experiments of Lander
(9). In analyzing the energy distribution for secondary
electrons emitted by a solid surface, he attributed the
small peaks to Auger transitions in the solid and sug-
gested that the characteristic energies of these peaks
could be used for qualitative surface chemical analysis.
The peaks were, however, small and difficult to detect

Key words: segregation, corrosion, concentration gradient.
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within the broad, rather uniform background distribu-
tion. Harris (6) subsequently suggested that since the
background was indeed relatively uniform, detection
of Auger peaks could be greatly enhanced by elec-
tronically differentiating the energy distribution. This
technique brought AES into its current prominence as
a valuable tool for surface studies. Subsequent refine-
ments were made by Palmberg (10) who demonstrated
that the sensitivity for atoms at the surface could be
enhanced by using a grazing incidence primary beam
and that the energy resolution could be improved by
replacing the old 3-grid LEED optics by a 4-grid sys-
tem. Palmberg also confirmed experimentally that the
low energy (<200 eV) Auger electron escape depth
was of the order of 4-8A. The minimum sensitivity for
surface impurities has been estimated to be a few
per cent of a monolayer (11).

More recently AES experiments are being performed
independent of LEED studies. In principle, since the
Auger process involves inelastic collisions with the sur-
face, a well-defined crystal geometry as required by
LEED is not a prerequisite for AES. A new cylindrical
mirror analyzer (12) with a coaxial electron gun pro-
vides a simple electron optics system with precise
energy discrimination. This system can be adapted to
most conventional ultrahigh vacuum chambers and
AES experiments performed in conjunction with other
types of surface studies. An example of the Auger
spectra obtained from a stainless steel surface using
PEI Cylindrical Analyzer is shown in Fig. 2. The
various surface components are noted on the trace.

N FREE ELECTRON
oy I — =~ ~VACUUM LEVEL
!
[ I -~ ——J———I VALENCE BAND
Ecl-—— CORE VACANCY
LEVEL (K,L,M,etc)

Fig. 1. Auger electron emission from an excited atom. &, work
function, V, width of the valence band, E., energy of the core elec-
tron level, E, original energy of the emitted electron.



Vol. 119, No. 6

T T T T T T T T

BEFORE SPUTTERING|

AFTER SPUTTERING

1 1 1 L L 1 1
o 100 200 300 400 500 600 700 800 900 1000

ELECTRON ENERGY (eV)

Fig. 2. (Upper) Auger electron spectrum of stainless steel before
sputtering, Vg — 2000 eV. (Lower) Auger electron spectrum of
stainless steel after sputtering, Vg = 2000 eV.

Experimental Procedure

Types 304 and 316 mill-finished stainless steel sheet
0.050 in. thick, was used in this investigation. Speci-
mens were washed with detergent, rinsed in distilled
water, acetone, trichloroethylene, and acetone, and
then dried with a lintfree cloth. The samples were then
placed in an ion and titanium sublimation-pumped
vacuum chamber, which was evacuated and then baked
at 250°C for 6 hr. The system was rough-pumped,
oil-free, using zeolite-filled cryosorption pumps. Pres-
sure, as indicated by a nude ionization gauge, was in
the low 10-9 Torr range. An initial Auger spectrum
was recorded and is shown in Fig. 2 (upper). This
spectrum is representative of 2 surface cleaned in the
manner described above but prior to electron or Art
bombardment. The ion pump was then deactivated and
Ar was admitted to a sputtering pressure of 1 x 10—4
Torr. Titanium sublimation pumps were activated dur-
ing the entire sputtering sequence in order to maintain
Ar purity. After sputtering for a predetermined time,
usually 15 sec, the ion pump was again activated, re-
sulting in a rapid pressure reduction into the 10-9
Torr range. The sample was then repositioned, by sim-
ple rotation, in front of the cylindrical mirror analyzer
for Auger analysis. A spectrum was recorded next, and
the sample was repositioned for additional sputtering.
This sequence was repeated until the Auger spectra re-
mained unchanged with additional sputtering. A spec-
trum taken after long-term sputtering is also shown in
Fig. 2 (lower). It should be noted that the 190 eV Mo
peak has been significantly reduced by sputtering
from that in Fig. 2 (upper). The repetitive nature of
several auger spectra after long sputtering times dem-
onstrates that the procedures used to reposition the
sample were reproducible, and the spectra obtained
are representative of the bulk composition (13).

Results

The Auger spectrum for pure Mo is shown in Fig. 3.
The major 190 eV Mo peak (14), corresponding to a
M;N3Ns (15) transition, was used to monitor the mo-
lybdenum concentration on the stainless steel surface
as a function of sputter time. Assuming a unity re-
moval coefficient (16), sputtering times were con-
verted to atom layers removed. The resulting concen-
tration gradients are shown in Fig. 4. As mentioned
before, the values of the Mo concentration were ob-
tained from stainless steel spectra after various sputter-
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Fig. 3. Auger electron spectrum of pure molybdenum, Vp =
2000 eV.
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Fig. 4. Relative molybdenum concentration vs. amount of material
removed in Types 304 and 316 stainless steel.

ing times. It is also assumed that the Auger spectrum
obtained after long sputtering time is representative of
the bulk concentration. If the Auger peak height is
taken to be directly proportional to the concentration
of atoms present (17), the minimum surface concen-
tration can be estimated. These assumptions result in
a surface concentration of 14-15% and 3-4% for Types
316 and 304, respectively. The initial 190 eV 'peak
height is undoubtedly obtained from a surface which
contains a carbonaceous deposit resulting from the pre-
treatment and cleaning steps (18). Thus, the observed
initial Mo concentration may be somewhat less than the
actual values due to this overlayer.

The results shown in Fig. 4 indicate that Mo con-
centrates at the surface of mill-processed stainless.
Surface segregation is observed even in Type 304
where Mo is present as an impurity. As the surface is
removed by Ar* bombardment, the major Mo Auger
peak decreases in height to a value representative of
the bulk concentration.

Conclusions

It has been found that mill processing tends to con-
centrate Mo at the surface of Types 304 and 316 stain-
less steel. This surface segregation has been brought
about in some manner by mill processing. Subsequent
thermal or mechanical processing would disturb this
surface concentration and in all probability result in
the surface concentration of Mo being dependent on
treatment. Thus any property, such as corrosion re-
sistance, that is dependent on the presence of Mo might
be altered significantly. Much of the scatter observed
in corrosion tests on Types 304 and 316 stainless might
be attributable to differences in molybdenum surface
concentrations brought about by variations in thermal-
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mechanical processing as well as other metallurgical
factors.
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Vibration Characteristics of Crystal Slicing
ID Saw Blades

S. E. Forman and W. J. Rhines
Bell Telephone Laboratories, Incorporated, Whippany, New Jersey 07981

ABSTRACT

The natural frequencies and associated mode shapes have been determined
for the transverse vibration of three ID saw blades commonly used for crystal
wafering. The purpose of the investigation was to determine what frequencies
of excitation could excite blade natural frequencies, since excessive blade
transverse motion can be a cause of severe crystal and blade damage. The
fundamental frequencies for the 4 in. ID-10% in. OD, the 4 in. ID-12 in. OD,
and the 6 in. ID-16% in. OD blades, based on a maximum cutting edge hoop
stress of 130,000 psi were found to be 780, 640, and 465 Hz, respectively. Ex-
perimental measurements have confirmed that cutting edge transverse motion
exists with amplitudes up to 0.001 in. but at a frequency equal to the spinning
speed, which is always an order of magnitude less than the computed natural

frequency.

At the present time the most widely used method
of slicing cylindrical crystal ingots into thin wafers
is ID sawing. Unlike the more conventional OD saw,
the ID saw is extremely thin, is clamped at its outer
edge, and has diamond abrasive grit on its inner edge
where the cutting is performed. In order to achieve the
stiffness necessary to slice crystal ingots, the clamped
blade must be placed in a highly tensioned state by
one of several available tensioning devices. The basic
ingot-blade-wafer system -characteristic of the ID
sawing process is shown in Fig. 1.

The most important functions of crystal wafering are
to provide wafers with flat, parallel sides and to induce
a minimum of damage to each side. In order to better
understand the interaction of the blade with the ingot
it is useful to determine the vibration characteristics
of the blade. This allows the determination of excitation
frequencies needed to cause resonance of the blade
and hence large transverse displacements which could
severely damage one or more of the elements in the
ingot-blade-wafer system.

There is a great deal of published literature con-
cerning the vibration characteristics of rotating disks.
However, in almost every case treated the disk is
clamped at its center and free around its outside edge
(standard OD saw geometry). Mote presents an ex-
cellent listing of many of the theoretical and ex-
perimental investigations of vibration characteristics of
these disks under various environmental conditions

Key words: crystal wafering, ID sawing blade vibration.

(1). Rhines (2) has made a simplified calculation of
the lowest natural frequency of an ID blade as a func-
tion of blade tension and blade dimensions. His re-
sults were obtained by Rayleigh’s method using a one-
term approximation for the fundamental mode shape.

In this paper, highly accurate approximations of the
fundamental frequency and several higher frequencies
are obtained using Lagrange’s equations coupled with
multiterm series approximations of the associated
mode shapes. The calculations are made for the three
blade sizes most widely used in the semiconductor in-
dustry. In addition, experimental measurements of
actual blade transverse motion and its frequency of oc-
currence are presented.

N

/INGOT

——

Fig. 1. Blade-ingot-wafer system

o -

WAFER
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Table I. Dimensions and properties of blades

Blade dimensions
2a

Blade type h
1 4 10% 0.004
2 4 12 0.004
3 6 16% 0.004

Blade properties

Material: AISI 301 stainless steel
Density, p = 0.725 x 10-3 lb-sec?/in.4
Young's modulus, E = 27.6 x 108 psi
0.2% Offset yield stess: 153,000 psi

Analysis

In-plane stress state—Physically the blade is a thin
annular stainless steel plate of inner radius a, outer
radius b, thickness h, density p, and Young’s modulus
E. Material properties and typical dimensions of ID
blades are given in Table I. It is assumed that the stiff-
ness given to the blade by the tensioning device is
analogous to applying a uniform radial load ¢, to the
blade’s outer periphery as shown in Fig. 2. At the ten-
sioning stress levels normally used, the contribution to
the blade stiffness by the bending rigidity of the blade
is negligible and the blade can be treated as an annular
membrane.

The in-plane state of stress in the blade is a biaxial
one consisting of the radial stress ¢r and the hoop stress
0. Each of these stresses is made up of contributions
from tensioning and spinning. The tensioning stresses
are given by the well-known formulas (3)

0o(1 — a2/r?)

or =
1 — a2/b?
ao(1 4 a2/1?)
= 1
as 1— a%2/b2 ]

The maximum value of stress due to tensioning is the
hoop stress on the cutting edge (at r = a), and its mag-
nitude is
200

Omax = ——————— [2]

a2

1— —

b2
The allowable value of smax should be sufficiently be-
low the 0.2% offset yield stress of the blade material
in order to avoid large amounts of plastic deformation.
Strain gauge experiments have shown (4) that for the
4 in. ID-10% in. OD blade the current fully tensioned
value of emax ranges from 100,000 to 130,000 psi and in
what follows the value of 130,000 psi will be used for
all geometries. At this tensioning stress level the con-

Fig. 2. Model of ID blade used for vibration analysis
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tribution of spinning to the stress state is negligible for
the current range of speeds used and will be ignored.

Mode shapes and associated natural frequencies.—
The differential equation which governs the transverse
vibration of the tensioned annular membrane described
previously is (5)

1 1
oWt — orW,er — ﬂo( —Wet— W.ao) =0 [3]
T T2

where W is the transverse displacement of the mem-
brane and partial derivatives are defined using comma
notation, i.e., W, = dW/9r. The geometric boundary
conditions are taken to be

W=0atr=>
and [4]
W = finite at r=a

Because of the form of the in-plane stresses o and og
given by Eq. [1] an exact solution to the previously
described boundary value problem cannot be achieved
and an approximate technique will be used.

The authors have found it convenient to use La-
grange’s equations of motion coupled with a multiterm
series representation of the transverse displacement.
The displacement is assumed to be of the form

jn(b — 1) . §
26— 0s né [5]

where n is the number of nodal diameters, j is the
number of nodal circles, and A;(t) is the set of gen-
eralized coefficients which are to be determined from
Lagrange’s equations of motion.

Lagrange’s equations of motion for the case of free
vibration are (6)

d oL oL
— (== ] =——=0 (i=1...J) [6]
dt 04; 0A;

J
W(rot) = [2 Ay(®) sin
i=1

where A; = 9Ai/9t and L is the Lagrangian T — V
where T is the kinetic energy and V is the potential
energy of the blade. The kinetic energy is given by the
formula

1 fzn fb
= 2
L= : ph i Ja (W,t)2 rdrds [71

and the potential energy is given by
1 2m b ag

V:—hf f (a.-(W,,)2+-—(W,g)2) rdrds [8]
2 o Ja r2

where or and o¢ are given by Eq. [1] (1).

Substituting Eq. [5], [7], and [8] into Eq. [6] and
performing the indicated differentiations and integra-
tions gives rise to the following equations of motion

J

| peil f" Cgab—1)  dn(b—1)
= phad; ) 7sin T sin =5
219 b 2 7 —_
+ aohnA;j n2ij f (r—a—-> cos jn(b —r1)
1 a2 { 4(b—a)? ve r 2(b—a)
T
in(b — 1) b ( 1 a? ) jn(b — 1)
gl 2 S e
cos 206 —2) dr 4+ n j; " + = sin 26—
i =) }:o i=12...J 9]
2(b—a)

To determine the blade natural frequencies A;(t) is
written in the form

Ai(t) = Z; sin wt [10]

where « is the natural frequency of the particular
mode being considered. Substituting Eq. [10] into Eq.
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[9] results in an eigenvalue problem which can be
written in the following matrix notation

[Kij — "Myl [A;] =0 i=1,...,J
) T | [11]

where .
2
).:Muz [12]
Oo
b in(b — in(b —
M,-,:f sin (b —4) sin il il dr [13]
¢ b2 2(b—a) 2(b —a)
a%ij j"’ ( a2 ) ja(b —1)
Kjj= ———— *— — ) CO§—m——
4(b—a)2 Ve T 2(b—a)
i:z(b—r)d+2fb(1+az)
0§ —————dr + n — e —
-0 a\7 TR
jn(b — 1) in(b —1)
n sin dr [14)
2(b —a) 2(b—a)

Equation [11] can now be solved using a straightfor-
ward eigenvalue-eigenvector computer package. The
individual integrals of M;; and K;; are also obtained
numerically by a Romberg integration computer rou-
tine (7).

For each value of n the value of J is increased (start-
ing at J = 2) until less than a 1% error exists between
consecutive values of ). for the cases of one to six
nodal circles. When this occurs the transverse deflec-
tion of a radial cross section associated with the final
value of 1. is graphically compared with that associated
with the previous value of .. If there appear to be no
serious deviations between the two shapes then the
last value of 1. is taken as the correct eigenvalue. How-
ever, if there are deviations on the order of 5% or
more at any point of the cross section, J is increased
until the deviations are less than 5%. It was in general
found that the values of 7 converged more rapidly as
J increased than did the deviations between mode
shapes.

Results and Discussion

The values of the eigenvalue 2. associated with sev-
eral different mode shapes are given in Table II
Calculations have been made for the three blade
geometries of Table I. The natural frequency in cycles
per second is easily attained from the value of 2 by
the relation

1 Omaxh

I 2b2%

[15]

where onay is given by Eq. [2].

The values of the natural frequencies and sketches
showing the nodal circles and nodal diameters of the
associated mode shapes are given in Fig. 3, 4, and 5 for
the three blade geometries. All calculations have been

Table I1. Values of eigenvalue 7 for various blade sizes

Nodal Nodal circles
diam 1 2 4
1. 4in. ID-10% in. OD
0 6.88 36.3 89.2 166 265 387
1 12.2 419 91.6 171 271 393
2 25.7 59.7 111 187 287 409
3 42.9 88.3 142 215 314 437
4 62.6 122 185 258 354 4176
2. 4in.ID-12 in. OD
0 6.51 34.3 84.2 156 251 368
1 12.6 41.3 91.0 163 257 374
2 26.3 62.7 112 183 277 394
3 42.8 92.6 150 220 312 427
4 61.7 125 197 275 365 478
3. 6 in. ID-16% in. OD
0 6.65 35.0 86.1 160 256 375
1 12.4 41.4 92.2 166 262 381
2 26.1 61.3 112 184 280 400
3 42.9 91.0 146 217 312 430
4 62 124 193 267 358 471
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Fig. 3. Computed natural freq ies and
of 4 in. ID-10%s in. OD blade (cmax = 130,000 psi).
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Fig. 4. C d natural frequencies and d mode shapes

of 4 in. ID-12 in. OD blade (¢max = 130,000 psi).

based on a maximum hoop stress of 130,000 psi. As in-
dicated in (4), the frequencies associated with the
fundamental and 2 nodal diameter-1 nodal circle
modes of the 4 in. ID-10% in. OD blade have been
verified experimentally to within 10%.

For the particular case of the fundamental mode,
the natural frequency decreases from 780 Hz for the
smallest blade size (4 in. ID-10% in. OD) to 465 Hz for
the largest blade size (6 in. ID-16% in. OD). The usual
spinning speeds utilized with the three blade geom-
etries range from 30-40 Hz for the large blade and
50-70 Hz for the other two. Thus, it appears that, for
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Fig. 5. Computed natural freq and associated mode shapes
of 6 in. ID-165% in. OD blade (smax = 130,000 psi).

the range of omax mentioned earlier, spindle speed is
unlikely to be a source of excitation near the funda-
mental mode unless its magnitude is increased at least
ten times.

Typical profiles of the transverse displacement of the
radial cross section of a blade are presented for sev-
eral mode shapes in Fig. 6-10. The number of nodal
diameters is listed on each figure and the number of
nodal circles is listed on each profile. In each case the
displacement has been normalized with respect to the
maximum value that occurs between the inner and
outer radius. The curves shown are all obtained using
J = 6 in the series representation of the displacement
for the 4 in. ID-10% in. OD blade.

For small numbers of nodal diameters the maximum
value of transverse displacement always seems to
occur at the cutting edge regardless of the number of
nodal circles. This is due to the zero radial stress con-

Wiax
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Fig. 6. Radial profiles of 4 in. ID-10%3 in. OD blade
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Fig. 8. Radial profiles of 4 in. ID-10%4 in. OD blade

dition at the inner edge. However as the number of
nodal diameters increases, the maximum displacements
start occurring away from the cutting edge.

Experimental measurements.—In order to determine
the amplitude and frequency of cutting edge transverse
motion, a displacement-measuring technique described
by Yakunin and Khasdan (8) was used on a current ID
slicing machine. They used an “inductive differential
detector with a variable air gap.” As the air gap be-
tween the detector and blade changed, the amplitude
and frequency of any transverse displacements from
the initial position could be recorded. A device such as
this, with a sensitivity that enables it to measure de-
flections as small as 0.1 = 0.02 mils (1 mil = 0.001 in.)
was used to make the measurements described here
(4).

Hand rotation of the blade gave rise to transverse
deflections of 0.6-0.7 mils. Spinning the blade without
cutting (idling) gave rise to deflections ranging from
0.45 to 0.80 mils depending on the spinning speed. For
both hand rotation and idling, the peak to peak dis-
placement occurs once per blade revolution. During
the cutting cycle, the transverse displacement spectrum
still occurs once per revolution but the amplitude is
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Fig. 9. Radial profiles of 4 in. 1D-10%3 in. OD blade
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Fig. 10. Radial profiles of 4 in. ID-10%3 in. OD blade

altered. For a given spinning speed, the amplitude of
the idling deflection decreases by 50-60% during feed
and by 30-40% during retraction. It is believed that
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this transverse motion is the cause of the periodic score
marks often observed on wafers.

Conclusions

The natural frequencies and associated mode shapes
have been determined for the transverse vibration of
three ID saw blades widely used in the semiconductor
industry. The purpose of the investigation was to de-
termine what excitation frequencies need to exist in
order to excite natural frequencies of the blade.

It was found that for all three blades the spinning
speeds used are an order of magnitude less than the
lowest natural frequency. Since the frequency is di-
rectly proportional to the square root of the maximum
hoop stress, the range of current maximum hoop
stresses (100,000-130,000 psi) would have to be reduced
by two orders of magnitude in order for the natural
frequency to be on the same order as the spinning
speed. The frequency also decreased as a function of
the blade surface area, but for the current blade sizes
being used the natural frequency is always an order of
magnitude greater than the spinning speed. In con-
clusion, experimental measurements indicate that
under present operating conditions, cutting edge trans-
verse motion occurs at a frequency equal to the spin-
ning speed. There is no indication of any blade excita-
tion which occurs at frequencies near the natural
frequency.

Manuscript submitted Nov. 3, 1971; revised manu-
script received ca. Feb. 1, 1972.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972
JOURNAL.
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Mathematics of the Electrochemical Extraction

of Hydrogen from lron

Leonard Nanis* and T. K. Govindan Namboodhiri
The School of Chemical Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104

ABSTRACT

The transient current of hydrogen removal from iron following steady-
state permeation is analyzed theoretically for two limiting conditions at the

input side. For the fastest possible removal (C =

0at X = 0and at X = L),

the amount extracted at the potentiostated side (X = L) is one third of the
total present at steady-state permeation described by C(xy = Co(1 — X/L).
Comparison of the integrated total flux and the amount given by the integral
of C(x) indicates possible concentration dependence of hydrogen diffusivity

in iron.

The study of diffusion of hydrogen through metals
has attracted much interest because of its relation to
the problem of hydrogen embrittlement. The electro-
chemical permeation technique (1) for measurement
of diffusion of hydrogen in metals has been extensively
employed recently (2, 3). The mathematical basis of
this method was developed by McBreen et al. (4). This
paper presents some results and conclusions concern-
ing permeation in Armco iron based on an extension of
the theory and application of permeation technique to
provide additional information regarding hydrogen
entry and extraction from metals.

The permeation method.—In the electrochemical
permeation method, a thin membrane of the material
is cathodically charged with hydrogen on one side,
while the hydrogen diffusing out at the opposite side
is oxidized by maintaining anodic conditions. Mathe-
matically, this procedure provides the boundary con-
dition

C=0;, X=L; t=0 [1]
The current needed to maintain the constant anodic
potential is a direct measure of the rate at which hy-
drogen is diffusing out.

McBreen et al. (4) solved the diffusion equation
(Fick’s second law)

9°C 1 aC
S [2]
0X? D at
applying the pertinent initial condition
C =Co(1 —X/L) [3]

and boundary conditions to get expressions for the
decay of permeation current from the steady state
when the charging is stopped.

Two limiting decay transients were considered. For
the fastest possible extraction, the concentration at the
input side is considered to drop instantaneously to zero
upon input current interruption, i.e.

C=0, X=0, t>0 [4]

where time is reckoned from the instant of interrup-
tion. Slowest possible extraction through the potentio-
stated side Eq. [1] is based on the assumption of zero
flux at the input side, i.e., after current interruption, the
input side (X = 0) becomes impermeable to hydrogen,
described as

aC

X
Using Laplace transform methods, McBreen et al. (4)
obtained for the slowest possible decay (Eq. [5], [1],

=0, X=0, t>0 (5]

* Electrochemical Society Active Member.
Key words: hydrogen dissolution in iron, hydrogen extraction, hy-
drogen diffusion, concentration-dependent diffusivity, permeation.
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[3], and [2]), the flux in terms of the previous steady-
state value (J,) as

Jr n 41

911/2

=1-2 2, (—1)"erfc

. n=90

(6]

where v = Dt/L2, a dimensionless time parameter.
Solving Eq. [2] with Eq. [1], [3], and [4], the fastest
possible extraction gives

S

It should be noted that Eq. [7] is a corrected version
of a previous result (4).

The decay part of the permeatmn technique has been
mostly neglected by previous workers. However, the
decay transient is a source of additional mformatlon
regarding the diffusivity and solubility of hydrogen in
the membrane and of the nature of the reaction at the
input metal-electrolyte interface. In particular, the
time integral of flux from X = L reflects the total
amount of hydrogen extracted at this side and is equal
to the total hydrogen in the membrane if the input
side is impermeable according to Eq. [5]. The total
amount at steady state (t = 0) is readily obtained
from the product of average concentration (integral of
Eq. [3]) and the volume of the permeated region of the
membrane. Thus, integration of experimental decay
curves of current vs. time should permit evaluation of
the number of mols of hydrogen extracted for com-
parison with the prediction according to Eq. [3] using
the value of C,, which, in turn, is obtained from the
steady-state permeation current density and the
diffusivity derived from the build-up transient.

When the boundary conditions are such that the de-
cay follows Eq. [7], i.e.,, fast decay, the amount of
hydrogen extracted at the potentiostated side (X = L)
is only a fraction of the total amount in the membrane
at steady-state permeation. The remaining part of the
hydrogen diffuses out through the input side (X = 0)
in order to satisfy the boundary condition given by
Eq. [4]. Hence, in order to calculate the hydrogen con-
centration of the membrane at steady-state permeation,
it is essential to have an estimate of the relative
amounts of hydrogen diffusing out at both sides of the
membrane (X = 0 and X = L). The following mathe-
matical analysis was performed to get these values.

[2n + 1)
47

(7]

xl/2 T1/2

Mathematics of fast decay.—Consider a membrane of
thickness L which is charged from the side X = 0 and
potentiostated at X = L in order to maintain a zero
concentration of hydrogen. During charging, a hydro-
gen concentration C, is maintained at X = 0. The
steady-state concentration profile obtained by charging
is described by Eq. [3]. This profile becomes the initial
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condition used together with the boundary conditions
Eq. [1] and [4] to solve Eq. [2], with time measured
from the instant of input current interruption. The
solution sequence is to (i) obtain concentration of hy-
drogen as a function of time and position in the region
0 < X < L; (ii) obtain the gradient of concentration
at X = 0, X = L to determine flux; and (iii) integrate
each flux with respect to time over the entire range
0 < t < . Both separation of variables and Laplace
transform methods were used.

Solution by the method of separation of variables.—

The concentration of hydrogen within the membrane
during the fast decay was obtained as

n*w2Dt
2c 1 nax L
o Bt a2, (8]
T p=1N

Differentiating Eq. [8] with respect to X gives

n*r2Dt

aC 2C, < nnX L2
—_—= / COS e 9
X L .E’: L £

Substituting X = 0 in Eq. [9], the gradient at the input
surface is

ﬂ"’f"‘Dt

aC 2C I
Bhall =l 2 e [10]

X |x=0 L p=1
and for X = L, Eq. [9] gives the gradient as
ner:Dt
2C L:
Ll = 2 (—=Dre [11]
0X Ix=L L a=t

The flux F (mol cm~2 sec—!) of material diffusing
across each surface is obtained from Eq. [10] and [11]
with Fick’s first law as .

d
F=—-D—— [12]
[:):4

The total amount per unit area, Qg, of hydrogen dif-
fusing out at each surface is obtained by integrating
the flux, F, over the entire range of time. Hence, the
amount of hydrogen evolved at X = 0 is

=f: Fx=0)dt
X nip:Dt
—2C,D fﬂ[ s |
7L ° | n=t ¢

Integrating in Eq. [13] term by term gives a well-
known convergent series as

Qe

dt [13]

x=0 2

[14]

2CL % 1 —CoL
Qe = 30

n=1 N2

In a similar fashion, Eq. [11] and [12] give

Qe

—2CL N (=)  CoL
e 2 i [15]
X=L EC S 6

The sign of Qg in Eq. [14] and [15] reflects the
vectorial character of the flux with respect to the co-
ordinate system. It is thus appropriate to consider
absolute values to obtain the total amount extracted,
QTaot, a8

Qrot = |QE|x=0 + |QElx=L = [16]

The amount stored in the membrane (per unit area)
at steady state before current interruption (t < 0)
is readily determined by integration of Eq. [3] as
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CoL/2 (mol ecm~2), in agreement with Eq. [16]. Hence,
the fraction of hydrogen diffusing out at X = 0 is

- 2
|QE|x=0 - (7]
QTot 3
and the fraction diffusing out at X = L is
QE|x= 1
|QElx=1 _1 (18]
QTot 3

Solution by Laplace transforms.—To check the re-
sults obtained as Eq. [17] and [18], Eq. [2], [3], [1],
and [4] were solved using the method of Laplace
transforms. The concentration of hydrogen within
the membrane during fast decay is given by

{M1

C(xt) = Co(1—-X/L) —Co 2 erfe

n=0 2\/Dt
< {2L<n+1)_x1
fo) ————— 19
+coﬂ: erfc /Dt | [19]

Differentiating Eq. [19] with respect to X, and multi-
plying the slopes by —D, the flux (Eq. [12]) at X =0
is

—n?

DC, il < 7
F = °{1——— 2 e
X=0 L Var (n=0
—(n 4 1
i 2
+ 2 e [20]
n=0
and the flux at X = L is
—(2n + 1)=
2 4
Pl _DCi_ 2 3. ¥ [21]
X=L L VAT =0

Equations [20] and [21] have to be integrated with
respect to T over the range 0 < © < oo to get the total
amounts of hydrogen diffusing out at the surfaces
X = 0 and X = L, respectively. Equations [20] and
[21] both become infinite for T = 0. Also, for Tt = 0,
the integral of Eq. [20] and [21] becomes infinite be-
cause of the term of unity. Hence, with an analytic
solution of the integrals not possible, a graphical inte-
gration was performed since the summations in Eq.
[20] and [21] converge rapidly for numerical evalua-
tion. The results are in good agreement (within 2%) of
the values in Eq. [17] and [18]. Equations [19], [20],
and [21] are useful in preparing tables and curves for
short time, since Eq. [8], [10], and [11] are very slowly
convergent for t < 0.05. The n = 0 term of Eq. [21] is
sufficient even up to t = 0.3 and provides a simple form.

Thus, during fast decay, only one third of the total
amount of hydrogen diffuses out through the poten-
tiostated side ( X = L), and provides a lower bound-
ing limit, while the upper limit [(Qex=1)/(QETot) = 1]
is obtained during the slow decay because of the con-
dition imposed by Eq. [5]. Comparison of the extracted
amount of hydrogen with the value predicted from the
initial concentration profile (Eq. [3]) thus provides
further insight as to the nature of the boundary con-
dition existing at X = 0 during decay, with Eq. [4] and
[5] as limits.

Experimental Results

Hydrogen permeation experiments were performed
with the potentiostat circuit as essentially described
by McBreen et al. (4). A constant current circuit was
used for the cathode input side of the membrane. Build-
up and decay transients were recorded for various
charging current densities in 0.2N NaOH and 0.1N
H,SO04 catholytes for annealed Armco iron at 22°C. The
anolyte was always 0.2N NaOH.
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Table 1. Analysis of decay transients

Annealed Armco iron; 22°C;
catholyte: 0.1N HzSOy; anolyte: 0.2N NaOH

Average diffusivity,
D x 105 cm? sec-!

Charging From decay

current Fit to Fit to |1 Qe |y

density From Eq. [7] Eq. (6]

mA/cm? build-up* (fast) (slow) Qrot
0.021 4.84 3.86 10.48 0.33¢4
0.064 4.16 4.23 11.21 0.326
0.194 5.52 4.63 12.68 0.280
0.409 6.60 5.34 14.50 0.266
0.841 7.66 5.78 15.70 0.258
2.13 8.45 6.40 17.20 0.243
4.27 8.31 6.22 16.80 0.235

* Numerical values for the build-up permeation-time curve may
be computed by subtracting the right-hand side of Eq. [7] from
unity.

By fitting the experimental build-up curves to theory
(4), hydrogen diffusivity, D, and surface concentra-
tion, C,, were evaluated. It should be noted that there
is no total agreement between theory and data over the
entire build-up time span. By minimizing the misfit at
different time intervals, a corresponding best fitted dif-
fusivity may be computed. The trend suggests that
diffusivity increases with hydrogen concentration. This
aspect will be fully explored in forthcoming pub-
lications.

In the present computations of C, from the steady-
state permeation current, the diffusivity value is that
obtained by a best fit to the build-up theory for early
time. This value of D may be seen to be the most
appropriate choice since the hydrogen arriving at
X = L at the time of breakthrough has traversed a
region free of hydrogen. At steady state, the flux at
X = L is given by Eq. [12] with, however, the implicit
feature given in Eq. [1], namely that the local dif-
fusivity (allowing for possible concentration depen-
dence) corresponds to the zero concentration value.
Based on this value of C, and the steady-state con-
centration profile given by Eq. [3], the total amount
of hydrogen, Q4 held within the membrane was cal-
culated to be

1
Qrot = 5 CV [22]

where V = volume of the charged section of the mem-
brane.

An estimate of the amount of hydrogen extracted at
the potentiostated side (X = L) was obtained by mea-
suring the area beneath the decay current-time traces
and converting to equivalents of hydrogen. This value
was then compared with Qrot to obtain the ratio
|QE|x=1/@Tot. Table I shows the results obtained for
permeation from 0.1N H2SO4. Figure 1 shows the decay
transients which were compared with the two theo-
retical decay curves (fast, Eq. [7], and slow, Eq. [6])
to yield average D values given in columns 3 and 4 of
Table I. Also indicated in this table are the D values
obtained from build-up transients, based on the best
fit over all time. As mentioned previously, the diffusiv-
ity at small time was used for calculating Qrot in col-
umn 5. This value is 4.0 X 10—5 cm?2 sec~1. Comparison
of the two possible decay-fitted values with the build-
up D indicates clearly that the boundary condition
given by Eq. [4] is most likely. The ratio |Qg|x=1/@Tot
in Table I varies from the theoretical limit of 0.33 for
fast decay to even smaller values. Thus, the charging
at 0.021 mA/cm? follows the expected behavior and
also gives the best fit over-all in Fig. 1. However,
charging at higher currents produces a shift of the de-
cay curves to shorter times, indicating an increase in
D, listed in Table I. The decrease in |Qg|x=1/@Tot from
0.334 to 0.235 as charging current increases brings these
values into a region below the lower numerical limit
calculated in Eq. [18]. This negative deviation from the
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Fig. 1. Decay transients for Armco iron, 0.IN HSO4. Catholyte,
22°C. Charging current densities (mA/cm2) are: curve 1, 0.021;
curve 2, 0.194; and curve 3, 2.13.

limit based on constant diffusivity theory is in accord
with a diffusivity which increases with increasing con-
centration. For such concentration dependence of D, the
basic Eq. [2] and subsequent results are no longer
applicable. Qualitatively, however, the concentrated
region near X = 0 should provide a more rapid flux
and an amount |Qg|x—o greater than predicted by Eq.
[14]. Thus, the flux and amount at X = L will be less
than that predicted in Eq. [15], causing the values for
|QE|x=1/@rot to be less than the theoretical constant D
limit of 0.333.

During permeation experiments using 0.1N H»SO4 as
catholyte, a cathodic protection current of 0.0215 mA/
cm? was always applied to prevent corrosion of the
Armco iron membrane. Permeation build-up and de-
cays were then recorded by applying a cathodic cur-
rent from a separate circuit. The response of the cath-
ode (X = 0) to step current switching was sufficiently
rapid so as to produce a virtually potentiostated sur-
face when compared with the orders of magnitude
greater diffusion-controlled hydrogen decay time. Thus,
the boundary condition in Eq. [4] is assured.

When 0.2N NaOH catholyte was used, corrosion was
not a severe problem, so that no cathodic protection
was needed. Figure 2 shows decay transients observed
for this case. Table II gives the D values and |QEg|x=r/
Qrot ratios obtained from these data. Best over-all
fitting in Fig. 2 was found for the short time region for
the 0.86 mA/cm? study. For lesser and greater cath-
odic input current densities, no clear pattern of shift-
ing was observed as found for 0.1N HySO4 (Fig. 1). In
Table II, the build-up and decay determined D values
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curve 2, 0.86; and curve 3, 4.30.
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Table Il. Analysis of decay transients

Annealed Armco iron; 22°C; 0.2N NaOH electrolyte

Average diffusivity,
D x 105 cm? sec-1

Charging From decay
current Fit to Fit to | QE |y,
density, From Eq. [7] Eq. (6]
mA/cm? build-up (fast) (slow) QTot
0.43 5.27 4.53 12.20 0.356
0.86 5.46 4.53 12.20 0.372
2.15 5.16 == — 0.338
% 5.25 4.96 12.95 0.326

do not change appreciably with charging current, in
contrast with results for 0.IN HySO4 (Table I). The
ratio |Qr|x=1/Qrot ranges from 0.326 to 0.372, in good
agreement with the lower limit of 0.333 associated with
fast decay.
Discussion and Conclusions

Testing of the present decay mathematics shows un-
expected lower than theoretical values for |QE|x=r1/@Tot
for 0.1N HySO4. In combination with the shift of the
build-up transients to shorter time with increased
current, the data provide strong evidence for a hitherto
unsuspected concentration dependence of hydrogen
diffusivity in iron. The evidence suggests that D in-
creases with increasing concentration. For 0.2N NaOH
and 0.1N H,SOs the fit of the decay current-time
curve in comparison with the build-up curve and also
the |Qg|x=1/@QTot ratio values are best associated with
a surface condition at X = 0 which corresponds to zero
hydrogen concentration. From the trend of |Qg|x=1/
Qrot values below the constant D limit of 0.333, it is
probable that, for similar charging current, the concen-
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tration of hydrogen in iron is greater in the 0.IN
H,SO4 catholyte than in the 0.2N NaOH solution.

In testing the possibility that traps may be contribut-
ing to the nonconstant diffusivity, the phenomenologi-
cal diffusivity discussed by Oriani (5) should always be
less than the true lattice diffusivity. As predicted (5),
the true lattice diffusivity is 3.06 x 10—5 cm?2 sec—! at
22°C, in good agreement with the lowest values in
Tables I and II, i.e.,, 5 X 10—5 cm?2 sec—!. As shown, the
D values increase to about 8 X 10—5 cm? sec—! with in-
creasing current, so that trapping is an unlikely alter-
native to the presently suggested concentration de-
pendence.
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Standard Potentials of Ag-AgCl Electrode and

Related Thermodynamic Quantities in

Dimethyl Sulfoxide-Water Mixtures from 5° to 45°C

Rabindra N. Roy, William Vernon, Alfred Bothwell, and James Gibbons
Department of Chemistry, Drury College, Springfield, Missouri 65802

ABSTRACT

EMF measurements were performed at 5°, 15°, 25°, 35°, and 45°C on the
cell of the type Pt|H; (g, 1 atm)|HCl (m), DMSO (X), H,O (Y)|AgCLAg,
where X = 5, 10, and 20 w/o (weight per cent) dimethyl sulfoxide (DMSO).
The standard potentials were evaluated by means of a curve-fitting program.
The mean molal activity coefficients of HCI have been determined for molalities
from 0.001 to 0.1 mol kg—1. The cell has also been used to derive (i) the
primary medium effect on HCI, (ii) the relative partial molal enthalpy (Ls2)
of HCI, and (iii) the thermodynamic constants AG°, AH®, and AS° for the trans-
fer of HCI from water to the respective solvent compositions (X = 5, 10, and
20). The standard emf has been expressed as a function of temperature. The
electrostatic contribution of the Gibbs free energy of transfer has been calcu-
lated, based on Born’s model, and the results have been interpreted in terms

of acid-base interactions, as well as the structure-breaking processes of the

solvents.

The behavior of electrolytes in dipolar, aprotic sol-
vent-water media such as tetrahydrofuran (THF)-
water (1), 1, 2 dimethoxyethane (DME)-water (2, 3)
are of interest in understanding acid-base interactions,
ionic solvation, and association phenomena of solution
chemistry. Mixtures of dipolar aprotic solvent (DMSO)
with water (4, 5), have been found to strongly acceler-

Key words: dimethyl sulfoxide, medium effect, activity coef-
ficient, mixed solvents standard emf, thermodynamic.

ate the rates of many reactions involving nucleophiles
or bases (6, 7). Although the chemistry of pure DMSO
has been the subject of numerous investigations (8-10),
no thermodynamic information for this electrolyte in
DMSO-water mixtures (X = 5, 10, and 20), where X
= weight per cent (w/0) of DMSO, has been reported
to date. The present work is based on emf measure-
ments on the cell, without liquid junction, Pt|H; (g, 1
atm)|HCl (m), DMSO (X), H.O (Y)|AgCLAg at 5°,
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15°, 25°, 35°, and 45°C. As a prerequisite to studies of
acid-base equilibria, solvent effects on rates, instability
constants, solubilities, and structures of solvents, we
have reported the results on (i) the standard emf of
the cell for X = 5, 10, and 20, (ii) the activity coeffi-
cient of HC], (iii) the primary medium effect, (iv) the
relative partial molal enthalpy of HCl, and (v) the
thermodynamic functions for the transfer of one mole
of the acid from the aqueous standard state to the
standard state in the mixed solvents.

Experimental

DMSO (Fisher spectroanalyzed) was used without
further purification, and the label indicated the water
content to be 0.02%. The solvent had a dielectric con-
stant of 46.7 at 25°C.

An aqueous stock solution of hydrochloric acid was
prepared from twice-distilled, constant-boiling acid.
Analytical reagent grade acid was used to make up the
constant-boiling acid. The acid was standardized by a
gravimetric determination of chloride as AgCl. The
average difference among replicate determinations was
less than +0.03%. The bromide content was found to
be less than 0.002 m/o (mole per cent). The distilled
water used in the preparation of the solutions had a
conductance of 0.7-0.8 X 10-6 ohm—1 cm—!, The mixed
solvents were prepared by weighing DMSO, water, and
hydrochloric acid. All solutions were freshly prepared
before each run. The acid concentration was known
to within +0.02%.

The silver-silver chloride electrodes were of the
thermal electrolytic type (11) and were aged in 0.1m
HC], which was deoxygenated by bubbling hydrogen.
Two days after preparation, the finished electrodes
were intercompared and had bias potentials usually
less than +0.02 mV. The hydrogen electrodes were
lightly coated with platinum black, according to the
recommendations of Hills and Ives (12).

The purification of the hydrogen gas and other ex-
perimental details have been described previously
(13).

All measurements were made with two Ag-AgCl
electrodes and two hydrogen electrodes. The equilib-
rium was reached in about 3-4 hr after the initiation of
hydrogen bubbling. The potentials of the cell were
measured at 5°, 15°, 25°, 35°, and 45°C by means of a
K-3 Universal Type Potentiometer which was cali-
brated against an Eppley standard cell. A mirror-type
galvanometer with a sensitivity of +0.02 mV per divi-
sion was used. The thermostat maintained a tempera-
ture within +0.01°C.

The emf usually was measured at 25° at the begin-
ning, in the middle, and at the end of each run. These
three readings agreed within +0.09 mV. The average
value is given in Table I. The criterion for the attain-
ment of equilibrium was a steady reading to the nearest
0.1 mV for a period of about 1 hr. Each emf value
recorded in Table I is the average of two pairs of elec-
trodes in the same cell. Observed values of emf have
been converted to a hydrogen partial pressure of 1 atm.
The dielectric constant (D) of the mixed solvent at
each Celsius temperature, t, was calculated from the
equations

log D (X = 5) = 1.8938 — 0.00204(t — 25°)  [1]
log D (X = 10) = 1.8925 — 0.00204(t — 25°) [2]
log D (X = 20) = 1.8888 — 0.00204(t — 25°) [3]

derived from the data of Tommila and Pajunen (15).
The density, p,, of each of these mixtures, at different
temperatures, was obtained by an interpolation and
extrapolation procedure from the literature (15).
DMSO has a very low vapor pressure. In order to
correct the emf to a hydrogen partial pressure of 1 atm,
vapor pressures of the solvent components were as-
sumed to obey Raoult’s law, and were so calculated.
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Table I. Electromotive force (volts) of the cell
Pt | H2 (g, 1 atm) | HCI (m), DMSO (X), and H20 (Y) | AgCl, Ag
at different temperatures

X and Y are weight percentages

mue®
moles/kg 5° 15° 25° 35° 45°
X=
0.00501 0.4900 0.4929 0.4945 0.4966 0.4994
0.01001 0.4577 0.4586 0.4605 0.4617 0.4635
0.0300 0.4071 0.4064 0.4073 0.4063 0.4058
0.0400 0.3932 0.3933 0.3946 0.3929 0.3905
0.0476 0.3861 0.3853 0.3866 0.3841 0.3819
0.0601 0.3755 0.3742 0.3743 0.3732 0.3710
0.0811 0.3609 0.3600 0.3604 0.3586 0.3558
0.0922 .3560 0.3544 0.3535 0.3521 0.3488
X =10
0.00500 0.4893 0.4901 0.4922 0.4933 0.4951
0.01001 0.4566 0.4566 0.4580 0.4589 0.4582
0.0400 0.3937 0.3925 0.3899 0.3875 0.3852
0.0501 0.3849 0.3818 0.3789 0.3759 0.3745
0.0601 0.3769 0.3737 0.3701 0.3666 0.3632
0.0801 0.3632 0.3599 0.3557 0.3509 0.3480
0.1001 0.3523 0.3498 0.3448 0.3403 0.3372
0.1502 0.3345 0.3320 0.3255 0.3200 0.3140
X =20
0.00386 0.4995 0.5010 0.5037 0.5072 0.5092
0.01001 0.4546 0.4558 0.4575 0.4586 0.4590
0.03002 0.4059 0.4056 0.4054 0.4036 0.4015
.0400 0.3940 0.3928 0.3924 0.3894 0.3867
0.0500 0.3843 0.3827 0.3826 0.3815 0.3742
0.0601 0.3736 0.3725 0.3731 0.3694 0.3646
0.0801 0.3618 0.3603 0.3579 0.3546 0.3489
0.1001 0.3510 0.3496 0.3483 0.3431 0.3373
0.1501 0.3331 0.3305 0.3275 0.3219 0.3152

« Accuracy of molality within 0.05%.

Results

Standard emf.—The most common method used to
evaluate the standard potential involves the graphical
extrapolation of some linear plot of emf of the cell
against the concentration of hydrochloric acid, as in
the following equations (16)

E* = E + 2k log m — 2ksec*2/ (1 + a,Bc's)

— 2k log (1 + 0.002mMyy)
=E°m + f(m) [4]

where E°y, is the standard potential of the cell on the
molal (m) scale, E is the observed electromotive force
of the cell, ¢ is the molarity of HC], a, is the ion-size
parameter, My, is the mean molecular weight, k =
2.3026RT/F, and B and s; are the Debye-Hiickel con-
stants. In this paper, we report the results of E°m
determined by a theoretically justified polynomial
curve-fitting program, which does not require the
above information such as the ion-size parameter, the
Debye-Hiickel constants, the densities, and the dielec-
tric constants of the mixed solvents. It is indeed attrac-
tive to contemplate the derivation of E°y without the
information required in the Gronwall, LaMer, and
Sandved (17) extension of the Debye-Hiickel theory.
Sen, Johnson, and Roy (18) and our recent papers -

(19-21) have convincingly demonstrated that an equa-
tion of the form

E 4+ (2RT/F) Inm = E° + Ajm!/2
+ Asm 4+ Asm¥2 4 ... [5]

is theoretically sound and accurately expresses the
standard potential.

The activity coefficient (on molal scale) can be ex-
pressed by the equation (18)

Iny+ = A'm!/2 4+ Ay'm + Asmd/2 4 ... [6]

where coefficients in Eq. [5] and [6] are not arbitrary
adjustable parameters. The form of Eq. [6] has been
shown to be consistent with the theory (22).

Table II summarizes the values of the standard po-
tentials on three scales, namely the molal (m), molar
(c), and mole fraction (N) scales in DMSO-water
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Table 11. Standard emf of the cell; Pt | Ha (g, 1 atm) | HCI (m),
DMSO (X), H20 (Y) | AgCl, Ag at different temperatures

X = w/o DMSO
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Table IV. Primary medium effect (molal scale) of dimethyl
sulfoxide-water mixtures on hydrochloric acid at 5°, 25°, and 45°C

X = w/o dimethyl sulfoxide

t/°c E'm E°. E'x X 5°C 25°C 45°C

X = 5 (0.0003V) S 08244 8.037§ 0'8373

0 0.0263 .063 0.0435

18 03358 03950 000 20 0.0637 0.0983 00737
25 0.2179 0.2178 0.0136

b Qal02 oaa 2000 where the value of SE°p, is the same as E°m. The super-

s 16 1 i scripts w and s on E°y, represent water and the mixed
5 0.2312 - g ;:;)2'0006 0.0428 solvent, respectively. The subscripts w and s on y=
15 0.2210 0.2205 0.0274 mean that y+ is referred to unity at infinite dilution
22 oigras e 90i2s  in water and in a mixed solvent, respectively. These
45 0.2029 0.2028 —0.0130 values are presented in Table IV.

X = 20 (+0.001V) Relative partial molal enthalpy.—The relative partial
lg 8-211';(1; ggf;’;z 8‘8;32 molal enthalpies of HCI for 5 w/o DMSO at five differ-
25 0.2117 0.2096 0.0129 ent temperatures were computed with the following
35 0.2076 0.2067 0.0032 i
45 0.1990 0.1983 _Ooizp  equations (23)

mixtures. The values of E°y, are expressed as a function
of t(°C) by the equations

5% DMSO

E°n =0.2179 — 7.085 x 10—4 (t — 25°)
—9.782 x 10-7 (t — 25°)2 [7]
10% DMSO

E°m = 0.2147 — 6.840 x 10—4 (t — 25°)
+ 5.807 x 10-6 (t — 25°)2 [8]
20% DMSO

E°rn = 0.2119 — 6.704 X 104 (t — 25°)
+ 3.300 X 10-8 (¢t —25°)2 [9]

The standard potentials on the molar and mole frac-
tion scale, E°. and E°y, respectively, have been cal-
culated by means of the relationships

E°. = E°m + 2k log po [10]
and
E°x = E°m — 2k log (1000/M,y) [11]

where p, is the density of the mixed solvent at the
particular temperature, and My, is the mean molecular
weight of the solvent.

The mean molal activity coefficients of hydrochloric
acid, ¢y+, in DMSO-water mixtures at 25°C were com-
puted from the equation

log s+ = [E°m — {E + (2RT/F) Inm}]/(4.6052RT/F)
[12]

using the respective values of E°y listed in Table II
The smoothed values of {E + (2RT/F) Inm} at rounded
molalities were obtained from the constants of Eq. [5]
and the values of ¢y« are presented in Table III.

The primary medium effect (ion-solvent interaction)
is concentration-independent and measures the change
in escaping tendency of HCI in the transfer from a
standard state in one solvent to a standard state in
another solvent. Thermodynamically, it can be repre-
sented as

WE°m — SE°py = lim (4.6052RT/F) log Syy= [13]

m-0

Table I1l. Mean activity coefficients (sy=) of hydrochloric acid
in 5, 10, and 20 w/o dimethyl sulfoxide at 25°C

MHCI,

moles/kg X=5 X=10 X =20
0.001 0.957 0.950 0.927
0.002 0.942 0.933 0.902
0.005 0.917 0.905 0.857
0.01 0.892 0.879 0.817
0.02 0.859 0.852 0.772
0.0: 0.824 0.820 0.718
0.1 0.801 0.797 0.692

Ly=H—H= =H —H° = —2RT2(In¢y=)/0T [14]

The (8ln ¢v+/8T) value required by Eq. [14] was ob-
tained from the first derivative of the least square
polynomial

—logsy+ = A + BT 4 CT? [15]

where T is the thermodynamic temperature. The con-

stants of Eq. [15] are given in Table V, together with

the standard error of the calculated values of log sv=.
Combination of Eq. [14] and [15] yields

Ly = (2RT?In 10) (B + 2CT) [16]
The values of L, are given in Table VI.

Standard Gibbs energy, entropy, and enthalpy of
transfer of HCl from water to the mixed solvent.—The
standard thermodynamic functions for the transfer
process (t)

HCI (in Hy0) » HCl (DMSO-water media)

in three DMSO-water mixtures were calculated from
the standard emf of the cell in water (16) and in the
mixed solvent together with the temperature coeffi-
cients of E°y, in water and the respective mixed sol-
vents. The Gibbs energy of transfer is defined by the
equation

AG°tuen = sG°uel — wGua
= sAG°Hcisoln) — wAG Hewsomy  [17]

where G°nc) represents the molar Gibbs energy in the

Table V. Constants of the equation —log sy =+ (molal scale) =

A+ BT 4+ CT2
X =8
muci, Std.
moles/kg A B x 10! C x 107 error
0.001 —-0.02612 1.8949 —1.1646 0.0001
0.002 —0.01209 0.9731 —1.1688 0.0001
0.01 —0.01793 2.4595 —3.2742 0.0002
0.01 —0.01239 5.2685 —4.6751 0.0001
0.1 —0.15180 12.2221 —8.7866 0.0001

Table V1. Relative partial molal enthalpy (L)@ of hydrochloric
acid in 5 w/o DMSO between 5° and 45°C

miuci,

moles/kg 5° 15° 25° 35° 45°
0.001 370 389 409 428 447
0.002 481 524 568 616 656
0.01 671 718 766 816 868
0.05 791 819 845 868 889
0.1 2173 22176 2377 2475 2570
a Ly is expressed in j/mole. 1 thermochemical calorie = 4.1840

Jjoules.
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Table VII. Thermodynamic quantities® (mole fraction scale) for
the transfer of HCI from water to dimethyl sulfoxide-water
mixtures at 25°C

X = w/o DMSO

X AG°t AG°er AG°chem AH®¢ AS°y D
5 231 6 225 —1630 -6.2 78.30
10 324 17 307 —829 -39 78.07

20 294 87 207 —471 —2.6 77.41

@ \G° and AH® are expressed in joules mole-! and AS° in joules
K-1 mole-1.

mixed solvent (s) and water (w), respectively. The ef-
fect of the solvent on transfer Gibbs energy has been
calculated on the mole fraction scale which does not
contain the change of the number of solvent molecules
by different solvents; therefore, it will eliminate Gibbs
energy changes due to concentration changes. The
pertinent relationship for the transfer Gibbs energy
is given by

AG°y = F(YE°N — SE°N) [18]

The values of this quantity are given in Table VII
The transfer of charged particles, the hydrogen
ion and chloride ion, from water to DMSO-water
mixtures can be thought of in three stages: (i)
desolvation of the ions in water, (ii) transfer of
H+ and Cl- to the mixed solvent (s), and (iii)
resolvation of the ions in the mixed solvent (s). The
parameters that adequately describe the effect of this
changing solvent composition on the transfer Gibbs
energy are not yet well understood. It is convenient,
however, to divide the transfer energy into two parts
(24-26)
AG°y = AG°q + AG®chem [19]

The electrostatic term, AG°, represents the coulombic
forces between the ionic charge and the charge dis-
tributions on the solvent molecules. All other effects,
including the basicity and the difference in work re-
quired to create a cavity for the ions in the two media,
contribute to the second term (24, 27). The electro-
static contributions to the transfer energy has been
computed from the Born equation

AG®e = (Ne2/2) (Ds~! — Dy~ 1) (r+ 1 4 r-~1) [20]

where Ds and Dy represent the dielectric constants of
the mixed solvent and water, respectively. The radius
of the “hydrogen ion” (74+) is taken as 2.76A (28) and
that of the chloride ion (r-) is taken as 1.81A (29).
The values of AG°chem have been obtained by subtract-
ing the electrostatic free energy from the total transfer
quantity. Table VII summarizes the values of these
quantities.
By the application of the usual thermodynamic rela-
tionship
AS°y = —d(AG®°y)/dT [21]

to the temperature variation of E°n, one obtains

AS°t = F[(a + 2bT — 50b — k)
— (aw + 2bwT — 50bw — kw)1 [22]

where a and b are the second and third coefficients of
Eq. [7] to [9]. The values of aw and by are given in
the literature (16); the constant k = (2R/F)ln (1000/
Myy), and kv (a constant) is taken as 6.92 x 10—4 The
values of AS°; are given in Table VII.

The values of the transfer enthalpy, shown in Table
VII, were obtained from the relation

AH°t = AGDQ + TAS% [23]

The values of the electrostatic energy, AG°e, may be
accurate, but the experimental uncertainties in the
values of AH°¢ and AS°q will be greater; hence, no
attempts were made to calculate these quantities. The
correct evaluation of the values of AG°¢ is hampered

STANDARD POTENTIALS OF Ag-AgCl ELECTRODE 697

by the uncertainties of effective ionic radii and the
variation of the dielectric constant with distance from
the ionic surface (dielectric saturation). Nevertheless,
the values of AG°¢ (and hence AG°chem) can be con-
sidered sufficiently significant to draw some general
conclusions which are qualitatively correct.

Discussion

The values of the activity coefficient, Table III, for
X =5, 10, and 20 at 25°C decrease (at a given molal-
ity) with the increasing proportions of DMSO. The
general pattern of this trend is similar to that found
in our other investigations, such as glycerol-water
(30), isopropyl alcohol-water mixtures (31). Hydro-
chloric acid shows the characteristic of a strong elec-
trolyte in the experimental DMSO-water mixtures and
its behavior is very similar to that in water. An error
of +0.09 mV in emf value corresponds to an error of
=+0.003 in the values of gy=.

An examination of Table IV shows that the escaping
tendency of HCI is greater in DMSO-water mixtures
than in pure water, because the primary medium effect
of DMSO-water mixtures on HC] becomes greater with
gradual addition of DMSO.

The total transfer Gibbs energy appears to be posi-
tive for all experimental solvent compositions in the
DMSO-water system. Hydrochloric acid thus appears
to be in a higher Gibbs energy state in the mixed sol-
vent than in water. The positive values of AG°chem also
suggest that, as far as the acid-base reaction or solva-
tion is concerned, the transfer of HCIl from water to
DMSO-water mixtures is not favored. In other words,
water is more basic than the mixed solvent. The values
of AG°, are accurate to within +24 joule mole—1.

The values of AH°; and AS° reflect contributions
from the effects of the ions on the structure of the sol-
vents while the values of AG°; provide information in
regard to acid-base theory of ion solvation. The func-
tion, AG°y, is a simpler one, and may not be affected by
structural factors (32-34). It may also be regarded as
the resultant of the other two, and more complex.
Table VII shows that the values of AH°; and AS° are
negative, which suggests that, on the transfer process,
the net amount of order created by HCI is more in the
mixed solvent than in water. Hydrochloric acid thus
breaks more structure in water than in DMSO-water
mixtures. This is further supported with the view (35)
that all structure-forming processes, including solva-
tion of ions are exothermic and are accompanied by a
decrease in entropy.

SYMBOLS

wE°y, SE°x  standard electrode potential in water and
in a mixed solvent (mole fraction scale),
volts

WYE°m, SE°y  standard electrode potential in water and
in a mixed solvent (molal scale), volts

Qo ion-size parameter, angstroms

X w/0 DMSO in a mixture with water

sY= mean ionic activity coefficient of HCl
(molal scale) in a mixed solvent relative
to unit value at infinite dilution in a mixed
solvent (subscript, s)

D, Dy dielectric constant of the mixed solvent
and water, respectively

Mxy mean molecular weight of the solvent kg *
mole—1

G radius of the cation (H*) and anion

(C17), respectively, angstroms
Ly relative partial molal enthalpy, cal/mole
the constants of Eq. [5]
empirical constants of Eq. [15]
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Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972
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Diffusion Kinetics at Microelectrodes

Chris R. Ito, S. Asakura, and Ken Nobe*

School of Engineering and Applied Science, University of California, Los Angeles, California 90024

ABSTRACT

The effect of the electrode size on the diffusion current of the cathodic
reaction Is— 4 2e = 3I— was investigated under transient conditions. Plane
circular surfaces of platinum electrodes with diameters, d, ranging from 1.27
to 0.0127 cm were used. The diffusion current under potentiostatic conditions

could be expressed as B .

. nF A\/DC ( 1 o 2M\/=D )

1= —_—

V2 Vit d

where M is an empirical parameter which is a function of d. For d < 0.1 cm,
M = 1 and the diffusion mode was equivalent to semi-infinite spherical dif-
fusion. On the other hand, for d > 0.3 cm, M = 0, and semi-infinite linear
diffusion was the controlhng mode. The change in the diffusion mode occurred

rather abruptly at about d = 0.2 cm.

Diffusion kinetics at a microelectrode often plays an
important role in electrochemical processes (e.g., elec-
troanalytical chemistry methods, electrodeposition, and
electropolishing). It is known that the mass transfer
processes at microconfigurations differ to a great ex-
tent from those at macroconfigurations. However, com-
paratively few fundamental studies have been reported
on the subject. By dimensional analysis, Agar (1) de-
termined that the mass transfer mode under steady-
state conditions changed from convection control to
diffusion control as the electrode size decreased. Ibl (2)
applied boundary layer theory in his investigation of

* Electrochemical Society Active Member.
Key words: chronoamperometry, tri-iodide, platinum.

the mass transfer process at thin wire electrodes. He
determined that the deviation of the diffusion current
at plate electrodes increased as the diameter decreased.
Jacquet (3) observed the thickness of the anodic dif-
fusion layer during electropolishing and found that it
was greater over valleys than over peaks. Beacom (4)
studied the thickness of the diffusion layer over small
notches by the Schlieren method. Wagner (5) ex-
amined theoretically the mass transfer process at a
rough surface where the surface roughness was ap-
proximated by a sine wave.

A number of papers (6) have been published on elec-
troanalytical studies using stationary microelectrodes.
However, only a few of these studies have considered
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the difference between diffusion kinetics at microelec-
trodes and macroelectrodes.

Under transient conditions, diffusion at planar elec-
trodes has usually been approximated by semi-infinite
linear diffusion, regardless of the electrode size. Cot-
trell (7), Laitinen and Kolthoff (8), and Laitinen (9)
showed the constancy of the product of the current and
the square root of the time under potentiostatic con-
ditions. However, Vielstich and Delahay (10) pointed
out the limitations of applying semi-infinite linear
diffusion to small elecrodes. Lorenz (11) reported that
surface roughness on the order of the diffusion layer
thickness increased the transition time during galvano-
static polarization. Although Laitinen and Kolthoff
(8) attempted to verify the applicability of semi-in-
finite spherical diffusion to spherically shaped micro-
electrodes, convection effects precluded these experi-
mental measurements. Bard (12) surmised that the
increase in the chronopotentiometric transition time
constant at long transition times is due to spherical
diffusion and natural convection. In order to predict
more accurately the current-time behavior of finite
planar electrodes during chronoamperometric experi-
ments, Lingane (13) expanded the chronoamperometric
constant as a power series in terms of the reciprocal of
the radius and neglected the second and higher order
terms. This expression was almost identical to that ob-
tained for semi-infinite spherical diffusion, the former
differing only slightly from the latter in the numerical
value of the coefficient of the first-order term. The
separate contributions of spherical diffusion and con-
vection could not be determined from Bard’s (12) and
Lingane's (13) results and, therefore, their dependence
on the electrode size could not be ascertained.

As shown in this brief review, only a few studies
have been reported on diffusion kinetics at microelec-
trodes under transient conditions in spite of the im-
portance for transient studies of electrode processes. In
this work, the effect of the electrode size on the diffu-
sion kinetics has been studied under transient condi-
tions where the time did not exceed 1 sec. In order to
exclude the complication resulting from a slow charge
transfer process, a highly reversible redox reaction,
I3~ + 2e = 31—, was examined.

Experimental

The test cell was a 3 liter Pyrex kettle jar and a
specially constructed cover with nine ground glass
joints for the positioning of a thermometer, a gas bub-
bler for deaeration, an auxiliary electrode, a reference
electrode, and five test electrodes.

The reference electrode was platinum wire. This wire
was placed inside the Luggin capillary. The end of the
capillary was placed as close as possible to the test elec-
trode in order to minimize the ohmic potential drop
within the electrolyte between the test and reference
elelctrodes. The counterelectrode was a large platinum
foil.

The test electrodes were of reference grade platinum
and had a plane, circular surface with diameters rang-
ing from 1.27 to 0.0127 cm. The electrodes of small
diameter, 0.058, 0.0254, 0.0127 cm, were prepared by
sealing the platinum wire in a glass tube of 0.6 cm
diameter. The glass tubing was then sanded and pol-
ished so that only the cross section of the wire was ex-
posed. For larger diameter wires of 0.206 and 0.129 cm,
the platinum wire was sealed in glass tubing with
Apiezon wax. The wire was held in the glass tubing
and the melted wax was sucked up into the tubing. The
electrode was sanded and polished as before. Mercury
was used to make contact between the platinum and
the copper lead wire. For the electrodes of 1.27 and
0.635 cm diameter, a circular piece of platinum foil was
glued onto the polished cross section of an iron rod
with conductive epoxy cement. Then, shrinkable Teflon
was fitted around the electrode and only the platinum
surface was exposed. A holder for these electrodes was
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constructed of Teflon rod. Electrical contact was made
by a pressure-fitted copper wire.

The electrolyte was 1IN potassium iodide containing
various amounts of iodine, ranging from 0.1 to 0.001M
(molar). The added iodine reacted with I~ to produce
I3~ forming the I3—/I— redox couple (14, 15). Before
each run, the electrolyte was deaerated with pre-
purified nitrogen for approximately 3 hr.

The potential was controlled and generated with a
high speed potentiostat and a mercury relay. The rise
time of the potential step imposed on the system was
less than 10 usec. The current was recorded with a high
speed oscillograph (frequency response of 500 Hz).

Results

In this paper, the cathodic current is taken as a posi-
tive value. A decrease in current due to the diffusion of
I3~ after the imposition of a potential step was ob-
served. Typical current variations with time are shown
in Fig. 1. The current was the function of time (t), ap-
plied potential (E), and the concentration of I3~ (C).
As can be seen in Fig. 1, the current-time curve does
not shift when E is negative enough. In order to ex-
amine only the diffusion process, attention was focused
on this limiting current, i. The limiting current thus
obtained is plotted vs. 1/7/t in Fig. 2 and 3, for all
electrode diameters at C = 0.02M. All plots show a
linear relation in the range of 0.01-1 sec. While the
plots intersect the origin, 1./t = 0, i = 0 for large
diameter electrodes, they do not for the small diameter
electrodes. The following relationship was obtained
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Fig. 1. Current variation with time
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i=SAA/t+ f(d) (11

where S is the slope of the plot and f(d) is some func-
tion of the diameter. For electrodes of large diameters,
f(d) is zero. The slope, S, is plotted vs. the electrode
diameter (d) on a log-log scale in Fig. 4. A linear re-
lation with a slope 2 was obtained, i.e.

S = kid? [2a]
which can be rearranged to the form
S = ky'(n/4)d2 = ky'A [2b]

where A is the electrode area. The dependence of k;’ on
C is shown in Fig. 5. The log of S/A is linearly related
to the log of C with a slope of unity. Then, S can be
expressed as

S
= koC [3]
10'E
10°E
g—‘ =
i Ry
1 g
% 53
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Fig. 4. Dependence of slope S on the electrode diameter
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Fig. 5. Dependence of S/A on concentration

where k; is a constant determined experimentally
(534 A-cm-sec!/2/mole) and is independent of E and d.

The current (i) can be extrapolated to 1//t = 0 to
determine f(d) as seen in Fig. 3. The extrapolated
current (ix) gives the relation

f(d) =ix/S [4]

A linear relation was obtained between ix and d, as
shown in Fig. 6, when the diameter is less than 0.129
cm, i.e.

ix = kad, for d =0.129 cm [5]

where kj3 is a function of C and independent of d. To
determine the dependence of k3 on C, log (ix/d) is
plotted vs. log C in Fig. 7. This plot gives a linear
relationship with a slepe of unity. Thus, a propor-
tionality between k3 and C was obtained and

ix = kqydC [6]
Equations [4] and [6] give
f(d) = kqdC/S, ford = 0.129 cm [7

where ks is a constant determined experimentally
(7.15 A-cm2/mole) and is independent of d and C. Since
f(d) is zero for large electrode diameters, the cur-

CURRENT EXTRAPOLATED TO INT = 0 (mA)

® 0002M

4|
10 1
162 i
DIAMETER (cm

Fig. 6. Current extrapolated to l/\/? = 0, ix, vs. electrode
diameter.
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top nFA\/DC
tip = ——o—— [9]
Va/t
) nFA\/DC 1 2v/Dxn
LSDh:__—('—_'I"\/—) [10]
\V2 Vi d
E 6 b where n and F have their usual significance and A and
] D are the electrode area and the diffusion coefficient
o of I3~, respectively.
The current can be expressed generally for all elec-
trode diameters examined in this study by introducing
an empirical parameter M
nFA\/DC 1 2M\/aD
162 - i L :_\i_(_; _L) [11]
16 162 6! Va3 Vit d

CONCENTRATION ( MOLAR)

Fig. 7. Plots of ix/d vs. concentration

rent (i) in Eq. [1] can be expressed empirically as

i = koCA [1/A/t + M (ka/ks) (d/A)] [8]

where M is a function of the diameter and can have
values between zero and one. The dependence of M
on diameter is shown in Fig. 8. It was found that M
decreased rather abruptly from unity to zero as the
electrode diameter increased. This abrupt decrease oc-
curred at about the electrode diameter of 0.2 cm.

Discussion

It is known that when a circular plane electrode is
large and the polarization duration is short, mass
transport at the electrode is controlled by semi-infinite
linear diffusion. However, when the electrode dimen-
sion is small, mass transfer is approximated by semi-
infinite spherical diffusion. The limiting current for a
potential step is given by Eq. [9] for semi-infinite
linear diffusion and by Eq. [10] for semi-infinite
spherical diffusion (16)

08

06 -

EMPIRICAL PARAMETER (M)

0.2

ol | K .
02 67 A 4 i >
DIAMETER (cm)

Fig. 8. Variation of the empirical parameter M with electrode
diameter.

In the case of d = 0.1 cm, the diffusion mode is semi-
infinite spherical diffusion and M = 1. For d > 0.3 cm,
M = 0 and semi-infinite linear diffusion is the con-
trolling mode. The change from semi-infinite spherical
to semi-infinite linear diffusion occurs around d = 0.2
cm. It is evident that when plane circular electrodes
similar in size to those examined in this investigation
are used, the change of the diffusion mode with the
electrode dimensions is an important consideration.
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ABSTRACT

Apparatus and experimental technique for measurements of local natural
convection mass transfer on vertical and upward-facing inclined surfaces are
described, and corresponding results are presented and discussed. The experi-
ments were performed using the electrochemical technique, with Cu* + as the
transferred ions and sulfuric acid as the supporting electrolyte. The objective
of the research was to obtain highly local information. Two types of mass
transfer probes were employed, the smaller of which were about % mm in
spanwise width, with a probe-to-probe spacing of 1/20 mm. These miniature
probes were used in the measurement of spanwise mass transfer variations
encountered in the laminar-turbulent transition regime on inclined surfaces.
Local laminar mass transfer results and instability Rayleigh numbers for
vertical and inclined plates were measured by means of a set of small cir-
cular probes. All data were collected for limiting current operation, and the
requisite concentration levels of Cu** ions were examined and documented.
In addition, the influence of cathode-to-anode orientation was investigated,
as were the edge effects associated with the lateral edges of the test surface.

Local Natural Convection Mass Transfer Measurements

Electrochemical techniques have been used by nu-
merous investigators in recent years to study mass
transfer between a surface and a liquid environment,
as witnessed, for instance, by a recently published
summary paper by Mizushina (1). One of the attrac-
tive features of these techniques is the capability of
obtaining local mass transfer results, that is, mass
transfer results for a small region of the over-all sur-
face being studied. The present concern with local mea-
surements is motivated by the nature of the phenome-
non being investigated. It has been shown by flow
visualization studies (2) that for natural convection
adjacent to an inclined upward-facing surface, the
breakdown of the laminar regime is marked by the
presence of a secondary flow. That is, superposed on
the main streamwise flow, there are alternate regions
of inflow and outflow distributed more or less periodi-
cally across the horizontal span of the surface. It would
be expected that such an inflow-outflow pattern would
give rise to a spanwise variation of surface mass trans-
fer. The typical spanwise dimension of the inflow-out-
flow cells observed in this investigation is 1 mm. There-
fore, to resolve the spanwise mass transfer distribution
within a cell, several local measurements must be made
within a span of 1 mm. Thus, it is necessary that the
mass transfer probes be very small and, also, that they
be very close together.

The instrumentation and experimental technique for
performing highly localized measurements of the type
discussed above is described here in detail. Also, rep-
resentative spanwise mass transfer distributions are
presented for the laminar-to-turbulent transition
regime in natural convection flow on inclined surfaces.

Quite apart from the just-mentioned spanwise dis-
tributions, another type of local measurements was
made which is appropriate to either the laminar or
turbulent regimes. The instrumentation and technique
for this measurement is also described. Local mass
transfer results are presented for laminar natural con-
vection flow on vertical and inclined surfaces. From
these results, the Rayleigh number marking the break-
down of the laminar regime is identified.

A survey of the available literature failed to disclose
local electrochemical mass transfer measurements
characterized by probe sizes and by probe-to-probe
proximities as small as those of the present investiga-

Key words: natural convection, inclined surface, mass transfer,
limiting current.

tion. Only in connection with wall shear stress mea-
surements, where electrodes are embedded in an inert
wall, have comparably small electrodes been employed
(3). Representative prior studies, where either local
or quasi-local electrochemical mass transfer measure-
ments are reported, may be found in Ref. (4-6) for
natural convection flow and in Ref. (7, 8) for forced
convection flow.

Experimental Apparatus

An over-all schematic diagram of the experimental
apparatus is pictured in Fig. 1. The electrochemical
fluid, an aqueous solution of cupric sulfate and sulfuric
acid, both reagent grade, was contained in a polyethyl-
ene tank (61 X 45.6 X 45.6 cm, length x width X
height). The cupric ions play the role of the transferred
ion and plate out on the cathode, thereby giving rise to
concentration and density gradients in the fluid ad-
jacent to the cathode. In turn, the density gradient
creates a buoyancy force which causes the natural
convection flow.

As seen in the figure, the main components of the
apparatus included the cathode (which is the test sur-
face), anode, reference electrode, circuitry, instrumen-
tation, power source, and voltage control. These sev-
eral components will now be described, starting with
the test surface.

A front-face schematic of the test surface is shown
in Fig. 2. As pictured therein, the test surface con-

VOLTAGE CONTROL
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'
THERMOMETER
REF. ELECTRODE i
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i
| == |
| CIRCUIT DETAILS
| SEE FIG. 6 7
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____________ J
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CATHODE

ELECTROLYTE

Fig. 1. Over-all schematic of the experimental apparatus
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Fig. 2. Front-face view of the test surface

sisted of eleven individual segments set into an elec-
trically passive framework. All segments were fab-
ricated from nickel 200 and were 0.635 cm thick and
15.2 cm in spanwise width. The seven probe-bearing
segments were 2.54 cm high, whereas the four unin-
strumented segments, which served to vary the stream-
wise locations of the mass transfer probes, were 0.635
cm in height. The positions of the segments could be
interchanged at will, so that their arrangement in Fig.
2 is only for illustration. The active surface had a
streamwise height of 20.3 cm and a spanwise width of
15.2 cm. The width of the surrounding Teflon frame
was 2.54 cm.

Six of the segments were instrumented with small
circular electrodes (0.343 cm diameter) which served
as local mass transfer probes for flow conditions char-
acterized by spanwise uniformity (i.e., either laminar
or turbulent flow). The circular probes were situated
at the centers of the respective host segments and,
in one case, two supplementary probes were installed
2.54 cm to either side of the center. The installation
of the circular probes is illustrated in Fig. 3, which
is a schematic view of the back face of one of the
host bars. The probe was electrically insulated from
the host bar by a 0.0127 em annular gap filled with
epoxy. The back side of the probe and the attached
end of the current-carrying lead wire were embedded
in epoxy. Glyptal insulating paint was applied to the
epoxy and to the entire back face of the host bar.

The seventh instrumented segment contained an en-
semble of 55 very small probes whose function was to
measure the spanwise mass transfer distribution in
the laminar-turbulent transition regime on inclined
upward-facing surfaces. The probe ensemble consisted
of successive sheets of nickel 200 and of polyethylene
insulation. Each probe had a spanwise dimension of
0.0254 cm, with a spacing between probes (i.e., thick-
ness of the polyethylene foil) of 0.0051 cm. In the
streamwise direction, the probes were 0.318 cm in
length. The end pieces of the ensemble were also of
nickel 200, 0.635 cm thick, and cut in the same shape
as the probes. The ensemble was held together by
two nickel screws which were insulated from the
probes by Teflon tubing. A photograph of the probe
section is given in Fig. 4, wherein the active sensing
surface is along the bottom-most edge.

LEAD TO CURRENT SHUNT
HOST BAR =

CIRCULAR
PROBE _

Fig. 3. Diag showing i ion of circular probes

CONVECTION MASS TRANSFER MEASUREMENTS 703

A

0] I 2

3 cm

Fig. 4. Photograph of the ensemble of miniature probes
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Fig. 5. Diagram showing installation of miniature probes

The assembly of the probe section and its installation
in the host bar are illustrated in Fig. 5. A rectangular
hole slightly larger than the face of the probe section
was machined into the bar, with a clearance of about
0.02 cm being maintained. Glyptal insulating paint was
poured into the gap and a coating of epoxy applied
to the face of the probe section and on the hardened
Glyptal filler. The hardened epoxy was carefully fin-
ished with grade 600 wet or dry Tri-M-ite paper and a
fine hone, exposing the faces of all 55 probes. The
probe section was held in place by a bracket mounted
on the back of the host bar.

Lead wires were soldered to the probes and seg-
regated from each other by positioners as shown in
Fig. 5, the lead wires being affixed to the positioners
with epoxy. The figure shows the different positions
of lead wire attachment for three successive probes.
The entire back side of the probe section, the posi-
tioners, and the ends of the lead wires were painted
with Glyptal, embedded in epoxy, and painted again
with Glyptal to ensure that no unaccounted areas were
exposed to the electrolyte solution.

Each one of the eleven segments comprising the test
surface was equipped with a binding post on its back
face to facilitate connection to the external circuit. The
posts and wire were of nickel 200. Glyptal insulating
paint was applied to the binding posts, and plastic
tape was wrapped around them to retard corrosion
of the area of electrical contact.

The segmented test surface was housed in a Teflon
frame which has already been mentioned in connection
with Fig. 1. A groove was machined along the inner
circumference of the frame to receive the segments,
so that the exposed face of the test surface and of
the frame were in the same plane. The segments
themselves were carefully aligned to ensure that they
presented a smooth, continuous surface to the flow, and
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the alignment, once attained, was fixed by electrically
isolated, thumb-tightened set screws. The Teflon frame
was supported by a nickel-plated stand, which was
painted with Glyptal to make it electrically and chem-
ically neutral. The stand facilitated the positioning of
the test surface at various angles of inclination. Typi-
cally, the test surface was situated about 4 cm above
the floor of the tank, and its topmost edge was 15 to
20 cm beneath the surface of the electrochemical bath.

The anode was a 40-cm square copper sheet, 0.08
cm thick. For the data runs, the anode was positioned
as indicated in Fig. 1. However, a number of pre-
liminary runs were made to explore the influence of
anode position on the mass transfer results, and the
findings of these runs are reported in a later part of
the paper.

A reference electrode was placed in the electrolyte
solution to facilitate the measurement of the voltage
between the fluid bulk and the test surface. The ref-
erence electrode was a 0.1 cm diameter copper wire
housed in a Teflon tube. A small hole at the bottom
of the tube permitted the electrolyte to contact the
electrode. The reference electrode was typically posi-
tioned to the side of the test surface (about 5 cm
away) and at its half-height.

External Circuitry and Instrumentation

A schematic diagram of the electric circuitry is pre-
sented in Fig. 6. A 12V automotive storage battery,
supplemented by a rheostat and a trimming pot, served
as the power supply. The cathode voltage was mea-
sured with a 0-1.5V, 1%, d-c Simpson panel meter. A
calibrated Weston Model 901 d-c ammeter served to
measure the over-all current flow through the electro-
lyte.

The segments which make up the cathode were tied
together electrically, so that they were all of the same
potential. Adjacent segments were actually in contact,
but gaps are indicated in the figure in order to deline-
ate the separate segments. A current shunt was in-
corporated into the circuit for each of the probes. The
current shunts for the eight circular probes were 15-
ohm calibrated precision resistors. For the ensemble
of 55 miniature probes, 55-1%, 174-ohm calibrated pre-
cision resistors served as the current shunts.

For the steady mass transfer rates encountered
under laminar flow conditions, the voltage drops across
the current shunts were measured with a Leeds and
Northrup K-3 potentiometer, supplemented by a low
contact resistance, 24-position thermocouple selector
switch. For the unsteady mass transfer rates that are
characteristic of nonlaminar flows, the shunt voltage
drops were read with a Dymec Digital Voltmeter. This
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Fig. 6. Electric circuitry diagram
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instrument could be programmed to read repetitively
the output of a single probe at preselected intervals of
time. Alternatively, it could be programmed to read
successively the outputs of as many as 24 probes, with
the sweeping of the 24 probes being repeated as many
times as desired. To accommodate the 55 probes of the
ensemble to the Dymec, they were subdivided into two
sets of 24 and one set of seven. About 45 sec were
required to disconnect one set and to connect another.

Experimental Technique

During the course of each data run, copper was
plated out on the test surface. Removal of deposited
copper and refinishing of the surface was a necessary
aspect of the experimental procedure. The importance
of removing the deposited copper is heightened when
local mass transfer probes are used, as in the present
experiments. If not removed, a build-up of deposited
copper could eventually bridge over the insulation be-
tween a probe and its host bar or between adjacent
probes. Such a bridging over would cause the local
probe to become inoperative.

At the conclusion of each data run, the cathode and
anode were water washed and carefully dried with
soft paper towels, and the mass transfer probes were
checked for shorts. Prior to the start of a new data
run, the electrodes were painstakingly resurfaced. The
resurfacing operations were performed in such a way
as to ensure that the surfaces of the probes and the
host bars were coplanar. First, the test surface was
wiped clean of any airborne particles. Then, grade
600 wet or dry Tri-M-ite paper was used to refinish
all parts of the test surface except for the ensemble
of 55 miniature probes, for which a wet, very fine hone
was used (to avoid shorts between adjacent probes).
Immediately after the refinishing, methanol technical
was freely applied to wash away small particles of
copper sanding dust. Next, the epoxy insulation be-
tween the probes and their host bars was cleaned with
a stiff bristle brush and methanol technical, after
which all parts of the test surface were washed again
with liberal amounts of methanol technical and wiped
with paper gauze pads. Finally, all probes were
checked to verify the absence of shorts.

The anode was also subjected to a sequence of resur-
facing operations similar to those for the test surface,
with grade 180 wet or dry paper being employed in
the refinishing of both sides of the anode.

Prior to the initiation of the mass transfer process,
the electrochemical solution was stirred to ensure uni-
formity of concentration and temperature, and a wait-
ing period was allowed for the decay of motions due
to stirring. No data were collected until the starting
transient of the system had died away.

The data acquisition procedure for laminar and for
nonlaminar conditions differed because the mass trans-
fer rates were, respectively, steady and unsteady. Only
the unsteady situation merits discussion here. The
signal from any one of the circular probes was read
by the Dymec Digital Voltmeter at intervals of 0.2 to
0.3 sec for a period of 3 min to determine timewise
variations in the local rate of mass transfer. Alterna-
tively, the outputs of the eight circular probes were
read in succession, with the eight-probe sweep being
repeated again and again. Local time averages were
evaluated from instantaneous data collected from both
of these measurement procedures. For the ensemble of
miniature probes, the signals from the first 24 probes
were read successively by the Dymec in a period of
about 7 sec, and the scanning of this set of probes was
repeated until about 1% min had elapsed. Then, the
second set of 24 probes was connected to the Dymec
and readings were taken for 1% min, and so forth.

The composition of the bulk solution was obtained
by sampling. The concentrations of the copper ions
and sulfuric acid were determined, respectively, by
spectrometric and titration methods, described in Ref.
(9) and (10), respectively. Vertical concentration
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gradients were monitored, and data acquisition was
restricted to cases where the gradient was less than
0.00007M (molar) concentration of copper ions per
centimeter. No change in the mixed mean bulk con-
centration was detected during the course of a data run.

Limiting Current Conditions

To facilitate the evaluation of mass transfer coeffi-
cients, all final data were taken for the limiting cur-
rent operating condition. This condition corresponds to
a zero concentration of transferred ion (i.e., copper)
at the cathode, thereby eliminating the need for con-
centration measurements at the test surface. Limiting
current operation can be identified by a plateau in a
graph of cathode current vs. cathode voltage (mea-
sured with respect to the reference electrode).

The attainment of a limiting current plateau is
favored by higher concentrations of copper ions in the
fluid bulk. On the other hand, the rate at which copper
plates out on the test surface is also increased with
higher bulk concentrations. Such higher plating rates
can lead to short circuiting of the mass transfer probes.
Furthermore, high plating rates enhance the rapidity
at which the surface of the plated copper may become
roughened, thereby causing a change in the effective
surface area (11). It is relevant, therefore, to perform
the experiments at the lowest bulk copper ion concen-
trations which are compatible with the existence of
a limiting current plateau.

Figures 7 and 8 show typical current-voltage curves.
The bulk copper ion concentration ranged from 0.0066
to 0.0825M for these test conditions, while the sulfuric
acid concentration was about 1.5M for all cases. It is
evident that limiting current plateaus do not exist for
the 0.0066 and 0.0113M concentrations. On the other
hand, the curves for the 0.0375 and 0.0825M concentra-
tions indicate limiting current operation. The absence
of limiting current plateaus at low copper ion con-
centrations has already been noted by Fenech and
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Tobias (5). The cause of this behavior is not completely
understood at the present.

On the basis of Fig. 7 and 8 and of other such cur-
rent-voltage curves, it was established that limiting
current operation could be attained for bulk copper
ion concentrations above 0.03M. To ensure that all
final data actually corresponded to limiting current
operation, a current voltage curve such as those of
Fig. 7 and 8 was mapped out for each data run. A
sequence of six or seven steps was taken to define
limiting current conditions. At each step, the current
was monitored with a strip chart recorder, and a
steady reading was approached before advancing to
the next step. The length of the data acquisition period
under steady limiting-current conditions varied with
the type of flow observed; for laminar flow approxi-
mately 1% min, for turbulent flow approximately 3
min, and to monitor two sets of local spanwise read-
ings about 4 min.

Results and Discussion
Owing to the fact that all data were taken for lim-
iting current operation and in the presence of excess
supporting electrolyte, the local mass transfer coeffi-
cient kx can be evaluated as

kx = i/nFc, [1]

where i and c,, respectively, denote the measured val-
ues of the current density and the concentration of
copper ions in the fluid bulk. The quantities n and F
are the valence of the copper ions and the Faraday
number. A dimensionless representation for ky is pro-
vided by the Sherwood number Shy, which is defined
as

Shy = kxx/D [2]

in which x is the streamwise distance along the test
surface, with x = 0 corresponding to the leading edge
of the active surface.

The other dimensionless grouping relevant to the
natural convection process is the Rayleigh number. In
constructing the Rayleigh number appropriate to an
inclined test surface, we use the component of the body
force parallel to the surface (i.e., g cos §) and indicate
the presence of the inclination angle ¢ by the notation
Rag. Then, the local Rayleigh number is given by

Ragx = [pg cos 6 (p, — pw)x3/u2]Sc [3]

where Sc denotes the Schmidt number n/pD, and p.
and pw are the densities in the fluid bulk and at the
surface. The quantities D, p, and x appearing in Eq. [2]
and [3] were evaluated at the average of the concen-
trations at the wall and in the bulk. Typically, the
wall-to-bulk fluid property variations were on the
order of 1%. Detailed information about the evaluation
of the fluid properties is given in Ref. (12). The prop-
erty evaluations were based on data given in Ref. (5)
and in Ref. (19-24).

An initial set of experiments was performed to
explore the effect of cathode-to-anode orientation. An-
other objective of this set of experiments was to
examine the influence of edge effects associated with
the lateral edges of the test surface. The experiments
in question were performed for laminar flow conditions
and with the test surface vertical. However, instead
of the configuration pictured in Fig. 2, the test surface
assembly was turned through 90 degrees, so that the
main line of circular probes was situated along a
horizontal, each probe being at the same distance from
the leading edge. Five electrically active, instrumented
segments were employed, each with a central circular
probe, plus Plexiglas spacer bars which were used to
segregate the active segments. The active segments and
spacers were arranged so that, proceeding along the
horizontal span of the test surface, one encounters the
2.54 cm Teflon frame, 10.16 cm of active surface, a 2.54
cm spacer, 2.54 cm of active surface, a 5.08 cm spacer,
and the Teflon frame.
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Fig. 9. Spanwise uniformity tests for laminar flow adjacent to a
vertical plate.

Local Sherwood number results from four experi-
mental runs, performed over a period of several days,
are shown in Fig. 9. The dashed line appearing in
each graph represents the prediction of laminar verti-
cal plate theory corresponding to Sc = 2000 (13)

Shy/0.499 Ra,% =1 [4]

Adjacent to the graph for each run is a plan-view sche-
matic indicating the positioning of the cathode and
the anode. The line representing the cathode denotes
the active portions of the surface, and the break in the
line denotes a spacer. In runs A and B, the cathode
and anode were parallel, whereas in runs C and D they
were at right angles. Owing to the shorting out of a
mass transfer probe, only four data points appear in
the graphs for runs A and B.

Inspection of the figure indicates that the mass
transfer results show no systematic variation with
spanwise location, regardless of the position of the
anode or of the proximity of a probe to the lateral
edges of the test surface. Furthermore, the agreement
of the data with laminar theory is excellent, the aver-
age deviation being about 1.6%. These findings indi-
cate that for the conditions of the present experiments,
cathode-to-anode orientation and edge effects have a
negligible influence on the mass transfer results. Fur-
thermore, the excellent agreement with theory lends
confidence in the experimental technique, instrumenta-
tion, and thermophysical properties used in the data
reduction.

For all subsequent experimental runs, the test sur-
face was situated in its original configuration, and the
anode was positioned parallel to the cathode and as
far away as possible.

A second series of experiments was performed to
determine local laminar mass transfer results for ver-
tical and inclined surfaces and, in addition, to examine
the conditions marking the breakdown of the laminar
regime. The circular mass transfer probes were used
in these experiments. The results are plotted in Fig.
10 with Shy/0.499 Ragx on the ordinate and Ragx on
the abscissa. The motivation for the form of the ordi-
nate variable stems from the analytical prediction for
laminar natural convection mass transfer on a vertical
plate, Eq. [4], which, when generalized by replacing
g with g cos 6, becomes

Shx/0.499 Ragx"t = 1 [5]

Equation [5] corresponds to Sc = 2000, which is the
typical Schmidt number of the experiments. In view
of Eq. [5] and if laminar theory is obeyed, the data,
when plotted using the coordinates of Fig. 10, should
fall on a horizontal line having an ordinate value of
unity. A particular advantage of such a presentation
is that deviations from the laminar line are readily
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Fig. 10. Local laminar mass transfer results on vertical and
inclined surfaces.

observable, thereby facilitating the identification of
the onset of laminar-turbulent transition.

Results for surface inclination angles, relative to
the vertical, of 0, 10, 15, and 20 degrees are plotted in
Fig. 10. The data for each inclination angle are refer-
red to a separate ordinate scale, as designated by the
arrows. Results for inclination angles greater than
20 degrees are not shown in the figure since, for such
angles, the flow at the lowermost probe was not
laminar.

Inspection of Fig. 10 shows excellent agreement be-
{ween the laminar data and the analytical prediction
expressed by Eq. [5], adding further confidence in
the experimental technique, instrumentation, and
thermophysical properties. For the inclination angles
of 0 and 10 degrees, the experimental results are gen-
erally within 3% of the prediction in the laminar
range. At the 15 and 20 degree inclination angles,
where there are fewer laminar data, the agreement
is within 4%.

The present local mass transfer results for the verti-
cal plate, when integrated over a streamwise length L.
yield Sh;, = 0.665 Ra.%, which is in excellent agree-
ment with the over-all measurements of Wilke, Tobias.
and Eisenberg (14). On the other hand, the over-all
measurements of Fouad and Ahmed (15) on vertical
and inclined plates appear to lie outside the laminar
regime, so that no comparisons are possible.

Next, attention may be turned to the onset of lam-
inar-turbulent transition. One way of identifying the
onset of transition is from the systematic upward de-
parture of the data, as plotted in Fig. 10, from the
horizontal lines which correspond to laminar flow. A
second indication is given by the measurements of
current flow. For strictly laminar conditions, the cur-
rent readings were very steady. However, for Rayleigh
numbers just below those at which data lift-off oc-
curred, small fluctuations in the readings were ob-
served. The Rayleigh numbers at which these fluctua-
tions were first noted are indicated by short vertical
lines for each angle of inclination. These Rayleigh
numbers are regarded here as marking the onset of
transition and are listed in Table I.

The table indicates that the transition Rayleigh num-
ber decreases with increasing angle of inclination.
The drop-off is especially sharp between 10 and 20
degrees, and this might well be due to the change in
the nature of the laminar instability as observed via
flow visualization (16).

The transition Rayleigh numbers of Table I, which
correspond to mass transfer at Sc = 2000, do not corre-

Table I. Rayleigh numbers at the onset of transition

6 (degrees) Rao.x
0 1.5 x 101
10 5.0 x 10"
15 9.1 x 10%
20 3.5 x 10°
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late too well with those encountered in heat transfer
experiments at Prandtl numbers in the range 0.7-5
(16). (The Schmidt and Prandtl numbers play anal-
ogous roles in the mass and heat transfer processes.)
In particular, at inclination angles of 0 and 10 degrees,
the Ragx of Table I are substantially higher than the
available transition values from heat transfer studies.
Thus, the Rayleigh number might not, in itself, be a
sufficient criterion for transition, and there might be
a separate dependence on the Schmidt (or Prandtl)
number. This possibility has already been suggested
by Fouad and Ibl (17). Also, it is quite possible that
the natural disturbances in the fluid environment may
be smaller in the mass transfer case than in the heat
transfer case, thereby favoring a later transition in the
former.

The transition Rayleigh number of Table I for the
vertical plate falls in the range encountered in other
electrochemical mass transfer experiments; however,
as noted in Ref. (18), there is a substantial spread in
the results from different investigations.

The last set of experiments to be reported here are
those in which the array of miniature probes was
used to measure spanwise mass transfer distributions
on inclined surfaces in the laminar-turbulent transi-
tion regime. Some preliminary experiments for lam-
inar flow adjacent to a vertical surface gave data which
agreed very well with the analytical predictions. The
deviations were only a few per cent, and this might
well have been due to uncertainties in the visual de-
termination of the electrically active surface area of
the miniature probes.

Representative transition regime results for inclined
surfaces are pictured in Fig. 11, which is for an
inclination angle of 30 degrees relative to the vertical.
The figure shows instantaneous spanwise mass transfer
distributions. The ordinate is the current density,
which is directly proportional to the mass transfer
rate. The abscissa is the spanwise location, measured
relative to the first probe in the ensemble, Data from
probes 1 through 24 are plotted in the left-hand part
of the figure, while data from probes 25 through 48
are shown in the right-hand part. To provide a clearer
picture, dashed lines have been faired through the
points for a given instant of time.

The instantaneous distributions presented in Fig. 11
were constructed from cross plots of the data collected
from the successive sweeps of the probe ensemble. The
time lapses between the successive instantaneous dis-
tributions are indicated in the figure, as is the Rayleigh
number.

From the figure, it is seen that the instantaneous
mass transfer rate varies in an oscillatory manner
across the span of the plate. The amplitude of the
variation is a substantial fraction of the spanwise
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Fig. 11. Instantaneous spanwise mass transfer distributions in the
laminar-turbulent transition regime.
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average. The distance between adjacent peaks and
valleys is on the order of 1 mm. Results similar to Fig.
11, but for other inclination angles, are available in
Ref. (12).

Concluding Remarks

The miniature probes employed in the present ex-
periments appear to have been equal to the task of
resolving the spanwise variations encountered in the
transition regime on inclined surfaces. The spanwise
dimensions of the probes and of the insulation between
the probes were the smallest that could be fabricated
consistent with the avoidance of short circuits in the
probe assembly prior to its use in the electrochemical
solution. During the course of the experiments, the
sulfuric acid in the electrochemical solution attacked
the epoxy insulation, ultimately causing short circuit-
ing of adjacent probes.

It is clear from Fig. 11 that had larger probes and/or
greater probe-to-probe separation distances been em-
ployed, an accurate picture of the spanwise variations
would not have been obtained.

Manuscript submitted Aug. 13, 1971; revised manu-
script received Jan. 11, 1972,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
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Throwing Power Measurements during High Rate Nickel
Dissolution under Active and Transpassive Conditions

Dieter Landolt*

Energy and Kinetics Department,
School of Engineering and Applied Science, University of California, Los Angeles, California 90024

ABSTRACT

Throwing power measurements for anodic dissolution of nickel under elec-
trochemical machining conditions were performed in a flow channel apparatus.
Acidified 1M NaCl and neutral 1M NaClOj; solutions were chosen as examples
of a nonpassivating and a passivating electrolyte. Anode and cathode potential
measurements and current efficiency determinations were used for the inter-
pretation of measured throwing power data. Current distribution at high
current densities was little affected by passivation. The lower throwing power
found for the passivating NaClO; electrolyte compared to the nonpassivating
NaCl electrolyte was therefore solely due to a different dependency of dis-

solution efficiency on current density.

Throwing power is a concept used by electroplaters
to describe the ability of a bath to yield macroscopi-
cally uniform deposits. Throwing power is usually
determined experimentally in a Haring Blum cell (1)
by measuring the weight change of two equipotential
cathodes located at different distances from a central
anode. Several empirical formulas are in use for cal-
culating a numerical value of throwing power from
such measurements. The concept of throwing power
can also be applied to electrochemical machining
(ECM) for characterizing the degree of ‘“overcut” or
“stray cutting” occurring during a machining operation
with a given electrolyte. A low value of throwing
power is desirable in ECM because ‘“‘overcut” can be
reduced by restricting anodic dissolution to the imme-
diate vicinity of the cathodic tool. In analogy to the
electroplating situation, the experimental determina-
tion of ECM throwing power may include the measure-
ment of the weight loss of two equipotential anodes
located at different distance from a central cathode.
Such measurements have recently been reported by
Brook and Igbal (2), but their data have been criti-
cized by Chin and Wallace (3). The latter authors
propose a different experimental method based on the
assumption that a logarithmic relationship between
weight loss ratio and length ratio exists.

It has been mentioned in the literature that better
dimensional accuracy can be obtained in ECM if
passivating electrolytes such as sodium chlorate are
employed (4, 5), but few pertinent data have been
given so far to explain this behavior. The present
study was undertaken with the aim to investigate the
difference in ECM throwing power between a non-
passivating and a passivating electrolyte and to relate
the measured throwing power to the more fundamental
parameters, current distribution and dissolution effi-
ciency. For this purpose weight loss determinations
and electrode potential measurements for anodic dis-
solution of nickel were carried out with well-defined
cell geometry under carefully controlled experimental
conditions. Acidified sodium chloride and neutral
sodium chlorate solutions were chosen as examples of
a nonpassivating and a passivating electrolyte, respec-
tively. The metal-electrolyte combinations were chosen
because of their technological interest and because
their electrochemical behavior had been studied pre-
viously in this laboratory. Separate experiments per-
formed on a technical ECM machine suggested that
general conclusions based on the behavior of nickel
in these two electrolytes ought to be applicable to the
machining of steel also (6).

* Electrochemical Society Active Member.

Key words: electrochemical machining, throwing power, trans-
passive dissolution, nickel, sodium chlorate.
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Experimental

Apparatus and experimental method.—In the present
study it was necessary to measure dissolution rates,
electrode potentials, and throwing power under iden-
tical, well-defined conditions. Because this is difficult
to accomplish in a Haring Blum type cell involving
the simultaneous dissolution of two anodes, it was
considered more suitable to perform subsequent ex-
periments with a single anode at varying gap width
while keeping cell voltage and temperature constant.
For that purpose a flow channel cell with fixed elec-
trodes was used in which the distance between anode
and cathode was given by the thickness of a Teflon
spacer inserted between two PVC cell blocks. A de-
tailed description of the cell and the apparatus which
included a discontinuously driven piston pump and a
2 liter electrolyte storage flask has been given else-
where (7). The flow channel employed was 0.317 cm
wide and 0.0534, 0.140, or 0.267 cm high. The distance
between fluid inlet and upper edge of the electrodes
was 7 cm. At the smallest gap width of 0.0534 cm this
corresponded to 77 hydraulic diameters, sufficient to
establish fully developed velocity profiles at the elec-
trodes. At larger gap width the velocity profiles at
the electrodes were not fully developed, but the con-
clusions of the present study are not affected by this
fact.

The 0.317 cm wide and 1.02 cm long electrodes were
made of nickel 200 cast into a PVC holder. Before
each measurement the anodes were ground to a 400
carborundum surface finish and washed with deter-
gent. To maintain geometry, the duration of the
experiments was kept short. The maximum amount
of dissolved material in any experiment corresponded
to an average depth of dissolution of 69 X 10~¢ cm or
13% of the smallest gap width. Length ratios needed
in throwing power calculations were not corrected for
this small change. All experiments were conducted at
a constant volume flow rate of 16.9 ml/sec. At the
smallest gap width this corresponded to a linear veloc-
ity of 1000 cm/sec. Temperature in all experiments
was 25.5° =+ 0.5°C. Analytical grade chemicals and
distilled water were used. Special care was taken to
avoid the presence of chloride ion in the NaClO;
solution. Tests with AgNOj3 indicated that the chloride
ion concentration in these solutions was below the
detection limit of 10— moles/liter. The apparatus did
not contain any metallic parts in contact with the solu-
tion, thus eliminating possible contamination of the
solution during experiments. Effects of gas evolution
and electrolyte heating on measured throwing power
data were eliminated by restricting the current den-
sity to values below 15 A/cm? (8). This current den-
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Fig. 1. Anodic potential decay transients measured in 0.9M NaCl
+ 0.1M HCL. Flow velocity 1000 cm/sec; potential scale 0.2 V/
division; time scale 50 wsec/division; current densities 3.6 A/cm?
(left), 6.5 A/cm? (right). Horizontal line = open circuit potential.

sity is somewhat low for practical ECM, but is sig-
nificantly higher than current densities used in con-
ventional electrolysis. The experiments were therefore
expected to provide a valid insight into the factors
determining throwing power in high rate metal dis-
solution.

Throwing power measurements.—At first current vs.
cell voltage curves were determined by applying a
constant voltage to the cell from a constant voltage/
constant current power supply! and recording the
resulting current as a function of time on a strip chart
recorder.2 The same procedure was then used for
throwing power measurements, except that in addi-
tion the time of the experiment was measured with a
stopwatch and the total charge passed was calculated
by integration of the current trace. In all experiments
the anode was ground on 400 carborundum, rinsed, and
dried. It was then weighed on an analytical balance to
0.1 mg accuracy and inserted into the cell. After the
experiment it was quickly removed, rinsed, dried, and
reweighed.

In order to compute throwing power data from
separate weight loss measurements performed at dif-
ferent gap width voltage, temperature and time have to
be identical. In the present experiments, the amount of
material dissolved at the smallest gap width had to be
small to preserve geometry (see above). Keeping the
experimental time the same in all experiments would
therefore have resulted in even smaller amounts being
dissolved at the lower currents corresponding to larger
gap width. To circumvent this problem, the experi-
ments at larger gap were run for a longer time period
than at the smaller gaps. A “reduced” weight loss corre-
sponding to the time of the shortest experiment was
then computed from the measured weight loss and cur-
rent data.

Current-voltage curves—When measuring potential-
current curves at high current density, voltage drops
between capillary tip and measuring electrode have to
be eliminated. This was accomplished here in two dif-
ferent ways. On one hand, a constant current was ap-
plied to the cell using the power supply mentioned
above. After 2 to 3 sec, the current was interrupted by
means of a mercury relay and the nonohmic potential
decay was monitored on an oscilloscope with a time
scale of 50 usec/division (Fig. 1). A dynamic hydrogen
reference electrode was used in these experiments. It
consisted of two platinized platinum wires across which
a constant current density of approximately 1 mA/cm?
was applied. The potential of this electrode was period-
ically checked against a saturated calomel electrode.

In the second type of experiment, a constant poten-
tial was applied to the working electrode and the cur-
rent was recorded as function of time. A multipurpose

! Harrison Laboratories Model 6267A, 0-36V, 0-10A.
2 Honeywell Elektronik Model 194,
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Fig. 2. Anodic current potential curve illustrating algebraic IR
correction. Electrolyte 1M NaClOs; flow velocity 1000 cm/sec;
electrode area 0.322 cm2.
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Fig. 3. Current time response to application of constant cell volt-
age: (A) 0.9M NaCl + 0.IM HCI, applied voltage = 9.55V; (B)
1M NaClO3, applied voltage = 14.2V, electrode area 0.322 cm,
gap 0.0534 cm, flow velocity 1000 cm/sec.

electrochemistry unit3 including potentiostat, function
generator, and recorder was employed. In this case
anode potentials were measured vs. a saturated calo-
mel reference electrode. From the measured current
time traces, the over-all current potential curve was
plotted as illustrated in Fig 2. At high current den-
sities these curves exhibited a linear behavior and the
effective ohmic resistance could be estimated from the
slope. Using this resistance value, the IR contribution
to each measured point was evaluated and subtracted
from the over-all potential. Although this procedure
is not accurate enough for mechanistic studies, it was
sufficient for the purposes of the present investigation.
All current potential measurements were performed
at the smallest gap width and a temperature of 25.5°
=+ 0.5°C.
Results

Typical current transients measured on application
of a constant cell voltage are given in Fig. 3. They ex-
hibit a steady decrease with time which is due to the
dissolution of the anode. Initial current values mea-
sured with freshly ground anodes are plotted wvs. cell
voltage in Fig. 4. Weight loss experiments were per-
formed at the voltages indicated by the dotted line
(Fig. 4). The results are summarized in Table I.
Throwing power data derived from these measure-
ments are given in the first five columns of Table IL
The length ratio is obtained by dividing the larger by
the smaller gap width, the weight loss ratio by divid-
ing the “reduced” weight loss corresponding to the
smaller gap by that corresponding to the larger gap.

3 Princeton Applied Research, Model 170.
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Table I. Experimental weight loss determination
Current
Applied Initial current Dissolu- Measured efficiency Reduced weight
voltage Gap density, A/cm? tion time weight for dissolu- loss (mg)**
Electrolyte (V) (em) Measured Average (sec) loss (mg) tion®* (%) Individual Average
.9M NaCl + 9.55 0.0534 4.7 13.5 18.7 100.2 18.7
ORI HCl 475 472 135 19.1 1017 191 189
0.140 1.83 1.84 29.1 16.6 102.4 17.70 7.1
1.85 ¢ 34.5 }9.7 lg?lg 7.71 g
0.267 1.07 50.5 6.3 g 4.36
1.03 1.05 53.5 163 100.6 411 4.21
1M 14.2 0.0534 4.55 18.0 . 30.2 3
Na€los 4.54 4.55 18.7 79 314 Tse 7.43
0.140 1.78 45.0 5.7 q .
1.80 179 450 5.7 240 228 228
0.267 1.00 61. 2.8 .| 0.83
1.00 1.00 61.2 32 171 0.94 0:88

* Based on Ni2+ formation.

** Weight loss computed for the time of the shortest experiment, i.e. 13.5 sec in sodium chloride and 18.0 sec in sodium chlorate.

Numerical values of throwing power shown in the fifth
column were computed by using an empirical formpla
which is commonly employed in the electroplating

literature
(L — M)100
TP [1]
L+M+42

Here L is the length ratio and M is the weight loss
ratio.

For the chloride solution the calculated value of
throwing power is nearly zero. This indicates that in
this case the weight loss is almost inversely propor-
tional to electrode distance (primary current distribu-
tion). In NaClO3, on the other hand, negative values of
throwing power are obtained. This means that here the
weight loss at larger gap width is even less than pre-
dicted for primary current distribution. The throwing
power data of Table II are also represented in Fig. 5
in the form of a “linear throwing index” plot. The
“linear throwing index” is defined as the slope of the
best straight line resulting from plotting the weight
loss ratio ws. the length ratio. The “linear throwing
index” is 1 for primary current distribution and zero
for secondary current distribution. In NaClOg, a throw-
ing index larger than one is obtained, indicating again
an even less uniform cutting rate than corresponding to
primary current distribution.

Results of anode and cathode potential measurements
in 0.9M NaCl 4 0.1M HCI are given in Fig. 6 The black
dots were derived from potential decay transients as
illustrated by Fig. 1. All the other points were deter-
mined from measurements of the type illustrated in
Fig. 2. The IR free potential values exhibit anodic
Tafel behavior up to the highest current densities em-
ployed. Due to uncertainties in IR compensation, the
points scatter considerably making an accurate deter-
mination of the Tafel slope difficult. The solid line in-
dicated in Fig. 6 which reasonably well represents the
data has a slope of 80 mV consistent with results of
other nickel dissolution studies (9, 10). The cathodic
data can be approximated by two logarithmic relation-
ships with a slope of approximately 190 mV. The
plateau separating the two cathodic Tafel regions is
apparently due to a change in the mechanism of the
hydrogen evolution reaction coinciding with the de-
pletion of H* ions near the cathode. Conditions during
weight loss experiments shown in Tables I and II cor-
responded to the upper cathodic Tafel region. It may be

Table II. Throwing power data

Calcu-
Applied Weight Throw- lated

voltage Length loss ing Current current
Solution (V) ratio ratio power ratio ratio
0.9M NaCl + 9.55 5.0 4.42 0.077 4.49 4.87
0.1M HC1 2.62 2.45 0.054 2.57 2.58
191 1.81 0.058 175 1.89
1M NaClO3 14.2 5.0 8.45 —0.30 4.55 4.89
2.62 3.26 —0.16 2.54 2.58
1.91 2.59 —-0.27 1.79 1.89

noted that potential data given here include possible
concentration polarization effects since they refer to

09 M NaCl !
1 M NaCloy
s Ol M HCI |

CURRENT DENSITY (AMP/CIIz)

(] 4 8 [ I 4 8 -3 L3
CELL VOLTAGE (VOLTS)
Fig. 4. Current vs. cell voltage curves for different gap width:
A = 00534 cm, O = 0.140 cm, [] = 0.267 cm, flow rate 16.9
ml/sec.
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Fig. 7. Anodic and cathodic current potential curve (excluding
IR drops) for nickel in 1M NaClO3 at different flow velocity;
gap = 0.0534 cm.

measurements taken at sufficiently long times to es-
tablish steady state with respect to mass transfer. This
was done purposely because the aim of the measure-
ments was not so much to establish detailed charge
transfer kinetics, but to measure electrode potentials
prevailing under conditions of throwing power deter-
minations. From the data taken at different flow rate
(Fig. 6) it appears, however, that anodically mass
transfer did not substantially affect the polarization
curve. Potential data for 1M NaClO; are given in Fig.
7. Again Tafel behavior is observed, the anodic and
cathodic slopes being approximately 150 and 240 mV,
respectively. No significant effect of flow rate on mea-

4+ This statement holds true only within the range of measure-
ments shown. Indeed it was observed that at a flow rate of 100 cm/
sec increasing the current density above the maximum values given
in Flg. 6 lec_‘l to a change in the shape of the current transient and
to brightening of the surface, both facts being indications of a
change in dissolution mechanism.,
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sured anode potentials is observed. Compared to the
data obtained in chloride solution, the anodic Tafel line
is shifted to much higher potentials here. This is due to
anodic passivation: nickel in acidified NaCl dissolves in
the active mode, but it spontaneously passivates in
neutral NaClO;. The anodic current voltage curve
shown, therefore, refers to transpassive behavior. Pre-
vious studies in this laboratory (9) showed that vigor-
ous oxygen evolution occurs in the transpassive po-
tential region.
Discussion

Numerical values of throwing power or throwing in-
dex such as given in Table II or Fig. 5 are useful for
comparing different electrolytes, but they do not have
much physical significance because for a given metal
electrolyte combination they depend on cell dimen-
sions and applied voltage (11, 12). In order to gain an
insight into the physical parameters governing ECM
throwing power, one has to consider separately current
distribution and dissolution efficiency. Current distri-
bution can be computed from a knowledge of the cur-
rent-potential curve and the specific electrolyte re-
sistance. For example, in the case of the present throw-
ing power experiments it is possible to estimate the
current ratios of Table II from measurements at a
single gap width. Neglecting edge effects, the current
density is given by

i~ (U — o) /pel (2]

with pe = specific electrolyte resistance and ¢ = sum
of anode and cathode potentials, U = applied cell volt-
age, | = gap width. From Fig. 6 and 7, ¢ can be ap-
proximated for NaCl and NaClOs, respectively by

$evach = 1.58 + 0.27 logi [3]
and
dt(Naclog = 3.22 + 0.37 log i [4]

The magnitude of pe can be estimated from cell voltage
and potential data as illustrated by Fig. 8. From
Eq. [2], [3], and [4], the current density for a given
cell voltage and gap width is obtained and current
ratios for different gap widths can be computed. Re-
sults given in the last column of Table II show good
agreement between calculated and measured current
ratios. It is to be noted that in the present experiments
current distribution is not affected by anodic passiva-
tion. This conclusion ought to apply in ECM whenever
significant concentration polarization effects are absent
and a logarithmic current-potential relationship exists.
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Fig. 8. Ohmic voltage drop in cell obtained by subtracting inde-
pendently measured electrode potentials from cell voltage. Gap
0.0534 cm, flow velocity 1000 cm/sec; A cell voltage, A IR in
09M NaCl + 0.IM HCI, @ cell voltage, O IR in 1M NaClO3,

. sum of anode + cathode potentials (from Fig. 6 and 7).
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Fig. 9. Current efficiency for nickel dissolution in 1M NaClO3
(based on Ni2* formation) as a function of current density; gap
0.0534 cm, flow velocity 100, 1000, 2000 cm/sec.

Current distribution on the work piece is then deter-
mined by the magnitude of a dimensionless parameter
(13)
b
P=—o— —— [5]
2.3 peli

where b is the anodic Tafel slope, p. the specific electro-
lyte resistance, | a characteristic length, and i the cur-
rent density. Primary current distribution is approxi-
mated for P << 1. Because of the high current den-
sities employed this condition usually ought to be satis-
fied in ECM. For example, using the measured b and
pe values for NaCl and NaClOj, respectively, with the
gap width | as characteristic length the value of P in
the present experiments varied between 0.0046 to 0.0041
for NaCl and between 0.0057 and 0.0051 in NaClO;. Upon
application of higher current densities, the value of P
would be even smaller. It is worth noting that P does
not depend on the actual anodic potential values, but
only on the slope of the current voltage curve. There-
fore the width of the passive potential region in a con-
ventional potentiostatic current-voltage curve should
not significantly affect current distribution under ECM
conditions, contrary to some statements found in the
literature (15).

The data in Table II indicate that the reason for the
observed difference in throwing power between the
passivating NaClOj3 and the nonpassivating NaCl lies in
a different dependency of dissolution efficiency on
current density. In the case of NaCl, the metal dis-
solution efficiency is constant, while in the case of
NaClO; it is a strong function of current density. This
is further illustrated by the data of Fig. 9, which were
obtained from weight loss determinations performed
at constant current density at the smallest gap width
of 0.0534 cm. For comparison the weight loss data of
Table I, obtained at constant voltage, are also indi-
cated. Because of oxygen evolution, very low metal dis-
solution efficiencies are obtained at low current den-
sities, but with increasing current the dissolution effi-
ciency sharply increases. The detailed shape of the
curve depends on flow rate; the higher the flow rate,
the lower the dissolution efficiency at a given current
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density. A similar S shaped curve for dissolution effi-
ciency of nickel in NaClO; plotted vs. current density
has been obtained previously in this laboratory in a
different experimental cell (9). The numerical values
obtained in that study were somewhat different, how-
ever, and no effect of stirring was observed. This was
probably because hydrodynamic conditions were not
as well defined as here. A more detailed investigation of
the experimental factors affecting current efficiency for
nickel dissolution in the transpassive potential region
will have to be made before a mechanistic interpreta-
tion of the shape of the curves shown in Fig. 9 can
be given.

The present results show clearly, however, that a
discussion of how passivating electrolytes affect the di-
mensional control in ECM cannot be based on current
potential measurements alone, but it has to include the
study of reaction stoichiometry. Lower values of throw-
ing power than theoretically possible with a nonpassi-
vating electrolyte can indeed be obtained with a passi-
vating electrolyte provided the current efficiency for
metal dissolution is an increasing function of current
density. The present study, therefore, supports and
puts on a firm basis ideas advanced by other workers
(6, 16, 17) who recognized the importance of the metal
dissolution efficiency in obtaining géod dimensional
control with passivating ECM electrolytes.
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Techmnical Notes

Gallium Oxidation in Alkaline Solution

R. S. Perkins!
Department of Chemistry, University of Southwestern Louisiana, Lafayette, Louisiana 70501

and

Rate Processes Institute, University of Utah, Salt Lake City, Utah 84112

The electrochemistry of gallium is important not
only in practical applications, but also for theoretical
considerations due to its existence as either a liquid or
a solid in aqueous electrode systems.

Past studies of the anodic oxidation of Ga in alka-
line solutions have been limited. It is the purpose of
this study to investigate in somewhat more detail, using
cyclic voltammetry, the first stages of anodic oxidation
of Ga in aqueous NaOH solutions.

Experimental

A three compartment Pyrex cell was used.

Carbonate free NaOH solutions were made of re-
agent grade materials. Solutions were made from water
doubly distilled from a basic permanganate solution.

The reference, counter, and test electrodes were each
in a separate cell compartment and each were in the
same solution. A closed stopcock effectively separated
the reference and working compartments. An open
stopcock connected the counter and working compart-
ments. A hydrogen reference electrode and a platinum
counterelectrode were used. Test electrodes of several
designs were used. All test electrodes were made from
gallium of 99.999% purity. In some experiments the test
electrode consisted of a gallium hemisphere of 0.06
cm? geometrical area formed in one end of a U-shaped
glass tube. Another design consisted of gallium forced
through a 0.051 cm diameter channel in a short length
of Teflon tube. The emerging gallium formed a bead of
area approximately 0.008 cm2. In one experiment this
bead was removed and the electrode was planar with
an area equal to the cross sectional area of the 0.051
cm diameter channel in the Teflon.

The gallium electrode used was prepared and in-
stalled in the cell in an atmosphere of nitrogen. After
fabrication, the gallium electrode was solidified. Ex-
periments were carried out at room temperature, ap-
proximately 25°C.

Except for the reference electrode compartment, the
cell was deaerated with nitrogen.

A conventional cyclic voltammetry apparatus was
used with an Exact Electronics function generator and
a Wenking potentiostat. The resulting curves were
displayed on an X-Y recorder.

In some experiments, current-potential curves were
obtained as the gallium electrode was mechanically re-
newed by scraping. For this work an experimental ar-
rangement similar to that described previously (1) was
used. The Teflon mounted gallium electrode was used.

Data

The data taken was in the form of potential-current
plots over the potential region of hydrogen evolution
to various points of anodic oxidation. Experiments in
each solution were done at a number of sweep rates as
will be noted in the discussion to follow. A typical
curve obtained in 1M NaOH is given in Fig. 1. It is
seen to consist of a region of hydrogen evolution, a
region of anodic oxidation which is composed of sev-

! Present address: Department of Chemistry, University of South-

western Louisiana, Lafayette, Louisiana 70501.
Key words: gallium, oxidation, anodic, oxide, dissolution, films.
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eral smaller regions defined by shoulders and changes
of slope, and a small region of cathodic reduction which
obviously represents much less charge than the cor-
responding region of anodic oxidation. The qualitative
features of this curve do not change greatly when the
sweep rate is altered.

Discussion

In these experiments the most striking feature of the
data is the fact that with increasing anodic potential,
the current increases without limit in the potential
range studied, and this current is not due to oxygen
evolution. Experiments were also performed in which
the potential was adjusted to greater anodic values,
and it was observed that although the current finally
levelled out with increase of potential, no subsequent
decrease was noted and oxygen evolution was never
observed. It is reported that oxygen evolution in 1M
KOH solutions does not occur until a potential of 10-
30V vs. NHE is imposed on the electrode (2,3). The
absence of passivation may be explained by assuming
that the product of oxidation does not form a thick
film on the electrode. In view of the large amount of
product formed, it must be concluded that the product
of oxidation is soluble in the solution used. In this re-
gion of pH, the reaction product predicted thermody-
namically is Ga0Os. This substance is highly soluble
and forms GaO3;~—— in basic solution (4). Dissolution
of the electrode was observed visually at high current
densities. Formation of a soluble product also explains
the small amount of cathodic charge observed.

It is seen from Table I that over a relatively wide
range of sweep rate, the size of the cathodic charge is
fairly constant. This would indicate that the sub-
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Fig. 1. Current-potential curve for spherical Ga electrode in
1M NaOH. Sweep rate = 0.47 V/sec.
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Table 1. Effect of sweep rate in 1M NaOH

Sweep rate, Anodic charge, Cathodic chargf.
V/sec mcoulomb/cm? mcoulomb/cm?
0.0255 123 ¢
0.0408 72.7 U
0.051 93.7 2.60
0.153 32.2 2.39
0.255 23.2 215
0.47 22.7 2.19 (Fig. 1)
0.51 20.9 2.22

* Peak too small to determine area.

stance being reduced is a thin film of oxide on the
electrode.

Further evidence of a thin film of oxide on tl_1e
electrode is given by the scraping experiments in
which it is indicated that the reaction is retarded and
by exposing fresh electrode surface, additional product
may be formed. In the scraping experiments, the Ga
electrode was mechanically scraped with a sharpened
sapphire rod rotating at 30,000 rpm. The scraping was
done at various parts of both the anodic and cathodic
sweeps but not in the region of hydrogen evolutiop.
In all regions of oxidation (Al through A4) the anodic
current is increased by scraping. The scraping does not
produce a smooth curve of higher current but rather a
number of transients reflecting the violent scraping
conditions at the electrode. The size of the transients
was not reproducible although the general effect was.
Most transients were larger than the prescrape current
at a given voltage by a factor of between 2 and 10. In
some instances, at lower current densities, scraping in-
creased the current by as much as a factor of fifty. As
well as can be determined, the current transient is
not produced until the scraping drill touches the elec-
trode. Contact with a nonrotating drill has no effect.
The transient is definitely not due to stirring of bulk
solution.

An idea of the thickness of the thin film can be ob-
tained by assuming a roughness factor of one for the
test electrode and further assuming that the cathodic
peak is due only to reduction of the oxide film and not
due at all to reduction of soluble product in solution
near the electrode. With these assumptions, a value of
approximately 3.4 monolayers of GayO3, as measured in
terms of layers of Ga consumed, is calculated for film
thickness at the time of reduction. This agrees well
with film thickness obtained by constant current dis-
charge of passivated Ga (5).

The amount of charge equal to this film thickness
on the anodic sweep corresponds to the area under the
curve making up the two first parts of the oxidation
peak (Al and A2). For calculating area, the anodic
boundaries of Al and A2 were taken as vertical lines
drawn down to the potential axis from the current-
potential curve at the points of slope changes defining
Al and A2. Experiments were done in which the sweep
was reversed after A2. This reversal hardly affected the
area of the cathodic peak. It appears then, that the
cathodic peak is due to the reduction of an oxide film,
the formation of which is represented by Al and A2.
The first part of the oxidation peak, Al, corresponds
to approximately a monolayer of coverage on the elec-
trode. It is likely that such a monolayer would alter the
electrode enough to significantly change the kinetics of
a reaction. Formation of such monolayers has been
studied on mercury (6). The experiments done here
do not allow us to state with certainty the composition
of any films formed. The initial monolayer may be
Gaz0;, or chemisorbed oxygen, or some oxide which
has not been well characterized thermodynamically.

Oxidation of gallium in 1M NaOH would appear to
proceed, therefore, by an initial formation of a mono-
layer of oxide or oxygen with subsequent thickening
of this film to about three or four layers. At this point
the properties of the film become such that the rate of
dissolution increases and prevents further thickening.
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Fig. 2. Current-potential curve for planar Ga electrode in 1M
NaOH. Sweep rate = 0.47 V/sec.

Further increase of potential should increase the rate
of oxidation of gallium and such an increase of current
is observed. As higher current densities are obtained,
diffusion either through the oxide film or through the
electrolyte should play a more important part in the
reaction. Evidence that this is true is seen in Fig. 1 and
2. The two curves in these figures were obtained under
experimental conditions which were identical except
that the electrode area and shape differed. Curve 1 was
obtained using a spherical electrode and curve 2 was
obtained with a planar electrode. The two curves differ
in that at high anodic potentials the current density
obtained is higher for the spherical electrode. This is
to be expected if diffusion is involved (7, 8). Evidence
that the diffusion is taking place in solution is that
stirring increases the anodic current as was also found
by Popova and Simonova (9). The similarity of regions
Al for the two types of electrode is at variance, how-
ever, with the diffusion studies of Faizullin et al. (10).

Solutions of 0.1M NaOH give smaller anodic currents.
Thus the limiting diffusion is that of OH~ and not of
product ions.

The current-potential curve has another change of
slope very near the anodic end of the potential sweep.
The current increases more slowly with change of po-
tential. This is probably not due to a change in product
as the A3 and A4 segments are so similar. It is possi-
bly due to a change in the nature of the oxide film on
the electrode. Perhaps diffusion in the oxide begins to
play a part in the rate of oxidation at this point but
the data here are not extensive enough to study this
further.
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A Rapid and Complete Method to Remove Plutonium
Contamination from Aluminum

P. L. Wallace, J. C. Walden, and J. W. Magana

Lawrence Radiation Laboratory, University of California, Livermore, California 94550

The Process

This process was first described in a German patent
(1), and is used here to decontaminate aluminum parts
of complex shapes. Its principal usage has been in
decontaminating x-ray spectrographic cell holders.
This contamination occurs when acid solutions of
plutonium leak from standard liquid cells and attack
the aluminum.

The process involves (i) degreasing the part in ace-
tone, (ii) dipping it in a heated (90°C) bath for about
30 sec, (iii) rinsing the part in water, (iv) drying it,
and, finally, (v) checking it for any residual contami-
nation. All of these operations are carried out in an
open front hood to prevent contamination spread.

The composition of the cleaning bath is given in
Table I. It has been found important to not reuse the
solution for large numbers of parts, because depletion
of some components causes the reaction rate to lessen.
Rinsing quickly after cleaning is mandatory, because
the part will blacken rapidly otherwise. No electric
current is necessary to augment the process.

Results
Parts having fixed plutonium contamination of
greater than 10,000 alpha counts/min have been de-
contaminated to no detectable counts with the 30 sec
cleaning.

Table 1. Cleaning bath composition

Component Volume (%)
Phosphoric acid 50
Nitric acid 6.5
Acetic acid 6

Sulfuric acid 25
Water 12,5
Plus 3 g/cc of crystalline nickel nitrate, Ni(NOs)z - 6 Hz0.

Key words: plutonium, aluminum, decontamination.

The surface condition after cleaning is bright and
somewhat shiny. However, the patent writeup indicates
that a 3 min immersion would produce a mirror-like
finish. While such a finish is desirable, it does entail
more metal removal than is wanted to maintain the
sample holder’s close tolerances.

To get a feeling for the actual amount of metal re-
moved during processing, aluminum tubes were tested
as mockups for the cell holders. The weight loss for
five 20g tubing sections (4 cm long by 2.0 cm ID; 2.6 cm
OD) in 30 sec (bath temperature 90°C) varied from 50
to 100 mg, depending on the amount the bath was de-
pleted by usage. The outside diameter change on these
tubes was less than 0.03 mm in each case.

Conclusions
A rapid method of decontaminating aluminum parts
has been found. To date, it has made every sample
holder that had been grossly contaminated available
for reuse.
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An Electrochemical Technique for Microsectioning Silver

Nghi Q. Lam, Steven J. Rothman, and L. J. Nowicki

Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439

The electrochemical technique for removing thin
uniform sections from a metallic sample consists of
forming an anodic oxide layer that can be either me-
chanically stripped or chemically dissolved without
attack of the metal substrate. This method has not
been applied to silver to date; the sectioning tech-
niques that have been used have been based on the
formation of dissolvable films of silver iodide or silver
bromide and their dissolution in either a 1M sodium-

Krey words: anodization, silver, sectioning, stripping, surface prep-
aration,

thiosulfate solution (1) or a solution of 1.0 g/liter KCN
in water (2). In our preliminary experiments, the
former solvent stained the silver surface, probably due
to the formation of colloidal silver on the surface (1),
and the latter solvent attacked the silver substrate at an
unacceptable rate. We have therefore developed an
electrochemical method of removing thin sections of
silver for the determination of very small diffusion
coefficients. This method has also proved useful for
preparing a good surface on silver diffusion samples.
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Experimental Methods and Results

Surface preparation.—Monocrystalline silver rods of
1.24 cm diam were grown from 99.999% purity silver
by the Bridgman method and spark-cut into disks a
few millimeters thick. After mechanical polishing
through 0.3x AlyOs, the samples were chemically pol-
ished with a solution made up of 25 ml of saturated
chromic acid and 3 ml of 10% HC1 (3). The chemical
polishing was performed by swabbing the silver sur-
face with a cotton-tipped applicator saturated with the
solution and rinsing the sample intermittently in run-
ning water. Chemical polishing in this manner for 10
min removes a layer ~15x thick, which was the ap-
proximate depth of the region deformed in polishing.
At the end of this polishing step, the sample was
washed with distilled water and then with alcohol in
an ultrasonic vibrator, and dried in warm air. After
chemical polishing, a few layers approximately 200A
thick were removed from the silver surface by anodiz-
ing in an electrolyte of 0.5% KOH in water (with cur-
rent density = 1.0 mA/cm?, time = 22 sec) and then
dissolving the silver oxide in an aqueous solution of
NH4OH. This procedure helped remove submicroscopic
irregularities from the surface. The entire surface ob-
tained was optically flat and free of pits. '

Sectioning.—Most of the anodizing experiments were
made on a (100) face of a silver single crystal that had
been irradiated for 3 days in a flux of 3 X 1012 thermal
neutrons/cm2-sec. The specific activity of the crystal
(110Ag) was measured as 5.43 X 103 cpm/pg, thus al-
lowing a conversion from counts/min to micrograms of
silver. A simple anodizing cell was used. The platinum
foil cathode was cleaned with HNO3 before use. Silver
paint was used to fasten a copper wire to the back of
the specimen for the electrical connection. The sample
was masked with Tygon protective paint, so that only
the preanodized surface was exposed to the electro-
lyte. The wire was also coated with Tygon. The electro-
lyte consisted of 5g KOH per liter of water. After
anodizing, the siver oxide films, which, if thick enough,
showed uniform interference colors, were dissolved in
a solution of 1% (in volume) NH4OH in water.

To determine whether this solvent attacks the silver,
oxide layers of different thicknesses were formed on
the irradiated silver crystal by anodizing with current
densities of 0.17, 0.48, and 0.85 mA/cm?2 for 30 sec. The
sample was then immersed in the NH4OH solution,
and the activity of the solution was counted as a func-
tion of time. Figure 1 shows that the NH4OH solution
dissolved the oxide and attacked the silver to an in-
significant extent. About 5 sec were sufficient to remove
an oxide layer 1000A thick. Interference microscopy
showed that the silver surface remained clean and flat
after oxide removal.

The thickness of silver removed is plotted as a func-
tion of anodizing time in Fig. 2 for various current
densities. The thickness removed in each anodizing-
dissolution step was determined by counting the sol-
vent for 119Ag content and using the measured value of
specific activity to convert to micrograms of silver.
The sample was also weighed on a microbalance before
and after removal of 40 sections; the difference between
amounts of material removed, as measured by the two
techniques, was about 9%, which is within the experi-
mental error. The step height on a nonradioactive sil-
ver crystal, part of which was masked by a spot of
Tygon paint, was measured on an interference micro-
scope after anodizing and removing 40 sections under
the same current and time conditions. The step height
agreed, within the experimental error, with the thick-
ness removed from the radioactive sample. The amount
of material removed per anodization under identical
conditions was reproducible to + 8%. Less than 3% of
the removed activity was found in the anodizing solu-
tion and on the cathode.

The same anodizing treatments on silver crystals
of random orientation yielded the same anodic film
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Fig. 2. Calibration of the anodizing of monocrystalline silver in
an aqueous electrolyte containing 0.5% KOH. The numbers on the
curves indicate the anodic current densities in units of mA/cm?2.

thickness, indicating that the rate of anodization is
orientation independent, as was observed for gold (4).
The thickness of the anodized layer was found to be
independent of the KOH concentration in the electro-
lyte. The same observation was also made by Vermilyea
(5) in a study of anodic oxidation of tantalum.

The thickness of silver that was anodically oxidized
in 1 sec, deduced from the slopes of the curves in Fig. 2,
is shown in Fig. 3 as a function of current density. An
increase in current density from 0.17 mA/cm? to 1.7
mA/cm? led to a tenfold augmentation in the anodizing
rate, similar to the case of anodizing gold (4). For high
current densities (>4 mA/cm?), it was better to use
current pulses of Y%-sec duration rather than constant
current densities, because the oxygen evolution, which
occurred shortly after establishing the current, could
affect the uniformity and thickness of the oxide,
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Conclusions

The anodic oxidation technique can be used for re-
moving reproducible thin sections from silver. An

13 N

MICROSECTIONING SILVER 11

aqueous solution containing 1% NH OH appears to be
the best solvent for removing the silver oxide, inas-
much as it does not attack the silver substrate and en-
ables one to obtain a clean surface after the dissolution.
A combination of chemical polishing and anodizing-
dissolution techniques can be used instead of electro-
polishing to prepare a flat, strain-free silver surface
prior to diffusion experiments.
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Brief Commumnication

Transport in Non-Newtonian Flow

R. Greif, R. Kappesser, and |. Cornet*

Department of Mechanical Engineering, University of California, Berkeley, California 94720

Rendering a fluid non-Newtonian by the addition of
a high molecular weight polymer alters the heat, mass,
and momentum transport characteristics of the fluid
(1-10). Electrochemists have long dealt with such
non-Newtonian systems, for example, for achieving
smoother and finer grained deposits in electrolytic
metal deposition or in electrodeposition of rubber or
related synthetic polymers from latices.

There have been several investigations that have
dealt with the determination of the molecular diffu-
sivity in non-Newtonian systems (3,6,7,9, 10). These
studies utilize mass flux measurements in conjunction
with theoretical results for non-Newtonian systems to
obtain the diffusivity. In these studies the relationship
between the shear stress and the rate of strain is
written in the form of a power-law, viz.

Ve \"
w=—K ( :y ) [1]

although more complex relations are possible. In con-
trast, the corresponding expression for the molecular
flux of mass or heat is assumed to be a linear function
of the concentration, or temperature, gradient so that

aC ot
J=—-D—orq=—-h—— [2]
02 0z
* Electrochemical Society Active Member.

Key words: transport, non-Newtonian theory, molecular flux, con-
centration gradient.

In this study we experimentally demonstrate the valid-
ity of the assumption that J is a linear function of the
concentration gradient.

In a previous investigation (10) we determined the
molecular diffusivity of oxygen in aqueous 4% sodium
chloride solutions which were rendered non-Newtonian
by addition of various concentrations of Polyox WSR
301 (Union Carbide), a completely water soluble
polymer of ethylene oxide. The system consisted of a
rotating Monel disk, which was made cathodic while
the anode was a platinized-titanium wire mesh cylin-
der. The mass flux of oxygen diffusing to the rotating
disk was determined by measuring the mass transfer
limiting current for the net reaction

0; + 2H20 + 4e— - 40H~- [31

The mass flux is dependent on the over-all oxygen
concentration difference, ACo = Co,, — Co,w. The con-
centration of oxygen far from the disk, Co,., was mea-
sured by Winkler analysis while the concentration at
the disk surface, Co,w, was taken to be zero. Equating
the experimental and theoretical results for the mass
flux yielded the results for the diffusivity.

A critical confirmation of the experiment and anal-
ysis was readily made by comparing the value ob-
tained for the diffusion coefficient in the absence of
Polyox with the value reported in the International
Critical Tables (11). The results were in excellent
agreement under this Newtonian flow condition (10).
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gradient in Newtonian and non-Newtonian fluids.

In the analysis for the mass transport the molecular
flux had been assumed to be linearly dependent on the
concentration gradient (cf. Eq. [2]). We had thought
that this assumption had been previously confirmed
but apparently this is not so. Therefore, a series of
tests was performed at different concentration differ-
ences, that is, for different values of ACo = Co,,. This
was achieved by first bubbling nitrogen through the
solution until the desired concentration of oxygen was
achieved. We note that all our previous experiments
had been performed at essentially a single value of
Co,..

The experimental results are presented in Fig. 1 in
terms of the mass flux vs. the oxygen concentration
difference. Results are shown for the Newtonian fluid
(0 ppm of Polyox) and for the non-Newtonian fluid
(3000 ppm of Polyox) for three periods of rotation
(Reynolds number). For a linear system, the mass flux
would vary linearly with the concentration differ-
ence, and this is clearly the result shown. Note that the
linear slope of 1.0 is observed for all the conditions
tested, thereby demonstrating the validity of Eq. [2].

Although Eq. [1] is not required, as far as the above
conclusion is concerned, the values of the coefficients,
K and n are of interest. For shear stress in units of
dynes/cm? and rate of strain in units of sec=1, n = 1.00,
K = 0.0094 for 0 wppm of Polyox and n = 0.68, K =
0.88 for 3000 wppm of Polyox (temperature of 27°C).
These values were obtained from measurements we
performed with a Fann U-G, Model 35, rotating cylin-
der viscometer. Now, the theoretical result for the mass

ELECTROCHEMICAL SCIENCE AND TECHNOLOGY
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flux to a rotating disk in laminar flow divided by the
concentration difference, that is, J/ACo, varies with rpm
according to (rpm)!/n+1 (9,10). Thus, an independent
check is afforded by comparing the value of n obtained
directly from the viscometer measurement and the
value of n obtained directly from the mass flux mea-
surement. The results are in excellent agreement (10).

Lastly it should be noted that the shear rates deter-
mined from the viscometer measurements varied from
150 to 1000 (sec—!) (10). In the present experiments
with a 3.65 cm diam disk, the maximum shear rates
may be calculated (12, 13) and the results vary from
40 to 1200 (sec—1?).
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NOMENCLATURE

(& Concentration of diffusing
moles/cm3

Co, Co,., Co,w Concentration of O in fluid, bulk, or at

the wall, respectively, moles Oz/cm3 or

ppm O

Diffusion coefficient, cm2/sec

Mass flux, moles/cm? sec

Fluid constants as in Eq. [1]

Heat flux, calories/cm? sec

Temperature, °K

Fluid velocity in x direction, cm/sec

Coordinates, cm

Thermal conductivity, calories/cm sec

species,

<™a Ry

~a
o
n

Shear stress, dynes/cm?
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DISCUSSION

SECTION

This Discussion Section includes discussion of papers appearing in
the Journal of The Electrochemical Society, Vol. 118, No. 2, 4, 9,
and 10; February, April, September, and October 1971.

Investigation of the Direct Reduction of Zinc Oxide in
Alkaline Electrolytes

D. Drazic and Z. Nagy (pp. 255-257, Vol. 118, No. 2)

K. Schwabe, O. Hladik, and H. Oude!: Drazic and
Nagy have investigated the direct reduction of zinc
oxide in alkaline electrolytes in the paper under dis-
cussion. From their experiments they conclude that
our suggestion about the direct reduction of solid zinc
oxide confirmed by our radiochemical investigations?
and by the investigations of other authors is not true;
the current efficiency of the direct reduction should
be very small with respect to the reduction of the
soluted zincate. We cannot agree with this opinion.

The conditions of the experiments are quite different.
We have worked with a “paste electrode,” that means
under conditions which can be compared with a work-
ing alkaline zinc battery. The surface of the zinc oxide
was very large with respect to the volume of the
zincate solution. The conductivity of the zinc oxide was
small compared with that of the ZnO single crystal ap-
plied by Drazic and Nagy. From the high electron con-
ductivity of the single crystal, it is clear that it works
as cathode under the conditions described by the au-
thors, because the amount of zincate in the solution is
much larger than that of ZnO in the single crystal. Up
to 100 mA/cm2, we have not observed any hydrogen
evolution with our paste electrode; reducing zincate
solution without solid zinc oxide already at 10 mA/
cm? the hydrogen evolution is visible. With our paste
electrode we observe H, evolution only if the reduction
of the paste of ZnO was reduced and the formed Zn
came in direct contact with the solution. The difference

1 Forschungsinstitutes Meinsberg, Meinsberg Post 7305 Waldheim,
Dresden, Germany.
2 0. Hladik and K. Schwabe, Electrochim. Acta, 15, 635 (1970).

Fig. 1. Electroplated dendrites from saturated solution of potas-
sium zincate (100 mA/cm?).

Fig. 2. Crystals electroplated from ZnO/KOH-paste (100 mA/cm?)

in the cathodic overvoltage, which the authors have
found, is quite reasonable under their conditions, but
not under our conditions. The structure of the zinc re-
duced from zincate solution is that of dendrites (Fig. 1)
found also by Gerischer.? From ZnO-paste we receive
a zinc powder without macrostructure (Fig. 2) be-
cause it is formed by destruction of the ZnO lattice. We
are therefore convinced, that under our conditions,
similar to that of an alkaline Zn-battery, mainly the
solid ZnO is reduced because our results can only be
explained by this mechanism.

D. Drazic and Z. Nagy: When referring to the paper
of K. Schwabe and O. Hladik* we wanted to point out
that the polarization curves obtained with the ZnO
paste electrode in 1M and 11M hydroxide solutions can
also be explained by a process other than the solid-
state oxide reduction.

It is known that the polarization curves obtained
with porous electrodes (ZnO paste is also a porous sys-
tem) include a considerable IR voltage drop formed
inside the pores, especially at higher current densities.
The resulting linear current-voltage relation is par-
ticularly well pronounced in Fig. 5 of their paper.®
Since no IR drop corrections were made, and the au-
thors have not discussed this matter at all, we had rea-
sons to believe (e.g., if the resistance of the pores in
ZnO paste was only 0.5 ohm, the IR drop could be as
high as 500 mV at 1000 mA/cm?2) that the polarization
curves obtained without IR drop corrections should
be similar in solutions of similar conductivities, no
matter what reaction was going on inside the electrode.

Further, the results of the radiotracer measurements
to which the authors refer, seem very logical, but give
information only about transfer processes taking place
in the bulk of the solution and have nothing to do with
the electrode reaction. The results would be the same
whether zincate ion or a solid-state reaction path was

3 H. Gerischer, Surface Sci., 13, 265 (1969).

4 0. Hladik and K. Schwabe, Electrochim. Acta, 15, 635 (1970).
5 0. Hladik and K. Schwabe, Electrochim. Acta, 15, 635 (1970).
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operative. Namely, if the zincate ion path was opera-
tive, it would be the zincate ions formed by dissolution
of ZnO very close to the metallic zinc surface inside the
pores which would be reacting, and not the zincate ions
from the bulk of the solution.

The absence of hydrogen evolution from the paste
electrode can also be explained by the dissolution-dep-
osition mechanism: the zincate concentration within
the pores is kept high by the continuous dissolution
of the oxide.

Finally, referring to the question of morphology of
zinc deposited within the porous electrode, we think
that the nondendritic deposit cannot be considered as
proof that zincate ions are not the reacting particles in
the electrochemical step of the over-all deposition re-
action. It has been shown® that one of the necessary
preconditions for dendritic growth is diffusion control
of the electrode process. This condition is not fulfilled
within the pores because of ready availability of
zincate through the dissolution of ZnO and, therefore,
no dendrites can be expected until the zincate ions
from the solution layer start taking part in deposition,
i.e., very close to the end of the charging process.

Hence, we still do not have any reason to believe
that our conclusion about the importance of zincate
ion reaction path in the charging process cannot be
applied to the real situation in batteries.

The Thermodynamics and Electrode Kinetic Behavior of
Nickel in Acid Solution in the Temperature Range
25° to0 300°C
R. L. Cowan and R. W. Staehle (pp. 557-568, Vol. 118, No. 4)

V. Ashworth? and P. J. Boden8: The authors have
shown that the data required to construct electro-
chemical equilibrium diagrams for any system at a
temperature other than 298°K may be readily com-
puted by means of the empirical “correspondence
principle” technique due to Criss and Cobble. However,
the subsequent interpretation of these diagrams is
rarely so straightforward as it might appear at first
even when their intrinsic limitations are fully appre-
ciated.

In particular, it is important to recognize that the
abscissa of the diagram properly refers to the negative
logarithm of the hydrogen ion activity (—log ap+)
which for a single solution will vary to a greater or
lesser extent throughout the temperature range (i.e.,
d log an+/dT s 0). With the exception of solutions
within a very limited range of hydrogen ion activity it
is, therefore, invalid to use the solution pH measured
at room temperature (298°K) as the reference point on
the abscissa in connection with a diagram constructed
for a higher or lower temperature. Fortunately it is
possible to calculate the change in ay+ of a solution
with change in temperature and further, for a more
limited number of cases, a second scale may be added
to the diagram such that the use of the room tempera-
ture pH becomes permissible.

In the simplest case, as the temperature of an un-
buffered aqueous solution is raised, chemically equiva-
lent amounts of additional hydrogen and hydroxyl
ions will be generated as a result of the increased
dissociation of water. The ionic product of water,
(Kuw(r)), at temperature T is given by

Kuery = (an+208°%) + ) (Gon—c208°k) + )

where x is the additional ion activity as a result of
the temperature change from 298°K to TK. At 298°K
and pH n
ag+ = 10—
and
tou— = 10— 14—

N . . . .
115,Aéo$'(1%§§?f°’ J. W. Diggle, and J. O'M. Bockris, This Journal,

7 Department of Chemical Engineering, U. M. I. S. T., Manchester,
England.

8 Department of Metallurgy, Nottingham University, Notti ,
N97, 2RD, England. ¢ el Notlngham
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thus at temperature, T
Kupery = (1077 4 ) (10~ 04=m) 4 ) [1]

and the negative logarithm of the hydrogen ion activ-
ity becomes —logio(10—" 4 x). Clearly, with a knowl-
edge of the value of K,,r), the solution of Eq. [1] will
yield the corresponding value of x for any given
value of n and it becomes possible to refer the negative
logarithm of the hydrogen ion activity at T to the
room temperature pH. It is this former value which
should be used as a reference point when employing
the diagrams derived by the authors when considering
unbuffered solutions. Alternatively, as shown in Fig. 1,
a second scale may be added to the abscissa which
conveniently relates pH (at 298°K) to the ay+ at
temperature. Since the room temperature pH is more
commonly measured this second scale is the more con-
venient to use, but its asymmetry makes it imprecise
for neutral and alkaline solutions. Under these cir-
cumstances its linearization, as shown in Fig. 2, be-
comes desirable. The asymmetry of the new abscissa
derives from its logarithmic nature; briefly, although
x varies symmetrically with n, reaching a maximum in
the neutral pH region, the introduction of small
amounts of hydrogen ion by dissociation makes a
greater contribution to —log an+ at high rather than
low pH values.

When a solution has some buffer capacity, the hydro-
gen ion activity no longer varies as the dissociation
constant of water; and, although in these circum-
stances the use of the second scale is incorrect, calcula-
tion of the new activity is possible. Thus an aqueous
solution of a weak acid (HA) will contain H,O, HA,
H*, A~ and OH™, to preserve electroneutrality

[H*] = [OH"] + [A~] (2]

where the square brackets represent concentrations
and, further, neglecting activity coefficients

K, = [H*][OH"]
Thus from Eq. [2]
[H+]2=[H*][OH-] + [H*][A~]
and
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Fig. 1. Potential pH diagram calculated for nickel at 573°K
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2[H*]d[H*] = dK\ + [H*]1d[A~] + [A~]d[H*]

or
dK,; Ht]d[A~
d[H*] :—+¢ [3]
2[H+] — [A]

That is, if some undissociated HA is present in the
solution at 298°K, by raising the temperature the
hydrogen ion activity will alter as a result of changes
in both K, and Kyua (the acid dissociation constant).
In the special case where [A~] cannot change (un-
buffered solutions of strong acids and in pure water),
d[A-] becomes zero for a temperature rise and the
value of d[H*] from Eq. [3] will coincide with the
value of x given by Eq. [1]. The analogous equation to
Eq. [3] for a solution containing a weak base (BOH)
is given by
dKy — [H+]d[B*]

2[H*] + [B*]

To use the derived equilibrium diagrams correctly it
becomes necessary to calculate the value of d[H*] and,
hence, aii+ for the buffered solution at the temperature
in question. A buffered condition which may be over-
looked occurs when the metal-water system generates
a self-buffering situation which controls the an+ by
means of displacement of a hydrolytic equilibrium.
For example, in the Ni/H20 system the equilibrium

Ni2+ 4 2H;0 = HNiO,~ + 3H*

d[H*] =

may become important at very high temperatures and
itself represent such a self-buffered system. Although
the nickel ion activity (Nit+ + HNiO;~) is defined,
when the diagram is calculated (say at 106 kg
ions/m3), the hydrogen ion activity will depend on
the dissociation constant of the weak acid Nit+. Any
combination of axi++ and auxiop,— which satisfies the
requirement

axij++ + auxiog— = 1078 kg ions/m3

is permissible. Nevertheless, the use of Eq. [3] is
equally applicable to such a system and requires only
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a recognition that all solution species must be consid-
ered in calculating the variation in hydrogen ion activ-
ity.

Returning to the original paper the authors point out
that, on the basis of their electrochemical equilibrium
diagrams, “the range of stability of the nickel oxy-
anion HNiO;~, increases greatly with increasing tem-
perature.” Superficially this suggests that, in mildly
oxidizing alkaline solution, nickel metal will be in
equilibrium with NiO at 298°K; whereas, in the same
solution heated, say to 573°K, the metal will be in
equilibrium with the oxy-anion. That is, in the former
case the material may become passive and in the
latter it may corrode. In fact such a highly alkaline
solution (see the authors’ Fig. 2 in the paper under dis-
cussion) will be, at best, only poorly buffered; the
temperature rise will increase the ag+, and as our Fig.
2 shows, the probability is that the solution will be
no more aggressive at 573°K than it was at 298°K,
although both predictions may be overruled by kinetic
factors. The implication of this calculation is that the
temperature differential of the dissociation constant
of the “acid” NiO is comparable with that for the ionic
product of water. As a broad generalization it can be
said that the equilibrium diagrams for the Ni/H.0
system predict that an increase in temperature will
lead to an over-all increase in the stability range of
NiO (from pH 9-12 at 298°K to pH(ogs-x) 5-12 at
573°K), the metal being resistant, to a wider range of
aqueous environments at the higher temperatures. It
is interesting to speculate that had the region of stabil-
ity of the oxy-anion advanced to values of — log au+
approaching 7 at the higher temperature, then a test
solution based on a temperature stable buffer system
of pH ca. 7 at room temperature might prove to be
more aggressive to Ni than an unbuffered solution of
similar pH (at 298°K), the additional hydrogen ions
generated in the latter case shifting the metal into a
passive region.

The foregoing analysis of the change of ay+ with
temperature broadly confirms the observations of
Greeley, reported by the authors, that for a closed
hydrogen saturated acid solution only small changes
in ap+ occur with increase in temperature. Neverthe-
less, that small change has a significant effect on —log
ap+ in weakly acid solutions (pH > 4 at 298°K). For
example, we have calculated the activity of the hydro-
gen ion at various temperatures for the solutions used
by the authors, assuming them to be effectively unbuff-
ered (solutions of strong acids and the salts of strong
acids and bases), with the results given in Table I

Table I.
Temperature (°K)
298 323 363 423 473 523 573
—log an* 1.3C 1.30 1.30 1.30 1.30 1.30 1.30

3.40 3.40 3.40 3.40 3.40 3.40 3.40
6.30 6.24 6.04 5.75 5.60 5.55 5.55

The table shows that only in the case of the two most
acid solutions does —log au+ remain constant. This
effect interacts not only with the interpretation of the
equilibrium diagrams but also with the authors cor-
rection to Eqrr. This correction was used by the authors
to allow for the thermal liquid junction potential in
their system and, further, to transpose their potential
measurements to the standard hydrogen scale at the
test temperature. The correction is valid for the two
most acid solutions but, as a result of the assumption
that ay+ remains constant throughout the temperature
range, the authors values for Ecor and the arrest po-
tentials in the least acid solution are in error by up to
86 mV [(6.30 — 5.55) x 2.3 RT/F], that is, the
potentials are not all on the “same thermodynamically
meaningful scale.” This does not invalidate the conclu-
sions drawn from the potential decay experiments
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Table II.
1(£5)
‘-’% Ni in 1n H2504 ; 25°C; 1V/h
Eurreat (V) 04
Temp, Exi/Nio Exu/5150,
K vs. SHE(rx) vs. SHEs°x) vS. SHEe°k) v8. SHE 208°k)
pH 1.3
295 +0.240 +0.237 +0.041 +0.231 10
327 +0.213 +0.239 +0.036 +0.225
PH 3.4
306 +0.078 +0.085 -0.089 +0.101
328 +0.048 +0.074 —0.102 +0.087
370 —0.075 —0.011 —0.126 +0.062 0
571 —0.205 +0.033 -0.241 —0.061 10
pH 6.3
295 —0.204 —0.207 —0.251 —0.061
327 —0.261 —0.235 —0.289 —0.100
354 —0.335 —0.286 -0.320 —0.131
381 —0.350 —0.278 —0.350 —0.163 _,l
574 —0.500 —0.259 —0.574 —0.394 10
since the failure to allow for changes in auy+ in cor-
recting the arrest potentials is counteracted by the
same omission in the calculation of the equilibrium 5
potentials for the oxides. L
Thermal temperature coefficients of standard elec-
trode potential may be calculated from first principles )
by the method due to de Bethune et al. which uses Time of pretreatment
entropy data determined at 298°K. For the Ni/NiO 3 0 hrs
and Ni/Ni3O4 equilibria we have obtained coefficients L 2 hrs
of 40.097 and +0.062 mV/°K, respectively, using the 18 hrs
entropy data given by Cowan and Staehle. In Table II . 60 hrs
we record the calculated thermal equilibrium poten- 7 ; e 70 hrs
tials (i.e. with respect to a standard hydrogen electrode 104 !
at 298°K) for these reactions at the pH levels investi- —Ly . . . r i
gated by the authors. In deriving these values no allow- ol 0 02 03 04 05 06 07 Wyv)

ance has been made for changes in ag+ with tempera-
ture in order that our calculations should be on the
same basis as the reported results. The table also in-
cludes the values of the potential arrests obtained by
the authors both as reported and also corrected to the
standard hydrogen scale at 298°K (assuming dE°/dT
for the hydrogen electrode to be 0.871 mV/°K). The
calculations appear to confirm the views of the authors
that in the two most acid solutions and at the highest
temperature in the least acid solution the bulk oxide,
if not the passive film, is NizO4; whereas, at lower
temperatures in this latter solution the bulk oxide is
NiO although the near correspondence between the
arrest and equilibrium potentials may well be for-
tuitous. While it is gratifying that the equilibrium
potential calculated for elevated temperatures by two
entirely independent methods give rise to the same
conclusions, when compared with the present experi-
mental data it is disappointing that these potentials do
not coincide when transposed to the same reference
scale. The accuracy of the method used by the authors
for estimating C, at temperature has been questioned
recently!® and it may be that the disagreement arises
from this source although we have no reason to sup-
pose that the entropy data used in our calculations is
more accurate.

A serious limitation of the electrochemical equilib-
rium diagram has always been that it can only be as
good as the data from which it is constructed. This
restriction is magnified in the high temperature dia-
grams and a cautious approach to the interpretation
of experimental data in terms of such diagrams seems
appropriate.

M. Kestenl!: In the paper under discussion, Cowan
and Staehle found that the active-passive transition
of the metal disappeared when the temperature of the
electrolyte was raised above 90°C. For the interpreta-
tion and possible explanation of this phenomenon it
is worthwhile to refer to the considerable number of

? A. J. de Bethune, T. S. Licht, and N. Swendeman, This Journal,
106, 616 (1959).

(1;07{_) V. Dobson and H. R. Thirsk, Electrochim. Acta, 16, 315

1 Institut fiir Metallphysik, Technische Universitat Berlin, 1 Ber-
lin 15, Germany.

Fig. 1. Anodic polarization behavior of nickel (99.998%) in the
active to noble scan mode. Before the experiment the samples have
been kept in the electrolyte for different times.

recent investigations dealing with the specific influence
of anions on the polarization characteristics of
metals.!222 It has been proved in these studies that
anions, which are adsorbed on the surface of the metal,
are apt to participate in the dissolution mechanism.
Their effectiveness on the reactions taking place at
the interface depends on the bonding strength be-
tween them and the surface atoms of the metal. While
weakly adsorbed ions inhibit the active metal dissolu-
tion by reducing the available free surface, strongly
adsorbed ions are able to accelerate the dissolution of
the metal whenever they undergo chemical reactions
with the surface atoms.

This kind of behavior is not only restricted to the
halide ions Cl1—, Br— and J—. It has been found for sul-
fate ions as well, although, under similar conditions
these ions are adsorbed to a much smaller degree.?
Because of the necessary activation energy, the spe-
cific adsorption of anions from the electrolyte is a
matter of time and temperature. According to Dreyer
and Dreyer,2* the time to reach a maximum cover-
age with sulfate ions on a Zr surface is about 103 min
at 20°C, while at 80°C this process is completed in 20
min. Besides all this, the competitive adsorption of
other particles of the electrolyte (e.g., OH~ ions or
chemisorbed oxygen) can also play an important

13Y. M. Kolotyrkin, This Journal, 108, 207 (1961).

1“ K. E. Heusler and G. H. Cartledge, This Journal, 108, 732
(1961).

1" B. Y. Konyaev and V. A. Khitrov, Zashchita Metal., 2, 745
(1966).

15Y, M. Kolotyrkin, Zashchita Metal., 3, 131 (1967).

16 N. Y. Buné, Zashchita Metal., 1, 168 (1965).

17 N. Y. Buné, Zashchita Metal., 3, 50 (1967).

8 G, G. Lopovok, Y. M. Kolotyrkin, and L. A. Medvedeva, Zash-
chita Metal., 2, 527 (1966).

1 W. J. Lorenz, Corrosion Sci., 5, 121 (1965).

2 Z. A. Iofa, V. V. Batrakov, and Kho Ngok Ba, Protection of
Metals, 1, 44 (1965).

2L Z. A. Iofa, Zashchita Metal., 6, 49 (1970).

2 M. Kesten and H. G. Feller, Electrochim. Acta, 16, 763 (1971).

= T. Murakowa, T. Kato, S. Nagaura, and N, Hackerman, Corro-
sion Sci., 7, 657 (1967).

# 1. Dreyer and R. Dreyer, Z. Physik. Chem., 236, 107 (1967).
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Fig. 2. Anodic polarization behavior of nickel (99.998%) in the
active to noble scan mode. Consecutive runs measured with the

same sample. Between the runs the sample has been kept un-
polarized in the electrolyte for one day.
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Fig. 3. Anodic polarization behavior of nickel (99.998%) in

both scan modes at 60°C.

role.2526 Under these circumstances the question of a
pretreatment of the sample before the experiment
becomes a critical factor for the interpretation of any

result.

2 K, Schwabe, Electrochim. Acta, 6, 223 (1962).
1:8]0(. Schwabe and C. Weissmantel, Z.
( ).
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Our recent studies, about the influence of specifically
adsorbed sulfate ions on the anodic behavior of
nickel,2? proved that one can get very similar results
to those reported by Cowan and Staehle. But instead
of increasing the temperature, the adsorption condi-
tions for the sulfate ions were changed prior to the
polarization experiment. Figure 1 shows the polariza-
tion curves obtained in 1N HySO4 with nickel samples
pretreated differently.. Before the polarization was
started the samples were kept in the electrolyte at the
open circuit potential for different times. With in-
creasing time of pretreatment the amount of spe-
cifically adsorbed sulfate ions increases too. At the
same time, the primary nickel dissolution is lowered
considerably. On the other hand, a remarkable in-
crease in metal dissolution is observed in a potential
region where untreated samples already undergo the
active-passive transition. It could be demonstrated
that, in this range of second activation, the nickel dis-
solves because of the direct participation of the sulfate
ions in the dissolution process.

The described effect increases, when hydrogen is
bubbled through the solution (Fig. 2). With increasing
metal dissolution the so-called passivation potential
is shifted to higher values. Finally, Fig. 3 shows the
polarization curve of an untreated sample measured
in 1IN HySO4 at 60°C. It indicates that the time for
getting a sufficient coverage with sulfate ions can be
minimized by increasing the test temperature.

The potential of the sudden passivation of the elec-
trode is not reproducible. Polarization curves of that
kind, reported also by Cowan and Staehle, are typical
for dissolution processes proceeding with high current
densities. In these cases the shape of the curve no
longer reflects the true relationship between the cur-
rent density and the electrode potential, because of
the IR drop in the potential measuring system.28 From
those data alone it is not possible, therefore, to decide
whether an electrode is in the active or passive condi-
tion corresponding to a certain measured potential.

On the basis of the cited literature and our own
experimental results the vanishing of the active-pas-
sive transition in nickel, under the condition reported
by Cowan and Staehle, is not unexpected. It is a
consequence of the specific adsorption of sulfate ions
favored by the temperature of the electrolyte.

Polarization Behavior of Graphite in Sodium Chloride
Solutions in the Presence and Absence of Ethylene

A. Bélanger, G. Bélanger, and A. K. Vijh
(pp. 1543-1545, Vol. 118, No. 9)

N. Ibl and P. M. Robertson2%: We are investigating,
and have been for some time, the oxidation of olefins
(mainly isobutylene) at various electrodes in H,SO,4
and HClOj solutions, with and without the addition of
mercury salts. Our results are in agreement with those
of the authors. No reaction was observed at graphite
anodes. Substantial oxidation takes place only at gold
electrodes.3? The oxidation on gold of lower molecular
weight olefins, such as ethylene, has been the subject
of a few recent papers.3!- 32 On the other hand, with the
system of the authors, chlorhydrin (which is an inter-
mediate in the production of the oxide) is easily
formed. We obtained, with very high current efficiency
(up to 97%), ethylene and propylene chlorhydrin at
graphite anodes,33 the pH being, however, somewhat
more acid than that in the experiments of Bélanger

et al,

22 M. Kesten and H. G. Feller, Electrochim. Acta, 16, 763 (1971).
28 J, Osterwald, Ber. Bunsenges. Physik. Chem., 66, 401 (1962).
2 Technisch-chemisches Laboratorium, Swiss Federal Institute of

Technology, Zurich, Switzerland.
3 P. M. Robertson, H. Isler, and N. Ibl, Chem. Ing. Tech., In prep-

aration. ;
3], W. Johnson, S. C. Lai, and W. J. James, Electrochim. Acta,
15, 1511 (1970).
32T, N. Hartley and D. Price, This Journal, 117, 448 (1970).
8 N. Ibl and A. Selvig, Chem. Ing. Tech., 42, 180 (1970).
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A. Bélanger, G. Bélanger, and A. K. Vijh: We appre-
ciate Ibl and Robertson’s comments and are gratified
that their results are in agreement with ours for the
comparable system. The related work on gold cited by
these authors also appears of interest although clear-
cut explanation of different behavior at gold and
other electrodes is still an open question, notwithstand-
ing the interpretations put forward previously.3

In this context, it is perhaps relevant to point out
that our recent attempts3% to carry out partial anodic
oxidation of methane and ethylene in liquid ammonia,
with a view to prepare alkyl amines, have not been
successful even when a variety of electrode material
was examined.

Energetics of Single lon Solvation in Nonaqueous
Solvents and the Effects on Electrode Kinetics

M. Salomon (pp. 1609-1614, Vol. 118, No. 10)

0. Popovych3: In this paper Salomon raises the
known3? valid objection to Izmailov’s extrapolation
methods of determining the solvation energies of single
ions, but then proceeds to use what appears to be a
slight modification of one of these methods. According
to Salomon, Izmailov extrapolated as a function of
reciprocal radius, r—1, only the combinations (AG°m —
AGo°y) and — (AG°y + AG®x), obtaining nonlinear plots
with potentially two different intercepts. What he
fails to mention, however, is that Izmailov was aware
of these difficulties and, therefore, recommended plot-
ting the average of the above functions, [(AG°w —
AG°x)/2 — AGe°y], which in mathematical form is
identical with Salomon’s own Eq. [1] in the paper
under discussion. This average function also gives linear
plots and unique values for the intercept. The only
discrepancy between Izmailov’s and Salomon’s ap-
proaches is that the former used average reciprocal
radii of isoelectronic ions, whereas the latter interpo-
lated his data points for hypothetical anions and cations
of equal radii. Unfortunately, neither the essence of
this modification, nor the rationale for its supposed
superiority over Izmailov’s approach are brought out
for the benefit of the reader.

In my opinion, the same objections pertain to Salo-
mon’s as to Izmailov’s methods. In both approaches,
long extrapolations to infinite radius are made from
data points representing a narrow range of small ions,

mostly those of alkali metals and the halides. None of -

the ions in Salomon’s plots are as large as 4-5A (the
point corresponding to r—1 = 0.2, in Fig. 1 of the paper
being discussed, must be an extrapolation already).
On the other hand, we found38. 39 that the AG?’s for the
tetraalkyl and tetraaryl ions with radii in the 4-5A
range are determined overwhelmingly by their non-
electrostatic, or neutral components, AG° (neut), which
are not functions of r—1, Salomon dismisses the whole
question of AG° (neut) too lightly, at the same time
attributing, incorrectly, to Noyes?® an endorsement of
the isoelectronic inert-gas assumption for its estima-
tion.

Salomon’s rejection of the reference-electrolyte
method for the estimation of solvation-energy changes
for single ions is poorly founded. It is motivated mainly
by the possibility of experimental errors in the de-
termination of solubility products, rather than by any
flaws in the method itself. Certainly no chemist would
seriously accept the generalization that solubility prod-
ucts are unreliable because of possible complications
due to ion pairs, crystal solvates, complexes, and

3 J, W. Johnson, S. C. Lai, and W. J. James, Electrochim. Acta,
15, 1511 (1970).

3 A, K. Vijh, This Journal, In preparation.

% Department of Chemistry, Brooklyn College of the City Uni-
versity of New York, Brooklyn, New York 11210.

(1;77:)))' Popovych, Critical Reviews in Analytical Chemistry, 1, 73

“0: Popovych, A. Gibofsky, and D. H. Berne, Anal. Chem., In
preparation.

38 D, H. Berne and O. Popovych, Anal. Chem., In preparation.
4 R. M. Noyes, J. Am. Chem. Soc., 84, 513 (1962).
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micelles. Of these obstacles, only a slight degree of ion
pairing was encountered in our work with the refer-
ence electrolytes, and it was easily corrected with the
aid of conductance data. Thus, the above experimental
difficulties are neither generally encountered nor are
they fundamental to the evaluation of the reference-
electrolyte method.

The only genuine criticism directed at the basic as-
sumption of the reference-electrolyte method, is that
cited from the work of Coetzee and Sharpe‘! who de-
duced from NMR shifts the existence of specific solva-
tion effects even with the large reference ions. We have
shown,38 however, that the differentiating effects of the
several solvent pairs in question are, at the most, of
the order of experimental error in the measured solva-
tion-energy changes for the tetraphenylarsonium and
the tetraphenylphosphonium reference ions. The ex-
perimental error of the ApK;, determinations is about
0.1 kcal/mole. To my knowledge, no extrapolation
method is capable of that kind of precision.

M. Salomon: The relative merits between extrapola-
tion and reference ion methods for obtaining individual
ionic contributions to free energies and/or enthalpies
is indeed a complex problem as indicated by Popovych
above and elsewhere.42 From a theoretical viewpoint
there is much to be desired in either method, but there
are instances in which one is to be preferred. This is
true for the methanol-water systems as several incon-
sistencies appear in the use of solubility data (see be-
low). In the case of careful solubility measurements,
such as those reported by Cogley et al.#3 where oxygen
and water were rigorously excluded from various
propylene carbonate (PC) solutions, there is excellent
agreement with those results obtained by the emf
method (e.g., see footnote 44). For the salts NaCl and
KC], the solubility data of Cogley et al. give AG®oin
values of 10.7 and 9.5 kcal/mole~!, respectively: the
emf data give 10.5 and 9.4 kcal/mole—1, respectively,
for these salts. The split into AG?; (ion) values by the
solubility method4® and the extrapolation method# are
gratifyingly close so that it is difficult to choose be-
tween the two.

The methanol-water systems studied by various
methods42 4547 are, however, not consistent as is shown
in Table V of my original paper. In this table, it should
be noted that for those cases?®:47 where the sum
AGo(M+) + AG°(X~) are not equal to the observedt
AG%(MX), the results based on an extrapolation
method4? and a reference ion method#> are similar. Both
indicate that methanol is a weaker base than water.
There is, however, contrary evidence4t.48.49 which in-
dicates that methanol is the stronger base and this is
suggested by negative values of AGo%(M*) for the
transfer of small cations from water to pure methanol
or methanol-water mixtures.

Let us consider first, Izmailov’s method of extrapo-
lation.4” We have shown elsewhere,*? and in my paper,
that the values of AG%.y(MX) used by Izmailov are in
error and that this accounts for the nonlinearity of
his cation plot. While it is true that Izmailov does plot
the average function

{(AGoy+ — AGo%x-)/2 — AGOy +} vs.
Y% (Tm+ 1+ Tx-"1) [1]

Popovych’s statement above indicates that this pro-
cedure is in fact identical with mine. This is not the

#1J F. Coetzee and W. R. Sharp, J. Phys. Chem., 75, 3141 (1971).

42 0. Popovych, Critical Reviews in Analytical Chem., 1, 73 (1970).

# D. R. Cogley, J. N. Butler, and E. Grunwald, J. Phys. Chem., 75,
1477 (1971).

4+ M, Salomon, J. Phys. Chem., 74, 2519 (1970); J. Electroanal.
Chem., 26, 319 (1970).

45 0. Popovych, J. Phys. Chem., 70, 1671 (1966); Anal. Chem., 38,
558 (1966).

# D, Feakins, “Physico-Chemical Processes in Mixed Aqueous
Solvents,” F. Franks, Editor, Elsevier, New York (1967).

47N, A. Izmailov, Russ. J. Phys. Chem., 34, 1142 (1960).

48 F. Franks and D. J. G. Ives, Quart. Rev., 20, 1 (1966).

49 C, M, Criss and M. Salomon, “Physical Chemistry of Organic
Solvents,” A. K. Covington and T. Dickinson, Editors, Chap. 2.4,
Plenum Press, London (1972).
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case as is exemplified in my paper and in the following
quote from Izmailov: “AG°y+ + AG°x— can be plotted
as a function of 1/r for the corresponding halide ions
and the quantity AG°y+ — AG°m+ as a function of 1/7
for the corresponding metal ions. Both these quantities
will tend, as r increases, to one value AG°q+ . ... De-
termination of the limit is not very reliable since it
is necessary to extrapolate from distances remote from
1/r = 0. Since, however, the two plots tend the same
limit, and AG°y+ + AG°x-— is a linear function of 1/,
it is nevertheless possible to find that limit. This is
- facilitated by plotting an auxiliary line, representing
the means of the sums and differences, which tends to
the same limit AG°y+ . .. .” Thus Izmailov does not
report (as Popovych suggests) average values of the
intercepts for the cation and anion plots but, rather,
a single one. The values of AG°y+, which I and which
Franks and co-workers (e.g., see footnotes 46 and 48)
report, are averages of the cation and anion intercepts.
The belief that not all components of the solvation
energy vanish at 1/r - 0, which incidently was dis-
cussed and considered to be negligible by Izmailov, is
the essence of the difference between our two works.
The statement by Popovych, that the essence or ra-
tionale for my method is not brought out for the reader,
is not well founded as considerable discussion was pre-
sented. Since my method assumes that these nonvan-
ishing components to AG° (ion) become equal for very
large ions, there is then the question (which Popovych
did not comment upon) of whether or not this is valid.
The reference to Noyes’ paper serves only to illustrate
an alternate model which might invalidate my method
and does not refer to any stand on the subject by this
author.

The use of reference ions to calculate AGY (ion)
values is not rejected in my paper as discussed above.
There are, however, times when the use of some refer-
ence salts should be excluded as there are instances in
which some extrapolations should also be excluded.
In the methanol-water systems there is no data in the
literature that I could find which might indicate that
such salts as tetrabutylammonium tetraphenylboride
(BusNBPh,) or triisoamylbutylammonium tetraphenyl-
boride (TAB-BPhs) do not exhibit specific solvent-
ion or ion-ion interactions; however, there is the NMR
data on similar salts studied by Coetzee and Sharp3®
which cautions one in the use of this method for the
solvents under consideration here. I do not doubt that
free energies based on solubility can be measured to
within 0.1 kcal/mole. What I do doubt, in some cases,
is the accuracy of some measurements. For example,
based on the solubility of KCl in water and methanol,
a value of AG°;(KCl) was obtaineds which is ~1 kcal/
mole lower than that obtained by the emf method (e.g.,
see footnote 46). This exceeds Popovych’s stated ac-
curacy by a factor of ten. There is also the question
regarding the solubilities of the salts of the large refer-
ence ion in water and methanol4s because of their in-

% J. F. Coetzee and W. R. Sharp, J. Phys. Chem., 75, 3141 (1871).

DISCUSSION SECTION 725

stability in aqueous solutions, and because of the
different standard states employed. Since the salts
Bu;NBPhy; and TAB:BPh, are unstable in water, an
additivity method was used?s to obtain AG%(salt): e.g.

AGo (TAB-BPhy) = AG° (TAB-Pi)
+ AG° (KBPhy) — AG°(KPi) [2]

where Pi = picrate ion. Equation [2] is thermody-
namically correct and the accuracy of the quantity on
the LHS is dependent upon that of the RHS. Assuming
that oxygen and water have been rigorously excluded
from the methanol solutions, a problem of different
standard states can arise using solubility data. For ex-
ample, in methanolic TAB-Pi solutions, the concentra-
tion of undissociated salt (or ion-pair?) is 0.125M
compared to the free ion concentration of 0.267M. Simi-
larly, for BusNPi solutions in methanol the solvated
salt (or ion-pair?) concentrations is 0.359M compared
to 0.514M for the free ions.*> Two points are of interest
here: first, for solutions of such high concentrations,
v+ cannot be calculated from a simple Debye-Hiickel
equation®!:52 but rather from one of the extended re-
lations; second, is the point that the calculation of
AG%on (salt) for the above saturated solutions (from
—2RT In [Msa v+]) refers to standard states of 0.125M
and 0.359M of undissociated salt for TAB-Pi and
BuyN-Pi, respectively. While a constant ionic strength
media is as valid a standard state, as is the zero ionic
strength media, one must be consistent in employing
the same standard state throughout. Since a mixing of
standard states does occur in this work,% another
source of error is introduced into the solubility data.
The fact that ion-pairing has been corrected for in
this work is, therefore, irrelevant to accuracy of the
ApKj, results.

Finally, in answering Popovych’s comments on ion-
size relations, I think adequate discussion has been
presented in my paper and elsewherei6.48.48,53 where
the basis of a linear 1/r relation is attributed to en-
thalpy and entropy effects. Certainly linear relations
exist; or is this being questioned? If on this matter
Popovych is justifying his use of reference ions of
equal Stokes radii, then I can only say again that the
significance of these radii is unclear. The fact that
Walden'’s rule holds (only) for the larger ions in many
solvents is misleading since it suggests a causative re-
lationship between A° and n: the relevant value for
n in Stokes’ frictional factor 6mmTl's is uncertain due to
electrostriction, local structure-making or breaking
effects, and dielectric relaxation effects which really
requires the use of local rather than bulk values of n
(cf. 52, 54).

5t W. J. Hamer, National Bureau of Standards Publication No.
NSRDS-NBS 24, Dec. (1968).

©B. E. Conway, “Physical Chemistry, An Advanced Treatise,"
E. Eyring, Editor, Vol. IXA, Chap. 1, Academic Press, New York
“2-71?2.' Salomon, J. Phys. Chem., 74, 2519 (1970).

6 G. J. Hills, “Chemical Physics of Ionic Solutions,”” B. E. Con-

way and R. G. Barradas, Editors, Chap. 23 (and following discus-
sions), John Wiley & Sons, New York (1966).

Erratum

In the paper “Electrolytic Determination of Porosity
in Gold Electroplates, II. Controlled-Potential Tech-
niques” by Ronald J. Morrissey which appeared on pp.
446-450 in the April 1972 JourNAL, Vol. 119, No. 4, on p.
447 the term (Ba/Ba + Bc) in Eq. [2] and [4] should ap-
pear as an exponent rather than as a multiplier, so that
the correct expressions should be

Ba

Ba + Be
Icorr = C14a [2]

and
Be

Al Ba + Be
— = CiC24a (4]
AV
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Oxidation of Beta-Phase Plutonium

J. W. Lindsay, K. Terada, and M. A. Thompson
Dow Chemical U. S. A., Rocky Flats Division, Golden, Colorado 80401

ABSTRACT

Oxidation of g-phase plutonium was studied by hot-stage x-ray diffraction,
microtopography, and thermogravimetry. The oxidation process was found
initially to proceed by the formation of a protective sesquioxide film. Sub-
sequently, the protective film was destroyed by blistering and the reaction

rate accelerated.

Plutonium is very susceptible to oxidation. The
mechanisms involved in this oxidation are complicated
by the existence of six temperature-dependent allo-
tropic modifications of the metal and a rather complex
metal-oxygen relationship (1). Of the six metallic
phases, the low-temperature «-phase which is stable
to 112°C, has received the most attention (2-8). Under
conditions of low humidity, oxidation of the a-phase
appears to follow a parabolic rate law. Sackman (4)
observed a series of successive parabolic weight gain
curves when the reaction was allowed to proceed for
extended periods of time. This behavior was thought
to arise from the continued failure and regrowth of a
protective sesquioxide film.

Few in-depth investigations of the reactions of
higher temperature metallic phases with oxygen have
been made. Schnizlein and Fischer (9), in investigat-
ing the oxidation process above 140°C reported para-
linear kinetics through the g (112°-185°C), v (185°-
310°C), and & (310°-452°C) phases. The paralinear
model involves the simultaneous production of a pro-
tective inner film and an outer porous layer. Thompson
(10) observed two linear stages of oxidation in the
B-phase with paralinear kinetics being followed only
in the y- and &-phases.

Both Thompson and Schnizlein observed a reduc-
tion in the rate of oxidation of §-phase metal at about
400°C. Thompson (10) and Vesterberg and Ekbom (11)
reported an additional rate reduction occurring in the
B-phase at about 160°C.

The present study was designed to investigate re-
action mechanisms and kinetics associated with the
oxidation of g-phase plutonium. Special attention was
given to the relationship between the reaction rate,
types of oxides formed, and microtopography of the
resulting oxide products. Kinetic data were obtained
by thermogravimetry. The types of oxides produced
and the exterior oxide surface characteristics were
followed by hot-stage x-ray diffraction and micro-
scopy using conditions duplicating those in the rate
studies.

Experimental Material and Procedures
Material.—Very pure electrorefined plutonium metal
was used in the kinetic and mechanistic investigations.
The electrorefined button was cast into an ingot and
hot-rolled in the g-phase to a thickness of 0.018 in.
Impurities in the resulting sheet are listed in Table I.

Key words: corrosion, alpha-Puz0s, PuO:.
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Procedures.—Isothermal oxidation experiments were
conducted with fresh polished samples. The samples
were given a final finish with dry jeweler’s rouge. The
oxidation was followed thermogravimetrically on a
Mettler I Thermoanalyzer enclosed in a glove box. The
atmosphere used in the investigation was a 20% O,-
80% Ar mixture. Moisture was removed to less than
10 ppm by volume by passing the gas over a molecu-
lar sieve desiccant. Moisture levels were determined
with a Consolidated Engineering Corporation Model
26-303 hygrometer. All runs were made at 640 Torr.

Hot-stage x-ray diffraction patterns of the initial
stages of oxidation were made at various isotherms
with a Picker Nuclear diffractometer fitted with a hot-
stage cell. Metal samples and atmospheres were kept
as closely as possible to those employed in the kinetics
investigations. Hot-stage optical microscopy investiga-
tions were made using a Unitron Model HHS metal-
lograph. Conditions were again kept as closely as
possible to those employed in the thermogravimetric
runs.

Results

Thermogravimetry.—Isothermal weight gain curves
showing the rate of oxygen reaction with respect to
time are shown in Fig. 1. The figure also shows that
the over-all reaction rate increases with temperature
between 120° and 175°C before decreasing to a mini-
mum at about 190°C. Above 190°C, the rate resumes
its increase with temperature. Each curve consists of
two distinct stages of oxidation. This phenomenon oc-

Table 1. Bulk metal impurities

Impurity, Impurity,
Element ppm by weight Element ppm by weight
Al 28.0 Li 0.05
As 0.7 Mg 2.0
B 0.09 Mn 9.0
Ba 0.8 N 3.0
Be 0.06 Na 2.0
C 10.0 Nd 8.0
Ca 0.9 Ni 0.6
Cd 0.8 Np 1.0
Cl 6.0 o 38.0
Co 0.04 P 0.1
Cr 2.0 Pb 0.2
Cu 0.7 Pr 4.0
F 0.2 S 0.7
Fe 7.0 Si 7.0
Gd 4.0 Ta 31.0
1 0.2 Ti 1.0
K 0.9 u 2.0
La 5.0 w 65.0
Zn 2.0
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Fig. 1. Weight gain curves showing oxidation behavior from
120° to 206°C.

curs throughout the g-phase. The 206°C curve was
included in Fig. 1 to show that two stages of oxidation
also occur in the lower temperature region of the -
phase. The two stages are shown more clearly in the
plot of the natural logarithms of the weight change
with respect to the logarithms of time for the isotherm
at 142°C (Fig. 2).

The initial stage of oxidation (Fig. 3), whose dura-
tion shortens with increasing temperature, conforms
reasonably well to a linear rate law. Effect of tem-
perature on the rate of oxidation during the initial
stage is shown in the Arrhenius plot in Fig. 4.

The parabolic rate preceding the linear rate, re-
ported by Schnizlein and Fischer (9) and Larson and
Cash (7) was not observed in the weight gain curves,
However, weight change data at the beginning of the
isothermal oxidation were lost because it required sev-
eral minutes for the balance to reach equilibrium
after the metal was exposed to the oxidizing gas. Fig-
ure 3 shows that when the linear rate is extrapolated
to the weight gain axis, the intercepts steadily in-
crease as the temperature rises above 150°C. This
suggests that the observed linear rate is not in effect
during the very early stages of reaction.

Following a brief transition period, which is best
seen in Fig. 2, the reaction proceeds by an accelerating
rate,

Microscopy.—Microtopographic examinations were
made of the oxide surface during both the initial

100

80

N
o
T

O LINEAR STAGE
A TRANSITION STAGE
O ACCELERATING STAGE|

Ln AW (mg 0p/cm?)
o
o
T

o
e}
T

40

L L L
20 30 40 50 60 70
Ln t(MINUTES)

Fig. 2. Ln-Ln plot of weight gain with respect to time
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Fig. 4. Arrhenius plot of rate constants obtained from first stage
of oxidation.

linear stages and the transition stages using the same
conditions as those employed in the kinetic investiga-
tions. Several series of photomicrographs were taken
of the surface at 750X magnification with direct and
indirect illumination and at temperatures from 120°
to 206°C.

During the linear stage of oxidation, an interest-
ing pattern of oxide growth was observed. A compact,
black oxide film was formed over most of the metal
surface. The remaining areas consisted of dark, circu-
lar areas which formed early in the oxidation and
grew larger in size and number with time. As these
circular areas grew, it became apparent that they were
blister-like features on the surfaces. These features
eventually resulted in mounds of loose, brownish-
green oxide which ultimately covered the entire
surface,

Hot-stage photomicrographs taken of the oxidation
process at 145°C and various time intervals are shown
in Fig. 5. The photomicrographs are of representative
areas of the surface and show the growth of the
blister-like oxides. The light areas correspond to the
compact, black oxide film, except for Fig. 5a where
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Fig. 5. Hot-stage photomicrographs (750X) of plutonium oxida-
tion at 145°C. (a) Initial surface, (b) after 20 min, (c) after 40
min, (d) after 80 min.

the light area is the metal surface. There is no definite
correlation between the spots on the initial metal sur-
face and the dark, circular areas which develop dur-
ing oxidation. Similar observations were made in
other hot-stage microscopy experiments between 120°
and 206°C. The rate of formation and growth of blis-
ters increased with temperature.

X-ray diffraction.—Following several exploratory
scans at each of several isotherms, it was determined
that only «-Pu;O3 and PuO, were produced in the
oxidation of g-phase plutonium. Progress of the forma-
tion of the two oxides was followed by scanning the
a-PusO3 26 peaks at 28.0° and 55.0°, and the PuO;
20 peaks at 28.1° and 56.5° (12). In addition, the strong
p peak of the metal at 34.3° was periodically scanned
since its presence was a good indication that loss of
inner oxide layers from the diffraction scan was not
due to a thicker outer film exceeding the penetration
limit of the x-ray beam. Figure 6 shows the results
of hot-stage x-ray diffraction and thermogravimetric
experiments at 175°C. The relative areas under the
20 peaks of 55.0° and 56.5° for «-PuyO3 and PuO,,
respectively, are plotted against time to show the
change in relative amounts of the oxides during a re-
action. Also plotted on the same time coordinate is the
thermogravimetric data of an experiment at the same
temperature. The PuO; shown in the graph is slightly
exaggerated due to a weak «-PuyO; diffraction peak
at 56.4°, but it does not mask the trend.

Alpha-PuyO3 was the principal oxide formed dur-
ing the early stages of reaction. The decrease in the
amount of the sesquioxide occurred when the rates of
PuO, formation and weight gain began to accelerate.

Observation of only a small change in the g-metal
peak height indicated that the loss of diffraction in-
tensity of the «-Pu;O; was not due to its covering by
a thick layer of PuO,. An initial decrease in PuO, was
observed. This phenomenon is thought to be the re-
sult of the net reduction of the dioxide by the sub-
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Fig. 6. Hot-stage x-ray diffraction and weight gain data for
oxidation at 175°C.

strate metal to the sesquioxide (13). This reduction
started at temperatures above 150°C. The same type
of behavior described above was observed at other
temperatures. The difference was only in the rates.
X-ray diffraction analyses of samples removed from
the thermogravimetric analyzer during the accelerated
stage of oxidation were also made. Oxides readily
removed from the sample surface with a camel’s hair
brush were analyzed separately from those that were
more adherent to the metal. The loose oxide was all
PuO,. The slightly more adherent oxide was practi-
cally all PuO,. These oxides were not as compact nor
as adherent as the initially formed «-PuyO; film.

Discussion

Isothermal weight gain curves obtained from the
oxidation of g-phase plutonium have the general form
shown in Fig. 7. The different stages of the oxidation
discussed in this section are indicated in the figure.

Although experimental difficulties in this work
prevented the detection of the parabolic stage (A),
x-ray diffraction and TGA data point to its occurrence.

The first part of the reaction definable by TGA
(stage B) conformed to a linear rate. X-ray diffrac-
tion analyses demonstrated that the compact oxide
formed during the early part of this stage was princi-
pally a-Pu;0;. The decrease of the amount of the
sesquioxide as the greenish-brown PuO; covered the
surface was the result of the reaction ’

2a-Puy03 4+ Oy » 4PuO,

D
-—
ACCELERATING

WEIGHT CHANGE

28
TRANSITION

PARABOLIC

TIME

Fig. 7. Typical weight gain curve for isothermal oxidation of
B-phase plutonium.
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The acceleration of the oxidation rate as the sesqui-
oxide was depleted indicated that the initial parabolic
rate resulted from the formation of a protective film
of a-Pu»O;. Microscopic examination of the a-Pu;Oj
film surface during its formation showed localized
blistering of an otherwise compact oxide film. Ap-
pearance of the blisters was observed very early in
the isothermal oxidation process. The apparent linear
rate was the result of a combination of the decreasing
rate of oxidation due to growth of a thicker, protective
sesquioxide film and an increasing rate of oxidation
due to loss of areas covered by the protective film,
The protective sesquioxide film was progressively re-
placed by less coherent and consequently less pro-
tective PuO..

The transition stage (C) began when the oxidation
rate started to accelerate. The rate accelerated as the
protective a-Pu,O3 was progressively depleted and
replaced by nonprotective PuO..

During the accelerated stage (D), the oxidation
reached its maximum rate. The amount of sesquioxide
on the metal became undetectable by x-ray diffraction
and the entire surface was covered by the greenish-
brown oxide. It is interesting that the a-Pu,O; did
not reform under the blisters as a protective film. One
possible explanation is that the conditions under which
the initial oxide layer and succeeding layers were
formed were quite different. The initial oxide film was
formed immediately following polishing of the metal
in air. During this relatively slow oxidation, the oxide
formed could become the nucleus for succeeding oxide
growth which could withstand higher stresses before
failure. This type of oxide is contrasted to that formed
where bare metal is suddenly exposed to oxygen at
elevated temperatures. Support for this mechanism was
obtained in a series of experiments in which metal
samples were exposed to air at room temperature for
24 hr prior to oxidation. In each case, a definite delay
in the accelerated oxidation rate was exhibited with
high concentrations of a-Pu:O3 remaining for as great
as four times longer.

Figure 1 shows that above 175°C, there is a mini-
mum rate in the later stages of reaction. Thompson
(10) first reported this and more recently, Vesterberg
and Ekbom (11) working with moist argon, made a
similar observation. However, in these earlier reports,
the rate minimum was found at about 160°C, while
it was observed at 190°C in this work. According to
Schnizlein and Fischer (9) the accelerated rate can
be eliminated by oxidation with extremely dry oxygen.
One may conclude from it that the rate minimum is
the result of activity of moisture on the oxide film.

Summary and Conclusions

Oxidation of g-phase plutonium metal involves sev-
eral processes. Initially, there is a concurrent forma-
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tion of protective «-Pu;O3 film and blisters in the
oxide. At the beginning, the o-Pu;O3; grows relatively
rapidly, and the blister formation and growth rate is
low. With time, this is gradually reversed and even-
tually the entire surface is disrupted. The a-Puy0j; is
oxidized to PuO.. For the period of linear reaction
rate, an activation energy of 154 =1.9 kcal/mole
was calculated.

As the protective sesquioxide is oxidized to a non-
protective PuO,, the oxidation rate accelerates to a
maximum. This maximum accelerated rate increased
with temperature but began to decrease at about
175°C to minimum at 190°C.
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Plutonium Oxidation in Moist Oxygen-Nitrogen Mixtures

J. L. Stakebake and L. M. Steward
Dow Chemical U. S. A., Rocky Flats Division, Golden, Colorado 80401

ABSTRACT

Plutonium oxidation studies were conducted at 90°C in dry air and moist
oxygen-nitrogen mixtures using both cast and rolled plutonium. Oxidation in
dry air obeyed a linear rate law with average rate constants of 0.042 and
0.050 mg/cm2hr for the cast and rolled plutonium, respectively. Both metal
samples were found to oxidize faster in the moist oxygen mixtures than in
moist nitrogen. Linear oxidation rates were observed in moist oxygen-
nitrogen mixtures with average rate constants of 0.68 and 0.34 mg/cm?hr for
the cast and rolled plutonium. In moist nitrogen oxidation followed a para-
bolic rate law with average rate constants of 3.60 and 1.11 mg/cm?hr!/2 for
the cast and rolled samples, respectively. The reaction with water vapor
observed during this investigation was greatly influenced by the purity of the
metal as well as its metallurgical history. Samples of cast, electrorefined
plutonium containing some microcracks reacted very rapidly, while for the
relatively impure rolled material the reaction was somewhat slower. Inall
cases at this temperature, the reaction with water vapor was diffusion con-
trolled and not reaction controlled as has been reported previously. The
diffusing species is believed to be OH~ ions formed by the dissociative ad-
sorption of water on plutonium dioxide.

Plutonium metal is very reactive and highly suscep-
tible to oxidation which destroys the integrity of the
metal. Two methods are known to minimize the amount
of oxidation. One is by reducing the reactivity of the
metal by alloying with another metal such as gallium,
aluminum, or zirconium. Another is to minimize the
contact of plutonium with oxidizing gases. However,
taking advantage of the second method of reducing
oxidation requires some understanding of the oxidation
characteristics of plutonium metal. For example,
plutonium oxidation is greatly enhanced by the pres-
ence of water vapor. Thompson (1) observed that an
increase in water content of an oxygen atmosphere
from 1.5 to 35 ppm resulted in an oxidation rate in-
crease of about 19-38.6 ug/cm2hr at 85°C. Raynor and
Sackman (2) found that the rate of oxidation at 90°C
increased with increased humidity up to about 2%
relative humidity. Above 2% relative humidity, in-
creasing the water vapor content had little effect on
the reaction. This effect was not observed above 215°C
but at 190°C as little as 180 ppm H20 caused the linear
oxidation rate to accelerate an order of magnitude (3).

According to most of the earlier studies, the acceler-
ating effect of water vapor on plutonium oxidation is
more pronounced in inert gases than in air or oxygen.
For example, Waber (4) stored two plutonium samples
at 75°C and 50% relative humidity in helium and also
air. After 26 hr, the extent of oxidation of the sample
stored in helium was about 60 times greater than for the
sample stored in air. Raynor and Sackman (5) have
also studied the oxidation of plutonium in argon and
air at 30°, 60°, and 90°C and 95% relative humidity. In
all cases, the oxidation was faster in argon than in air.
However, this difference was very small for unalloyed
plutonium at 90°C. These early observations have led to
the conclusion that it is better to store plutonium in
“dry” air than in a “dry” inert gas in order to minimize
corrosion. Under these conditions, the oxygen tends to
inhibit the oxidation by water.

Unfortunately, storing plutonium in air presents a
fire hazard since plutonium will burn in atmospheres
containing more than 6% oxygen (6). Therefore, it is
often preferable to store and handle plutonium in an
inert atmosphere despite the increased susceptibility to
oxidation. Since oxygen has been reported to inhibit
water oxidation of plutonium, it is conceivable that low
oxygen concentrations in an inert atmosphere would
provide a significant amount of corrosion protection.
However, almost no work has been done to evaluate

Key words: plutonium oxidation, moist oxygen-nitrogen.
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the effect of small oxygen concentrations on the oxi-
dation rate of plutonium by water vapor in inert gases.
Tanon et al. (7) performed some glove box oxidation
experiments using various argon-oxygen mixtures.
Their results showed that the rate of oxidation of
plutonium in argon-oxygen mixtures was less than in
argon but greater than in pure oxygen. This was true
at 50° and 70°C, but no results were reported at 90°C.
The scatter of the results did not permit any definite
relationship to be established between the rate of oxi-
dation and the oxygen concentration. To be able to
minimize the oxidation of plutonium in semi-inert
atmospheres, this relation must be established.

Experiments discussed in this paper provide informa-
tion on the oxidation behavior of plutonium in reduced
oxygen atmospheres at 90°C. These experiments also
provide additional information on the effects of im-
purities on plutonium oxidation and the nature of the
plutonium-water reaction.

Experimental

Apparatus.—The experimental system used for the
measurement of oxidation rates is shown in Fig. 1. The
principal component is a Cahn® recording electro-
microbalance. This balance has an accuracy of 5 ug.
With the vacuum system incorporated into the balance
system, the working pressure can be varied from 10-7
to 600 Torr. A resistance furnace controlled with a
power proportioning programmer was used to heat
the samples. The actual temperature of the sample was
measured with a thermocouple located adjacent to the

CAHN MICROBALANCE
PLUTONUM SAMPLE.

RESISTANCE FURNACE\

v
THERMOCOUF%
MANOME TER:

GAS INLET
r DRY GAS

HYGROMETER |

MOISTURE SENSOR

TEMR PROGRAMMER

PRIMARY VACUUM

°

LINE

SILICA GEL:

SECONDARY VACUUM

LITHIUM CHLORIDE SOLUTION

Fig. 1. Experimental apparatus
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Table I. Mass spectrometer analysis of two plutonium samples

Rolled Pu, Cast Pu,
Element ppm by weight ppm by weight

Ag 3.0
Al 47 5.0
Am 1563 —_
C 100 32.0
Cl1 4 3.0
Co 2 —
Cr 86 0.5
Cu 23 0.5
F 2 0.7
Fe 430 9.0
Ga 31 5.0
In 2 —
Mg 2 0.4
Mn 17 0.6
Mo 2 —
5 0.5

Ni 69 2.0
Np 19 11.0
[o] 160 40.0
P 37 0.4
Pb 4 0.6
S 2 0.7
Si 94 5.0
Sn 2 2.0
Ta 27 7.0
Ti 2 —
U 230 25.0
w 15 270.0
Zn 26 5.0
Zr 2 —
Other 2 6.3
Total 3010 435.0

sample inside the hangdown tube. Gas mixtures were
introduced into the system via a series of traps which
conditioned the gas to the desired water content.
Moisture levels were measured with a Panametrics®
hygrometer during each run.

Samples.—Two different batches of plutonium were
used for this study. One batch had been stored for about
six years and was originally rolled from an electrore-
fined ingot. Thompson (8) used this same metal in his
work and reported an average total impurity content
of 870 ppm. During storage, the impurity content in-
creased to about 3010 ppm with americium and iron
being the major impurities (Table I).

Nearly all previous microbalance studies have been
conducted with samples cut from rolled sheets. Recent
developments, however, permitted the use of thin cast
samples. The second batch of plutonium was vacuum
cast from an electrorefined ingot into plates about 0.75
mm thick. Total impurities in this batch were 435 ppm
(Table I).

Sample coupons were cut from bulk sheets about
0.75 mm thick so as to have a final surface area of
about 0.50 cm2. Each coupon was mechanically polished
using 600 grit silicon carbide paper. Other techniques,
such as electropolishing and a metallographic polish
with 1 diamond paste, were also tried. The mechanical
polish, however, seemed to yield the most reproducible
results,

Procedure.—Immediately after polishing the samples
were loaded on the balance and the system evacuated.
Samples which were to be oxidized in a dry atmosphere
were outgassed for 2 hr at about 1 X 10—8 Torr. Those
to be run in a moist atmosphere were evacuated to
1 X 10-5 Torr. After evacuation, the temperature of
the sample was increased to 90°C and the system back-
filled to a pressure to 500 Torr with the reacting gas.
For this study, the reacting gases were mixtures of
nitrogen and 0, 3, and 21 v/o (volume per cent) oxygen
and also 100% oxygen. Two moisture contents, 5 and
12,000 ppm, were used during this experiment. The
12,000 ppm moisture level was generated by passing the
gas through two traps containing a saturated solution
of LiCl. Prepurified gases were passed through a silica
gel trap to obtain the 5 ppm moisture level.

Data from the plutonium oxidation runs were pro-
cessed using a digital computer curve fitting program
(9) to determine the best equation for the data. In
many cases, it is difficult to fit the rate data exactly to
any one simple rate equation, because changes during

Pu OXIDATION IN MOIST O-N MIXTURES 731

the oxidation run are frequent. For the data from this
study, the single equation which best fits the data was
chosen.
Results and Discussion

Oxidation of unalloyed plutonium.—Results from this
study of the oxidation of rolled and cast unalloyed
plutonium are shown in Fig. 2 and 3. The pronounced
effect water has on plutonium oxidation is quite evi-
dent from these runs. At 90°C oxidation was found to
be faster in the moist oxygen containing atmospheres
than in moist nitrogen. This observation is opposite that
observed at lower temperatures where oxidation has
been reported to be faster in the inert gas and any
oxygen present apparently exerts an inhibiting effect
on the oxidation process (5, 7).

Oxidation in dry air—Compared to the rate observed
with moisture present, plutonium oxidation in dry air
was relatively slow and very reproducible. Curve A i.n
Fig. 2 and 3 shows the results of oxidation in dry air
for the rolled and the cast samples, respectively, after
subtracting any inhibition time. The runs in dry air
were all initially inhibited for periods up to about 200
hr. This inhibition was probably caused by the forma-
tion of a nonporous, adherent oxide film on the surface
prior to the start of the experimental run. Although
inhibition times for different samples varied from 32
to about 200 hr, the final oxidation rate was the same in
all cases. The oxidation process in dry air followed the
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Fig. 2. Oxidation of rolled unalloyed plutonium at 90°C in dry
air A, moist oxygen-nitrogen mixtures O, and moist nitrogen N.
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linear rate law, x = kt + c. The rate constant, k, was
determined to be 0.050 mg/cm2hr for the rolled
plutonium and 0.042 mg/cm2hr for the cast plutonium.

Data from this study were compared to the results
obtained earlier by Thompson (8) under the same con-
ditions and with the same rolled metal. At 90°C, in dry
air, Thompson reported a linear oxidation rate of
about 0.048 mg/cm2hr. The average rate from all runs
in this study was 0.046 mg/cm2hr. On the basis of these
comparisons, it appears that storage and the accom-
panying increase in impurities (up to at least 3000
ppm) as well as radiation damage, has no effect on the
metal oxidation rate in dry air. Furthermore, the
method of metal preparation, either rolling or casting,
did not influence the oxidation rate appreciably.

Linear oxidation kinetics can result from several
possible rate-determining processes (10). These in-
clude: phase boundary processes involving metal/
oxide or oxide/oxide interfaces; diffusion through an
oxide film of constant thickness; and the adsorption
of oxygen. Formation of a porous oxide, resulting in
a reaction at the metal/oxide interface, is probably the
most commonly used explanation for linear Kkinetics.
However, in the present experiments the initial oxide
formed was not porous as evidenced by the long in-
hibition times.

The observed results can be explained, however, by
assuming the initial reaction with the nonporous oxide
film was one which formed a porous oxide. This was
a rearrangement process within the oxide structure
and not further oxidation. Variations in the length of
the inhibition time were due to differences in the
thickness of the initial nonporous layer. After forma-
tion of the porous oxide, oxidation took place at the
metal/oxide interface. Adsorption as the rate-control-
ling step was ruled out because the reaction rate was
independent of oxygen pressure. The possible reaction
at an oxide/oxide interface likewise was not consid-
ered to be the primary rate-determining step since
only PuO; was detected by x-ray diffraction at this
temperature. However, this interaction cannot be com-
pletely ruled out at this time.

Ozxidation in moist oxygen-nitrogen atmospheres.—
The primary objective of this study was to determine
the effect of oxygen on the oxidation of plutonium by
water vapor. Runs were made in moist nitrogen atmo-
spheres containing 3 and 21% oxygen and also in 100%
oxygen. In all cases, the oxidation rate was faster in
the oxygen-containing atmospheres than in moist ni-
trogen. This is opposite all previously reported results
(4, 5, 7). One possible explanation is the temperature
at which these runs were carried out. The majority of
the evidence for a protective oxide film has been found
at room temperature and that work done at 90°C
showed little difference between oxidation in moist
oxygen and in moist argon (5). Furthermore, it should
be noted that the experimental procedures used in
earlier studies provided mostly qualitative and semi-
quantitative information. Because of this, a definite
explanation of the effect of oxygen on plutonium oxi-
dation by water has not been reported.

Typical results from this study are shown as curve
O in Fig. 2 and 3. It is obvious from these runs that
water vapor greatly accelerates the oxidation of plu-
tonium. The protective oxide layer normally formed
by oxygen during oxidation in moist atmospheres was
not observed with the possible exception of the first
few hours on some runs. Run O in Fig. 3 is such an ex-
ample. In this case, the oxidation proceeded along the
curve obtained for dry air for about 7 hr indicating
water vapor was not yet taking part in the reaction.
After 7 hr, the rate began increasing until the final
linear rate was reached. The final linear rates obtained
for the oxygen runs shown in Fig. 2 and 3 (curve O)
were 0.42 and 0.72 mg/cm2hr for the rolled and cast
plutonium samples, respectively. All of the runs in
oxygen-containing atmospheres followed a linear rate
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law with an average rate of 0.34 mg/cm2hr for the
rolled plutonium and 0.68 mg/cm2hr for the cast metal.
The difference in rates between the two metal samples
is attributed to the difference in purity as well as the
metallurgical history. This is consistent with the re-
sults reported by Raynor and Sackman (5).

Rate constants obtained for the rolled metal were
compared with the 0.18 mg/cm2hr rate obtained earlier
by Thompson (8) using the same metal. The rate ob-
served in this study was about twice as fast. This in-
creased rate was probably due to differences in the
moisture content for the two studies.

Effect of oxygen partial pressure on plutonium oxi-
dation.—The relation between oxygen pressure and the
plutonium oxidation rate has not been clearly estab-
lished. There has been a fairly significant pressure
effect reported at higher temperatures (8, 11). This
ranges from a very positive effect at about 200°C (11)
to an inverse effect at 400°C (8). However, the effect
appears to be minimal at room temperature. Tanon
et al. (7) reported an inverse oxygen pressure depen-
dence for oxidation in moist atmospheres at 50° and
70°C. The exact relationship could not be defined
from their data and no results were reported at tem-
peratures greater than 70°C.

The results from this study show a very strong posi-
tive effect at low oxygen concentrations. This is evi-
denced by the difference between curves O and N in
Fig. 2 and 3. The exact oxygen concentration re-
quired for this effect was not determined; however, it
was less than 3 v/o or a partial pressure of 15 Torr.
Oxygen concentrations greater than 3 v/o produced no
effect on the oxidation rate at 90°C.

Oxidation in moist nitrogen atmospheres.—Typical
results from the oxidation of unalloyed plutonium in
moist nitrogen are shown in Fig. 2 and 3 (curve N).
At 90°C plutonium oxidation by water vapor was
found to be very fast and to obey a parabolic rate
law, i.e,, x = kt%2 4+ c, as shown in Fig. 4. The rate
constants for the typical runs shown in Fig. 4 were 1.14
mg/cm2hr* for the rolled metal and 3.52 mg/cm2hr':
for the cast sample. The average rate constants for all
of the runs made with these two samples were 1.11
mg/cm2hr*2 for the rolled plutonium and 3.60 mg/
cmzhr*z for the cast plutonium.

The products from the reaction between water and
plutonium were examined by x-ray diffraction and
found to be PuO;. No PuH, was detected although this
was not totally unexpected due to the similarity in
crystal structure between PuO,; and PuH,. The nitride,
PuN, is not expected to form under 300°C and was not
detected in the products. The color of the PuO, formed
during oxidation of the rolled plutonium was yellow-
green, while the oxide formed from oxidation of the
cast metal was black. This difference in color may be
indicative of two different mechanisms and is discussed
in more detail later.

Because of the threefold difference in reaction rate
for the two types of plutonium samples, the character
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Fig. 4. Parabolic oxidation of cast and rolled plutonium at 90°C
in moist nitrogen.
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Fig. 5a. Surface of a rolled plutonium coupon following oxida-
tion at 90°C in moist nitrogen.

Fig. 6a. Surface of a cast plutonium coupon following oxidation
at 90°C in moist nitrogen.

Fig. 5b. Cross section of a rolled plutonium coupon following
oxidation at 90°C in moist nitrogen.

of the plutonium metal was examined in detail. Pho-
tomicrographs were taken of coupons from both the
rolled and cast samples after about 25% of total oxi-
dation in moist nitrogen. Figure 5a shows the surface
of the rolled coupon after all loose oxide had been re-
moved. The water vapor appeared to be nearly uni-
form with the major reaction occurring on the edges.
Figure 5b is a cross-sectional view of the same cou-
pon. Again, there was no serious pitting, indicating
the reaction was fairly uniform. These surfaces are
indicative of an atypical water reaction with plutonium
which was probably caused by the high impurity con-
tent. Photomicrographs of the cast plutonium coupon
are included as Fig. 6a and 6b. The water vapor attack
on this sample was catastrophic. In Fig. 6a, severe
pitting is shown on the surface and in Fig. 6b the cross-
sectional view shows that some of these pits nearly
penetrate the coupon. This type of attack is similar to
the hydrogen reaction with plutonium and is identical
to that normally expected with water vapor.
Initially, the difference in impurities appeared to be
the primary reason for the different types of attack
on the two samples. Further comparison of these two
samples, however, provided additional reasons for
the difference in rates. Metallographic examinations
of the two metal samples showed the cast material
to contain numerous microcracks . (Fig. 7). These
cracks were absent in the rolled material (Fig. 8).
The microcracks in the cast specimens could account
for the catastrophic type attack. In this case, moisture

Fig. 6b. Cross section of a cast plutonium coupon following
oxidation at 90°C in moist nitrogen.

could condense in the microcracks causing accelerated
oxidation and subsequent breakaway.

The microcracks probably originate from internal
stresses caused by cooling through the g-a phase trans-
formation during casting. Since the rolled plutonium
sample also was cooled from the vy-phase to the a-
phase it might also be expected to contain microcracks.
However, it was essentially free from any cracks. One
reason for the lack of cracks may be the relatively high
impurity content. It has been shown that impurities
reduce the incidence of microcracking (12). Iron, par-
ticularly, serves as a stress-relieving agent by precipi-
tation as PugFe in the grain boundaries. Thus, some-
what indirectly, impurities may be the major con-
tributing factor in the two different oxidation rates.

Mechanism of water vapor attack.—Several mecha-
nisms (13) have been proposed to explain the oxida-
tion of plutonium by water vapor. Draley (14) pro-
posed a hydride mechanism for the interaction of
hydrogen with metals. In the case of plutonium, water
reacts to form plutonium hydride which further reacts
to form the oxide. That is

Pu + 2H,0 -» PuO; 4 2H, [1]
Pu + Hy; - PuH, [2]
PuH; + 2H30 - PuO; + 3H, [3]

Waber (15) suggested that the reaction between plu-
tonium and water vapor is under anodic control. The
cathodic reaction involves the dissociation of adsorbed
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Fig. 7. Metallographic section of a cast plutonium sample

Fig. 8. Metallographic section of a rolled plutonium sample

water vapor on the oxide-covered plutonium metal.

Therefore
2H,;0 > OH- + H30* [4]

2H;0+ > Hs + 2H20 — 2e [5]

The anodic reaction takes place on the diffusion of
OH- anions to the metal/oxide interface and involves
the reactions

Pu + 30H- - Pu(OH); + 3e [6]
Pu(OH)3 + OH- - Pu(OH)4 + le » PuO; + H;0
[7

which are said to be rate controlling. Hydrogen pro-
duced by dissociation of adsorbed water was thought
to have only a minor effect on the over-all reaction
rate. In this mechanism, it is assumed that the water
produced at the metal/oxide interface in reaction [7]
dissociates so that the reaction sequence [6] and [7]
is again repeated. However, it is possible that water
could react differently with the metal according to
reactions [1]-[3] or that the hydrogen produced by
the dissociation of the water could react directly with
the metal thus producing some hydride.

Thompson (8) has proposed a compromise between
the “hydride” and the “hydroxide” mechanisms. This
hypothesis attempts to explain the importance of small
amounts of moisture as well as the presence of hydride
in the reaction products.

The reaction sequence is

Pu + 2H;0 -» PuO; + 2H; [8]
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Pu + H; - PuH, [9]
2PuH; + 6H20 - 2Pu(OH)3 + 5H» [10]
4[Pu(OH)3] 4 Oz - 4Pu0O; 4 6H,0 [11]

with the rate-controlling step being the hydride-water
reaction [10]. In the case of oxidation by water vapor
in nitrogen, Eq. [11] would have to be modified to
Eq. [7].

Results obtained in this study do not clearly support
any of the previously proposed mechanisms. For ex-
ample, the plutonium-water vapor reaction followed a
parabolic rate law indicating a diffusion-controlled
reaction. Previous reports, including those of Waber
(15) and Thompson (8), indicated the reaction was
linear and reaction controlled. The difference between
these proposed mechanisms and the diffusion-con-
trolled mechanism proposed from this work may be
the temperature employed, but this has not been veri-
fied. The diffusion involved in this study was probably
the diffusion of OH - ions to the metal/oxide interface
as suggested by Waber (15). This is supported by
parallel studies of water adsorption on PuO, (16).
However, in this case the diffusion was rate controlling
and not the Pu 4+ OH~ reaction.

Two different plutonium dioxides appeared to be
formed by reaction of the rolled and cast metal with
water. Oxide resulting from oxidation of the rolled
plutonium was a yellow-green while that from the
cast metal was black. Black is the color which is nor-
mally observed when plutonium dioxide is formed
from a hydroxide intermediate (17) or if plutonium
hydride is present. Therefore, on the basis of the
product formed, the reaction between the cast electro-
refined plutonium and water vapor appears to follow
a “hydroxide” type mechanism. Strictly on the basis
of color, the reaction between the rolled plutonium
and water vapor does not follow the proposed mech-
anism. However, color can be a function of purity and
particle size so one of the mechanisms may still be
applicable.

Hydrogen is a product of the plutonium-water re-
action, regardless of the mechanism proposed. In these
studies hydrogen has been detected in the gas phase
following a reaction. Whether or not this hydrogen
reacts with the plutonium is the difference between
the “hydroxide” and various “hydride” mechanisms.
Since hydrogen reacts so readily with plutonium, it is
difficult to believe there is no hydride present. How-
ever, hydride is difficult to detect and was not found
in this study. Additional work of an analytical nature
is required to establish conclusively the mechanism
for this reaction.

Summary and Conclusions

The oxidation of both rolled and cast unalloyed
plutonium at 90°C was investigated in nitrogen-oxygen
mixtures containing 12,000 ppm water vapor and also
in dry air. Plutonium was found to oxidize faster in
the oxygen-containing mixtures than in pure moist
nitrogen. Earlier studies by other workers have shown
the oxidation rates in moist air and moist argon or
helium to be nearly the same or slightly faster in
moist nitrogen at 90°C. It appears from this work that
at about 90°C water vapor begins to exert less of an
accelerating effect on the oxidation rate and oxygen
assumes more of a controlling role. Because of the
rapid oxidation in oxygen atmospheres at 90°C, it is
apparent that there is no inhibiting effect by oxygen
on the water vapor reaction. Metal purity and metal-
lurgical history had no effect on the oxidation rate in
dry air but became more important with the addition
of water vapor.

The oxygen pressure dependence of this reaction
became very strong at some partial pressure less than
15 Torr. The exact pressure at which this occurred
was not determined. For this study there was no oxy-
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gen pressure dependence observed for partial pressures
between 15 and 500 Torr.

The attack by water vapor observed during this
study was greatly influenced by the purity of the
metal as well as its metallurgical history. Samples
of cast electrorefined plutonium containing some mi-
crocracks reacted very rapidly while for the impure
rolled material the reaction was somewhat slower. In
all cases at this temperature, the reaction with water
vapor was diffusion controlled and not reaction con-
trolled as previously reported. The diffusing species is
believed to be OH- ions formed by the dissociation
of water vapor adsorbed on the plutonium dioxide.
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TiO. Film Properties as a Function of Processing Temperature

E. T. Fitzgibbons,*! K. J. Sladek,* and W. H. Hartwig
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ABSTRACT

Thin film TiO» was produced at 150°C by chemical vapor deposition using
hydrolysis of tetraisopropyl titanate. Films were amorphous as grown, but
annealing in air caused crystallization, with anatase formed beginning at 350°C
and rutile at 700°C. Density and index of refraction increased substantially
with increasing anneal temperature, while etch susceptibility in HF and H2SO4
decreased. Comparison with literature data showed two groups of processes.
One group yields films having properties that gradually approach those of
rutile with increasing process temperature. The other group gives rutile di-
rectly at moderate temperatures. Deposition of amorphous film followed by
etching and annealing is suggested as a means for pattern definition.

Thin film TiO, has been produced by anodization
and thermal oxidation of Ti, evaporation of TiO,, reac-
tive sputtering of Ti, a variety of chemical vapor
deposition (CVD) processes, and even by liquid depo-
sition. The electrical, chemical, and physical properties
of TiO, films exhibit considerable diversity, which
arises from differences in stoichiometry and structure
among films formed by different means. The present
research began with the discovery of a unique low-
temperature process for producing films of readily
etchable amorphous TiO,. Annealing procedures were
found to convert these films to the anatase and rutile
forms of the material. Film properties could then be
determined for a range of well-controlled structures.
One purpose of this investigation was to provide a
comprehensive set of structure-property data which
might serve to explain discrepancies in reported values
of density, refractive index, and etch susceptibility.
Another purpose was to develop a means for produc-

* Electrochemical Society Active Member.

! Present address: North American Rockwell Microelectronics
Company, Anaheim, California 92803.

Key words: thin films, chemical vapor deposition, titanium di-
oxide.

ing thin film TiO, for applications requiring pattern
definition.

Titanium dioxide exists in two tetragonal structures,
anatase and rutile, plus orthorhombic brookite. Rutile
is the thermodynamically stable form at all tempera-
tures investigated so far, but anatase and brookite re-
tain their structures until heated to fairly high tem-
peratures, at which they transform irreversibly to
rutile. Reported temperatures for significant rates of
conversion to rutile are 800°-1100°C for anatase and
700°-1300°C for brookite (1, 2). Theoretical densities
of anatase and rutile are calculated to be 3.94 and 4.27
g/cm3, respectively, using recent values of the unit cell
dimensions (1). These agree reasonably well with
measured values of 3.90 and 4.23 g/cm3 (2). Average
index of refraction (n) values at 0.55 um are 2.57 for
natural crystals of anatase and 2.74 for synthetic crys-
tals of rutile (1).

While properties of bulk anatase and rutile are well
established, little agreement has been reached regard-
ing the properties of thin film TiOs. One of the most
thorough studies is due to Hass (3), who produced
films both by thermal oxidation of Ti and by a CVD
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process. Evaporated Ti films were oxidized above
200°C and the resulting oxide was shown to be rutile
by electron diffraction. The index of refraction of
these films was 98-99% of that of bulk, single-crystal
rutile for the whole range from 0.4 to 2.0 ym. In con-
trast, hydrolysis of TiCly produced amorphous films
below 280°, and anatase films above 300°C, with n
values near 2.3.

Films of TiO; have also been produced by anodiza-
tion (4, 5), reactive sputtering (6), vacuum evapora-
tion (7), and by drying substrates which had been
dipped into a titanate solution. Drying at 180°-900°C
gave films with n values of 1.95-2.45 (8).

CVD processes include the TiCls-H0 reaction near
300°C (3), at 150°C (9), and at 800°C (10). Pyrolysis
of tetraisopropyl titanate (TPT) at 300°-700°C gave
amorphous and anatase films exhibiting a range in
density, refractive index, and etch susceptibility (11).
Reaction of TiCls with Op gave epitaxial rutile on some
substrates above 700°C and polycrystalline rutile at
lower temperatures (12). In the present work the
TPT-Hy0 reaction was used, as described next.

Deposition Phenomena

The CVD apparatus is illustrated in Fig. 1. The two
liquid feeds are evaporated from heated flasks into
metered carrier gas streams. The feed streams then is-
sue from parallel nozzles at the ends of the delivery
lines, intermingle with each other and with the room
air, and are directed onto the substrate, which is
heated from beneath. Film growth is controlled manu-
ally by moving the substrate around under the nozzles
or by moving the nozzles. By observing the sharp in-
terference colors, the operator can manually control
the thickness uniformity of the film to within 100-200A
over a 1.25-in. diameter substrate wafer.

The best temperature range for the TPT evaporator
is 75°-85°C. The water evaporator temperature is not
critical and films can even be grown without using the
CO; carrier and water source; in that case, the water
vapor in the ambient air is evidently sufficient to main-
tain the reaction. The growth dynamics appear to be
the same with and without the water vapor stream
and the structural, optical, and chemical properties
are also the same in both cases. The only differences
were observed in the reproducibility of electrical prop-
erties, and the water vapor source was used to stabil-
ize these,

Under typical conditions, the helium flow rate was
1 1/min, the CO; flow rate was % 1/min, the TPT and
water evaporators were at 75° and 90°C, respectively,
and the substrate heater was at 150°C. With these
parameters, a 1.25-in. substrate could be covered with
a 20004 film in 10 min.

These conditions were chosen after making a num-
ber of observations about the film quality obtained
under various deposition conditions. When the TPT
evaporator was too hot (90°-100°C) a milky film hav-
ing diffuse interference colors resulted. Microscopic
examination revealed that the film lacked coherence,

Heated
Delivery Lines

TPT Source
Water Bath Gos
Delivery
Nozzle
Flow
Meter,
Substrate
Heater
Gas Thermocouple
Dryer
He Input

CO, Input

Fig. 1. Chemical vapor deposition system
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but rather was made up of tiny stacked spheres. The
film had an odor of alcohol or TPT and was soft
enough to be smeared with a cloth. Evidently, the TPT
condensed after leaving the nozzle and the resulting
film was made up of small droplets of TPT which had
reacted at their outer surfaces only. Similar results
were obtained with the TPT evaporator at 75°C when
the He carrier flow exceeded 2 1/min, when the nozzle
was closer than 1 in. from the substrate, or when the
substrate temperature was below 100°C. Excessive CO»
carrier flows (> % "I/min) caused a white powdery
deposit, evidently due to premature hydrolysis of TPT,
giving a powder product which rained down onto the
substrate. The same effect occurred when the nozzle
was held more than 3 in. from the substrate. In sum-
mary, the conditions chosen above were selected to
avoid both incomplete and premature reaction which
led to formation of films lacking coherence. Under the
chosen conditions, the films were smooth and relatively
hole free. No detail could be observed in the scanning
electron microscopy at 20,000X, except for an occa-
sional pinhole.

When film thicknesses of 4000-5000A were reached
during a normal deposition, cracks would appear and
propagate over the film, reducing it to a field of small
triangular pieces, each separated from the substrate
with its points bending upward. This was observed
with all the substrates described below at approxi-
mately the same film thickness. Several experiments
with duplex films were performed. When a film was
grown to several thousand angstroms and then later
a new film was grown atop the previous one, fracture
occurred when the sum of the two thicknesses fell into
the 4000-5000A range. However, when a film was
grown and annealed above 350°C (to be described
later) and then a new film was grown on the an-
nealed one, fracture occurred when the second film
reached 4000-5000A. This behavior indicates that the
film is deposited with an intrinsic tensile stress. Frac-
ture may be associated with a failure of the film-
substrate adhesive bond due to increased shear stress
as the film thickens.

Films could be grown on any smooth object that
could be heated. In the present work, different sub-
strates were used for different experiments. Fused
quartz was used for optical transmission measure-
ments. Fused quartz covered with evaporated Pt and
also polished Si were used as substrates in determin-
ing refractive index and thickness relationships by
ellipsometry and interferometry. Soft glass micro-
scope slides, as well as some of the other materials,
were used in x-ray analysis. Before deposition, the
fused quartz and the soft glass substrates were cleaned
thoroughly in low residue detergent, were rinsed in
deionized water, and were heated in air at 1000° and
350°C, respectively, to drive off surface contaminants.
The Pt/quartz substrates were annealed in air at
1000°C to stabilize them, and no further cleaning was
performed. The Si wafers had been commercially pre-
pared using mechanical and electrochemical polishing
and were used as supplied.

Annealing and Crystallization

Films produced by the CVD method described above
underwent dramatic changes in physical and chemical
properties during annealing. The changes in crystal
structure are described here.

Crystalline phases were identified using an x-ray
diffractometer with copper K,; radiation. Four types
of samples were used. Powder samples were obtained
by allowing the standard deposition process to con-
tinue for several hours until a thick white powdery
deposit had built up; this was then scraped off and
divided into samples for testing. The other three types
of samples consisted of 3000-4000A films grown on
fused quartz, soft glass, and polished Si.

The powder in the as-grown condition showed no
sign of crystallinity and was evidently amorphous. No
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Table I. Crystalline phase and anneal temperature
for TiO2 on several substrates

Anneal Substrate®
temper- Powder . Fused
ature,2 °C sample Soft glass Polished Si quartz
150 (as
grown) Amorphous Amorphous Amorphous Amorphous
350 Amorphous Amorphous Amorphous Amorphous
+ + + +
700 Rutile + Rutile + Rutile + Anatase
anatase anatase anatase
1000 Rutile — Rutile Anatase

o All anneals carried out in air.
® Crystalline phases identified in all films showed no orientation.

crystallization occurred during aging at room tempera-
ture in air for one week. Annealing the powder for 10
min at 350°C resulted in the appearance of the two
strongest diffraction peaks of the anatase form of
TiO;. A sample annealed at 700°C for 2 hr showed the
five strongest anatase peaks and the three strongest
rutile peaks. A 20-hr anneal at 1000°C completely
converted the powder to rutile; many rutile peaks
were observed, and no anatase peaks were detectable.

Table I summarizes the data for all four types of
samples. In every case the as-grown material is amor-
phous, and material annealed at 350°C shows some
anatase, However, the weakness of the anatase pat-
terns suggested that only partial crystallization oc-
curred at 350°C. This temperature can be regarded
roughly, as an amorphous-anatase transition tempera-
ture. Additional anneals at 300°-400°C indicate that
the transition is not sharp, but rather occurs over a
range of about 50°C in which the extent of crystalliza-
tion gradually progresses. The temperature, 700°C,
appears similarly to be characteristic of the anatase-
rutile transition. This transition appears to be less
sharp and progresses over a range of about 300°C.
An important exception is the films on fused quartz
which persist in the anatase form, even after anneal-
ing at 1000°C. Somehow, the quartz-TiO, interface
stabilizes the anatase structure, perhaps by preventing
nucleation of rutile.

The present data are in accord with some of the
literature data described earlier. The anatase-rutile
transition occurs in bulk samples at 800°-1100°C (1,
2). In films produced by CVD or liquid dipping, a
change from amorphous to anatase structures was
found at 280°-300°C (3), and at 250°-350° (8). An
anatase-rutile transition was observed at 800°C (3),
and several investigators produced rutile directly at
800°C or above (10, 13). In contrast, rutile films were
produced as low as 400°C from Ti oxidation (3) and
from the TiCl;-O; reaction (12).

Thickness and Index of Refraction

Changes in interference colors occurred as a result
of annealing, and these indicated a change in thick-
ness, d, and/or index of refraction, n. If a standard
color chart for SiO, was used, the changes indicated
that annealing a 150°C film at 1000°C caused an in-
crease in d. However, measurements using an ellip-
someter indicated a substantial decrease in d, accom-
panied by an increase in n, and indicating that a single
color chart, based on fixed n, would be misleading.
To obtain additional independent values of d and =,
a multiple beam interferometric technique was used.
Both the ellipsometer and the interferometer used the
5460A green line of Hg.

Coated and uncoated portions of a step were used
to find both d and nd with the interference method
(14). The ellipsometer yields separate values of d and
n (15). A cross check was provided by a color chart,
which gives nd (14).

Results obtained before and after annealing at
1900“0 are shown in Table II. The several methods
give good agreement, and it is clear that annealing

TiO, FILM AS FUNCTION OF TEMPERATURE 737

Table 11. Change in thickness and index of refraction due to
annealing at 1000°C

Index of refrac-
tion (method)*

Thickness,
A (method)”

Sample
condition

As grown, 150° 3820(I), 3870(E) 1.98(I, 2.10(E)
Annealed, 1000° 2510(1) 2.49(I)

As grown, 150° 2400(E) 2.00(E), 1.95(C)
Annealed, 1000° 1580(E) 2.40(E), 2.47(C)
As grown, 150° 1900(E) 2.10(E), 2.06(C)
Annealed, 1000° 1220(E) 2.60(E), 2.50(C)

a1 = interferometer; E = ellipsometer, C = color chart plus ellip-
someter-determined thickness.

causes a substantial decrease in d and increase in 1.

To complete these measurements, a final series of
data was obtained as a function of anneal temperature.
A film was deposited on Pt/quartz and data were ob-
tained by ellipsometry, using averages of two to four
measurements. Figure 2 is a plot of resulting values
of thickness and index of refraction.

The thickness shrinkage of 35% is quite remarkable
in magnitude. Since the film is constrained to a fixed
area, any density changes are evidently exhibited only
in one dimension. One might suspect that such a vio-
lent dimensional change would set up stresses which
might rupture the film. However, examination of a
1000°C annealed film in the scanning electron micro-
scope at 20,000X showed no cracks, tears, or eruptions.

It was suspected that the shrinkage might be ac-
companied by a mass loss, as would be expected if the
as-grown material were a hydroxide or hydrate. A
hydroxide, Ti(OH)s, would lose 31% of its initial
weight if complete dehydration occurred. Several ex-
periments were carried out in an effort to detect a
weight change on annealing. In the most sensitive
experiment, a sample was weighed on a vacuum mi-
crobalance and annealed in situ. No weight change
could be detected within the experimental uncertainty
of = 7% of the initial film weight. Although the sensi-
tivity of this experiment was rather low, the result
does rule out mass reduction as a primary cause of
the volume shrinkage.

It is possible that the films are microporous and
that shrinkage occurs by sintering. Swaroop (16) and
Pliskin and Lehman (17) attributed densification of
SiO, films to sintering. Sladek and Herron (18) in-
vestigated TiO; film growth by the TPT-H>O reaction
at 25°C, and suggested that voids are incorporated
when isopropyl groups are removed from the growing
film during surface reaction.

The difference between a microporous material and
a “homogeneous” one of abnormally low density is
only in the size of the void spaces. Our observations
using the scanning electron microscope detected no
pores. Qualitatively, the optical transparency and
sharp interference colors of our films indicate negli-
gible scattering by void spaces. However, both of these
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Fig. 2. Thickness and index of refraction as a function of anneal
temperature. TiO» on Pt/quartz.
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Table 111. Chemical susceptibility to several etches
Anneal tem- Etch rate and behavior
perature, °C 0.5% HF 48% HF 100% H.SO: 85% HiPO,
150 50-75 A/sec Very rapid Slow at 25°C Leaves residue
25-40 A/sec at 50°C
350 On Pt: very slow Slow and uneven About 15 A/sec at
On Si: undercutting 50°-100°C
700 No etching On Pt: slow Very slow
On Si: undercutting
1000 No etching On Pt: slow Very slow at 120°C

On Si: undercutting

observations would be insensitive to voids of size be-
low about 200A. We attribute the abnormally low
density of the present amorphous films to voids of
size somewhere in the range between atomic dimen-
sions and about 200A.

Susceptibility to Chemical Etch

Etch susceptibility is a prerequisite for electronic ap-
plications of TiOs. Some past work indicates that amor-
phous TiO; is readily etched while high-temperature
and hence crystalline forms are quite impervious to
chemical attack. Barksdale (19) observed in 1949 that,
while bulk TiO; is known to be slightly soluble in
H,SO4, HF, and a few strong alkalies, material an-
nealed near 1000°C is almost completely inert chemi-
cally.

Etchability of TiO; as a function of anneal tempera-
ture was determined for films grown on Si and on Pt
substrates. Results are summarized in Table III. Again
there is a wide, controllable gradation in properties,
with the low-temperature form showing high chemi-
cal susceptibility while the 1000°C material is nearly
inert. Films on Si behaved the same as those on Pt
except for the 48% HF case. This etch lifted the TiO»
off the surface of Si, evidently by dissolving a thin
interfacial layer of SiO, and undercutting the TiO..

These results are in accord with data of Yokozawa
et al. (11), who reported that their amorphous TiO,
films etched in dilute HF at 4-60 A/sec, while anatase
films etched only slowly in concentrated HF. Feuer-
sanger (9) reported that his films were easily etched
in 10% HF; this suggests that they were amorphous,
as would be expected for a 150°C process. His high in-
dex of refraction (discussed later) is then the only
property that does not agree with the present results.
Harbison and Taylor (10) reported an etch rate of
700 A/min in 48% HF for material grown at 800°C.
This is much higher than would be expected from our
results.

Optical Absorption

An optical transmission spectrum of a 350°C an-
nealed film is shown in Fig. 3. This was obtained by
measuring the difference between the transmission of
the film on fused quartz and the transmission of the
fused quartz alone. We attribute the maxima and min-

60|

ry
(=]

8

Percent Transmission, Ti0, Film

(o] 1 1
04 06

Wavelength um

08

Fig. 3. Optical
annealed at 350°C.

transmission spectrum. 2600A film of TiO,

About 1000 A/hr at
120°C

ima above 0.35 um to interference due to multiple in-
ternal reflection, and the strong absorption peak at
0.32 um (3.9 eV) to an electronic transition. Transmis-
sion in an amorphous TiO; film was also measured
and similar results were obtained, except that the
strong absorption peak was much broader, although
still centered at 0.32 um. In agreement with these re-
sults, Maserjian (20) found an absorption peak at
0.32 ym with a rutile film. In contrast, however, single-
crystal rutile exhibits an absorption edge (21) at 0.41
wm (3.0 eV). The cause of the discrepancy between
bulk single-crystal and thin film TiO, is not known.
However, in both this work and that of Maserjian
(20) the 0.32 um peak has been established.

Discussion

Present data on density and index of refraction are
compared with literature values in Fig. 4. Since ab-
solute values of density were not obtained in this
work, it was necessary to choose a value for one con-
dition, and 2.5 g/cm3 for the amorphous films was
used, based on the results of Yokozawa et al. (11).

Results of two of the CVD studies (11, 13) and the
liquid deposition (8) show good agreement with pres-
ent data in both properties plotted. Results of Hass (3)
on films formed by TiCly hydrolysis and by oxidation
of “TiO” (formed by exaporating Ti with O, present)
show an increase in m with temperature similar to
that observed here, although with somewhat higher
values of n.

In contrast, Hass (3) obtained nearly the bulk rutile
value of n with oxidized Ti, and Ghoshtagore and
Noreika (12) found an even higher value with films
formed from TiCly + O: in the whole temperature
range studied. (We have applied a small correction
to their reported value of np to obtain a value applic-
able at 0.55 ym.) The fact that their n exceeds the
random-orientation average for bulk rutile could have
been due to preferred orientation of their films.

In summary, one group of processes produces films
which show a characteristic variation in physical and
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chemical properties with maximum processing tem-
perature, whether this temperature is reached during
deposition or during postdeposition anneal. These vari-
ations arise from densification and crystallization and
ultimately yield material with properties approaching
those of the equilibrium (rutile) bulk state, However,
it is also possible to bypass these intermediate stages
and obtain rutile directly at moderate temperatures.

We have found that, of the several forms produced,
rutile or anatase-rutile mixtures have superior dielec-
tric properties. The relative dielectric constant/dissi-
pation factor at 1 kHz was about 100/0.04 for material
annealed at 700°-1000°C. The sign of the surface charge
of TiO, on Si was negative, and positive, negative and
zero, values could be obtained by growing duplex
TiO»/SiO, films. (Details of these electrical studies
will be reported later.) These properties suggest a
number of applications for rutile in integrated circuit
technology.

Although it is possible to produce rutile films di-
rectly, they are almost impossible to etch (Table III).
In contrast, the deposition-annealing process used here
could lend itself readily to the various etch steps
needed for integrated circuit production. Standard
photomasking techniques could be used to define a de-
sired pattern in the as-grown film, and a later anneal
would convert the material to its stable form.

The fact that the TiO, itself changes chemical sus-
ceptibility suggests that patterns might be defined
without photoresists, if a means were found for selec-
tive conversion in desired areas. This idea has led to
some further work (to be reported later) in which an
electron or photon beam is used to define positive
patterns in amorphous TiO».

In conclusion, it is possible to produce rutile films
either directly or via a series of stages progressing in
density, refractive index, and etch susceptibility. The
present method of low-temperature deposition fol-
lowed by annealing is promising for applications re-
quiring pattern definition.
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Cathodoluminescence Characteristics of Mn**-Activated

Willemite (Zn.SiO.) Single Crystals

R.J.R.S. B. Bhalla*! and E. W. White

Materials Research Laboratory, Pennsylvania State University, University Park, Pennsylvania 16802

ABSTRACT

Cathodoluminescence studies were made of Mn?+ -activated willemite single
crystals using an electron microprobe and a simple interference-type spectrom-
eter attachment. Use of the microprobe allows single-crystal cathodolumines-
cence measurements to be made on comparatively small (<0.01 mm) crystals.
Green cathodoluminescence emission from Mn2~-activation was found to be
partially polarized. The electric vector of emission was along a direction per-
pendicular to the c-axis of the crystals. Examination of the emission spectra
in the two perpendicular polarization directions, corresponding to the analyzer
direction parallel to the c-axis, and perpendicular to the c-axis, showed a
difference of about 100A in the emission peak positions. Measurements of
spectra and integrated intensity of emission were also made as a function of
manganese concentration. The intensity of luminescence was maximum for
Mn concentration of 2.9 w/o (weight per cent). The peak position of the Mn2+
band was found to shift from 5160 to 5300A as the manganese concentration
increased from just a trace to about 12 w/o. The polarized cathodoluminescence
emission can be explained on the basis of crystal-field theory and symmetry
arguments. These arguments lead to the conclusion that the two Zn2+ sites in
the willemite structure, which are occupied by the Mn?* ions, have effective
local symmetries of Cs: and Cj, respectively. The emission peak shift to longer
wavelengths, as the manganese concentration is increased, cannot be explained
by simple crystal-field theory. A model showing emission from Mn2+-Mn2+
pairs dominating at higher concentrations, in comparison to emission from
isolated Mn?+ ions, is proposed to explain this shift of emission peak to longer

wavelengths.

Emission spectra from oriented single crystals of im-
purity activated (or self-activated) phosphors can
give very important clues to the site symmetry of the
activator. In the past polarized emission from phosphor
single crystals has been studied to determine nature
and symmetry of the luminescence centers (1, 2).
Thus, although the advantages of single-crystal studies
were recognized for some time, such studies have been
limited to very few well-known phosphors. The main
reason for this is the general lack of large enough
single crystals. Furthermore, almost no studies of these
luminescence characteristics exist for cathode-ray ex-
citation in single crystals. A recent communication (3)
has described preliminary results for a cathodolumi-
nescence study of oriented single crystals of Mn2+-
activated willemite. The main purpose of this paper is
to give a detailed account of the polarized cathodolumi-
nescence studies of Mn2+-activated single crystals of
willemite [Zn,SiO;(Mn)]. In addition, spectra and
luminescence intensity, as a function of manganese
concentration, are also measured on artificially doped
single crystals of willemite.

Experimental

An applied Research Laboratory Model EMX elec-
tron microprobe was used for cathode-ray excitation of
the willemite luminescence from sample areas as small
as 5 um diameter. The electron microprobe offers the
additional advantage that the luminescence emission
is observed from the surface of the sample excited by
the electron beam rather than observing in transmis-
sion as is generally done in conventional cathodolumi-
nescence apparatus. The electron beam is incident nor-
mal to the specimen surface and is coaxial with the
light microscope objective. The broad band lumines-
cence spectra were recorded using a simple light
spectrometer and photomultiplier readout described by
Greer and White (4). A Polaroid analyzing cap was
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attached to the eye piece of the probe microscope mak-
ing it possible to record the luminescence emission
spectra in any polarization direction. Use of this ar-
rangement made it possible to study, individually, very
small (<0.01 mm) single crystals, and micron scale
inhomogeneities in larger grains with a sensitivity
which is not possible with conventional cathodolumi-
nescence apparatus.

Samples used in this study were natural willemite
crystals from Franklin, New Jersey, and Tsumeb,
South-West Africa. Franklin, New Jersey, specimens
showed the strong green luminescence characteristic of
Mn?+* -activated orthorhomic willemites and were found
to contain 0.1-4.0% manganese in solid solution. Mn
was rather uniformly distributed in the individual
crystals. Other cationic impurities which have been
reported in bulk chemical analyses of willemites are
Fe, Mg, and Ca (5). However, probe analysis showed
these impurities to be located in micron scale, highly
oriented inclusions. No Fe, and only traces of Ca and
Mg were detected in the willemite matrix. Absence of
Fe in the willemite matrix is significant since it is
known to act as a killer of luminescence in most ma-
terials. Willemite, which has only fourfold coordinated
cationic sites, has a very low tolerance for Fe. In con-
trast to the Franklin, New Jersey, specimens, the
South-West Africa willemite crystals do not luminesce
green and have no detectable Mn or Fe impurities.
Mn?+ was introduced in these crystals by solid-state
diffusion at 1250°C. Selected samples were then set in
Lakeside 70 and prepared as polished thin sections by
grinding and polishing. Final sample surfaces were
polished successively with 6, 3, 1, and % wm diamond
pastes and coated with a thin layer of carbon (200-
400A) by vacuum evaporation to provide a conductive
path for the electrons. This method of preparation
yielded grains with many different crystallographic ori-
entations. Grains having the desired orientations for
study were selected using a polarizing light micro-
scope and marked for convenient location in the micro-
probe.
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Experimental Results

Polarized cathodoluminescence—Willemite belongs
to the rhombohedral crystal class and as such has two
principle axes (e and c). Crystals with orientations
such that the c-axis was perpendicular to the surface
(a in the plane) did not show any polarization of the
green Mn2+ emission. However, the crystals with ori-
entations such that the surface contained the c-axis,
showed partial polarization of Mn2+ emission. The de-
gree of polarization, p, given by p = (I' — I")/
(I' + I”), where I’ and I” are maximum and minimum
intensities as the analyzer is rotated around its axis,
was found to be 0.25. The electric vector of the emitted
radiation was along a direction perpendicular to the
c-axis.

Emission spectra of Mn2+-activated willemites were
comparable to the commercially available willemite
powders and consisted of a single broad band with peak
position around 5250A (for 1% Mn). This peak shifted
toward slightly longer wavelengths as the concentra-
tion of Mn increased. The peak position as well as
the degree of polarization were not found to be current
density dependent. Examination of the emission spectra
in the two perpendicular polarization directions corre-
sponding to the analyzer directions parallel and per-
pendicular to the c-axis showed a difference of about
100A in the peak positions. This is illustrated in Fig. 1.
The peak intensities were matched by lowering the
electron beam current while recording the spectrum in
the maximum transmission direction. The more in-
tense spectrum, obtained with the electric vector per-
pendicular to the c-axis, yielded the longer wave-
length peak.

Effect of Mn?* concentration on cathodolumines-
cence.—Measurement of the variation in the green
emission spectral characteristics as a function of Mn
concentration were made on South-West Africa wille-
mite crystals into which Mn2+ was introduced by solid-
state diffusion at 1250°C. The diffusion was carried out
on small transparent prismatic crystals. Selected crys-
tals were coated with very finely powdered MnCOj3 and
heated to 1250°C for 12 hr in a platinum crucible. Crys-
tals treated in this way were then mounted for probe
analysis as usual. Cross sections through such crystals
gave a concentration gradient of Mn. The luminescence
intensity and the emission spectra along with Mn, Zn,
and Si concentrations were recorded at many points
along the Mn gradient. These measurements estab-
lished that the Mn2+* is introduced in the lattice at the
expense of Zn2+. Figure 2 shows a plot of integrated
luminescence intensity as a function of Mn concen-
tration. This measurement was made at 20 keV and
sample current of 2 X 10—8A. The spot was about 2 ym
in diameter. The intensity of luminescence is maximum
for a Mn concentration of 2.9 w/o (weight per cent).
This value is higher than the optimum of 1% reported
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Fig. 1. Polarized cathodoluminescence spectra of Mn2% in

willemite. Curve 1 corresponds to the ly direction (electric
vector) along the c-axis and curve 2 corresponds to the analyzer
direction perpendicular to the c-axis. The peak intensities of the
two curves are normalized to facilitate comparison of the spectra.
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Fig. 2. Plot of integrated intensity vs. Mn concentration for a
South-West Africa willemite crystal into which Mn was diffused
by solid-state reaction with MnCO3 at 1250°C. Measurements were
made at 20 keV and a sample current of 2 x 10~ 8A. The spot size
was about 2 um diameter. No correction was made for the possible
change in the photomultiplier response as the emission peak shifts
to slightly longer wavelengths for higher Mn concentrations.

for powder phosphors (6). It may be pointed out that
the optimum concentration is dependent on the elec-
tron beam energy which is not specified in Ref. (6). It
was found that, as the Mn concentration increases, the
luminescence peak position shifts toward longer wave-
lengths. As the concentration of Mn increases from
just a trace to about 12% the peak position shifts from
5160 and 5300A. This observation compares well with
similar results reported by Leverenz (6) on powder
phosphors.
Discussion of Results

For an explanation of the polarization of
ZnySiO4(Mn2+) luminescence, and the spectra in the
two polarization directions, it is necessary to consider
only the local symmetry of the activator site. The posi-
tion of the Mn2+ energy levels involved in this lumi-
nescence emission, with respect to the position of
valence and conduction bands of willemite, is not
known. However, as is usual with Mn2*-activated
phosphors, it is fairly certain that the transition re-
sponsible for green emission of Mn2+-activated wille-
mites is localized within the 3d shell (7,8). Although
excitation by cathode-rays may be substantially
through the conduction band, the final transition giv-
ing rise to the luminescence emisison takes place within
the Mn2+ activator without any involvement of valence
or conduction bands.

Mn2+ replaces Zn2+ in the crystal structure of wille-
mite and Zn2* is fourfold coordinated forming ap-
proximately a tetrahedral arrangement (9). Detailed
refinement of the willemite structure has not been re-
ported, thus the exact coordinates and distortions of
the tetrahedral sites are not known. If there were no
distortions in the tetrahedral Zn2+ sites then the sym-
metry of the site occupied by the activator Mn2*
would be T4q. The ground state of Mn2+, which has 3d°
configuration, is 8S with symmetry 6A;. This state is
changed very little in energy under the influence of a
crystal field. The first excited term 4G in the free ion
gets split up into branches ¢Aj, ¢E, ¢Ts, and “T; in a
tetrahedral field, with 4Ty level having the lowest en-
ergy. The transition responsible for Mn2+ emission is
believed to be the one from 4T; - 8A; (7). Group theo-
retical calculations show that if the symmetry of the
emitting Mn2+ ion were perfectly tetrahedral there
would be no polarization of the emitted radiation as
the transitions in x, y, and z directions are equally
allowed. In the crystal structure of willemite the Zn
atoms, thus also the replacing Mn atoms, are reported
at general positions and have a space group symmetry
of C; (9). Under such symmetry conditions the emit-
ting 4T level would split up into three levels and again,
according to group theory, transitions from these levels
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Table 1. Estimated Zn-O bond lengths of the d ! =V
distorted tetrahedra around Zn(1) and Zn(2) positions ZA_—
4T, — a 4
A ARt —
Bond type Bond length (A) | Az |
| |
Zn(1)-0 1.93 | I [it o (x,y)
Zn(1)-0: 1.75 | |
Zn(1)-Os 1.88 | |
Zn(1)-0; 2.05 | |
Zn(2)-01 1.82 | |
Zn(2)-0: 1.92 | i
Zn(2)-Os 194 6a 6y, 6a
Zn(2)-0: 1.96 ' |
(a) (b) (c)

to the ground level are equally allowed in the x, y, and
z directions giving no polarization. The fact that the
emitted radiation is polarized leads to the conclusion
(on the basis of crystal field theory arguments) that
the emitting center has a local symmetry which is
lower than Tq but higher than the space group sym-
metry C;.

Any lowering of perfect T¢ symmetery of the center
would result in splitting of the triply degenerate 4T,
into two or three separate levels depending on the low-
ered symmetry of the center. Polarization properties
under the reduced symmetry conditions can be under-
stood easily on the basis of group theoretical argu-
ments (10), if the local symmetry of the center is
known. An attempt to find out the local symmetries of
Zn?* jons in the willemite structure was made by cal-
culating bond lengths and the following explanation
is attempted on that basis.

The willemite structure has two different distorted
tetrahedral Zn2+*sites [herein called Zn(1) and Zn(2)
sites] where Mn2+ can go (9, 10). Approximate distor-
tions in these sites were determined by using the
atomic coordinates given by Bragg and Zachariasen
(9). Calculations of bond lengths for the two sites are
tabulated in Table I. It can be seen that the Zn(1)
sites are highly distorted and do not seem to have any
symmetry. Thus, taking C; as symmetry of this site,
Mn2+ replacing Zn2+ on such sites would show no po-
larization. However, the Zn(2) sites have three bonds
which are approximately equal, with an average bond
length of 1.94A. The fourth bond has a bond length
1.82A which is appreciably shorter than the rest. It is
very likely that this site has an effective pseudosym-
metry of Csy, with the threefold axis along the shorter
bond. Mn2+ replacing Zn2+ on this site would have the
emitting triply degenerate 4T, level split into a doubly
degenerate level, ‘E, and a nondegenerate 4A, level.
Strictly group theoretical arguments show that the
transition 4A, - 8A; is forbidden and the transition
4E - 6A; is allowed in (x,y) direction, i.e., a direction
perpendicular to the shorter bond length. Since this
direction makes smaller angles (~35°) with the basal
plane, the electric vector in the basal plane would be
of greater magnitude than the component along the
c-axis. This explains the observed partial polarization
of emission along a direction perpendicular to the
c-axis. The energy level diagrams for the emission of
Mn2+ at the two Zn2t sites are shown in Fig. 3. At
Zn(1) sites (Cy symmetry, Fig. 3b) the 4T level splits
into three ¢A levels and these are equally allowed in
X, ¥, and z directions, thus, contributions along the
perpendicular to the c-axis are equal. The splitting is
probably too small to show up in the broad band spec-
tra. Figure 3c shows the splitting of 4T level at Zn(2)
sites (C3v symmetry). Level 4E is placed higher than
4A; in the energy level diagram since the %A, level is
connected with the shorter bond, thus, a greater crystal
field. The small shift of pedk to shorter wavelengths,
for the spectra along the c-axis, can be explained if
the peak of Mn2+ band for Zn(1) is at a comparatively
shorter wavelength than the peak due to Mn2+ at
Zn (2) position.

The above model explains the observed polarization
satisfactorily (observed polarization, ¢ = 0.25, in com-
parison to the calculated value of 0.21). However, the
symmetries of the two Zn sites can be predicted with

Fig. 3. Splitting of triply degenerate 4T{ (G) level of Mn2+ ion
under the influence of lowered symmetries. All the transitions are
forbidden by spin symmetries, and for Tq symmetry the transition
4Ty = SA; is also forbidden by orbital symmetry. Under C; sym-
metry all transitions are allowed but under C3, symmetry only the
transition ‘E — 6A; is allowed in (x,y) directions by the orbital
symmetries.

more confidence only when precise atomic coordinates
for willemite structure become available. All other
theoretically possible lower symmetries, which can be
formulated for Zn(2) sites, do not explain the observed
polarization satisfactorily.

Recently Palumbo and Brown (12) have made ab-
sorption measurements on Zn,SiO4:Mn powders and
have seen complete splitting of the 4T, level. They did
not study polarized absorption from single crystals and
assignment of symmetries is not possible on the basis
of their data. However, these measurements clearly
show the symmetries (of one or both sites) lower than
Tqa. Another study of interest is that of Perkins and
Sienko (11). They studied ESR spectra from Mn2‘-
doped ZnySiOy single crystals. Their data showed the
location of Mn2+ at two crystallographically nonequiv-
alent zinc positions in the willemite structure. They
did not elaborate on the distortions of these sites but
discounted any possibility of Mn2+ at six coordinated
sites, which would produce an associated defect also.

It may be pointed out here that the selection rules
given in Fig. 3 are for electric dipole type of interac-
tions and are allowed (or forbidden) by the symmetry
of purely electronic wave functions. These rules would
be somewhat relaxed by vibronic coupling, however,
the intensity contributions due to vibronic coupling
are usually an order of magnitude smaller than those
due to purely electronic transitions.

Simple crystal-field explanation of the observed peak
shift toward longer wavelengths, as the concentration
of Mn2+* in the lattice is increased, is not possible. In-
creased concentration of Mn2+ of ionic radius 0.80A,
which replaces Zn2+ of ionic radius 0.74A, causes the
lattice to expand slightly (13). Thus on the basis of
simple crystal field theory it would be expected that
this would result in emission peak shifts toward shorter
wavelengths since the field strength at the activator
has been reduced (14). However, at higher concen-
trations it is no longer justified to consider emission
from isolated Mn2+* ions only. With an increase in con-
centration, the probability that two Mn2+ ions would
occupy immediate neighboring positions increases
rapidly and the emission from these ion pairs would
be expected to show up increasingly with the increase
in Mn2+ concentration. This type of pair absorption has
been found to occur in Mn2+ activated cubic ZnS crys-
tals (15). An explanation of the observed shift of the
green band to longer wavelengths with increasing Mn
concentration can be made on the basis of pair emis-
sion concept if the model shown in Fig. 4 is considered.
For simplicity, splitting of the 4T; level is ignored. The
pair of two neighboring Mn2+ ions is shown to give
rise to two levels, one of which is higher than the
original 4T; level and the second level lower. A shift
toward the red is expected if all the emission peak is
a mixture of contributions from single ions and ion
pairs. As the concentration of Mn2+ increases the con-
tribution to emission intensity from ion pairs increases
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Fig. 4. Formation of ion pairs by two neighboring Mn2* ions,
shown for perfect Tq symmetry. The green emission peak would
shift toward longer wavelengths if the emitting level for the pair
is the lower level.

and the contribution from single ions decreases. This
would give rise to the observed shift of emission peak
wavelength.
Acknowledgment

The authors wish to thank Professors W. B. White,
R. Roy, and H. K. Henisch for continued interest and
many helpful discussions. Suport for this work was
provided by Advanced Research Projects Agency Con-
tract No. DA-49-083-OSA-3140.

Manuscript submitted July 1, 1971; revised manu-
script received Dec. 23, 1971. This was Paper 53 pre-

CATHODOLUMINESCENCE OF WILLEMITE 743

sented at the Los Angeles Meeting of the Society, May
10-15, 1970.

_Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
REFERENCES

1. P. P. Feofilov, “The Physical Basis of Polarized
Emission,” State Physico-Mathematical Press,
Izlilgiclo)w (1959) ; Consultants Bureau, New York

n

. S. Shionoya in, “Luminescence of Inorganic Solids,”

x(:.l 9%2?’ P. Goldberg, Editor, Academic Press

3. R. J. R. S. B. Bhalla and E. W. White, J. Appl.
Phys., 41, 2267 (1970).

4. R. T. Greer and E. W. White, Trans. Second Nat.

?f&fn on Electron Probe Analysis, Paper 51

o C.({;%l?)che, U.S. Geol. Survey Prof. Paper 180

H. W. Leverenz, “Introduction to Luminescence of
Solids,” p. 223, John Wiley & Sons, Inc., New
York (1950).
L. E. Orgel, J. Chem. Phys., 23, 1958 (1955).
M. A. Konstantinova-Shlezinger, Bull. Acad. Sci.,
USSR-Phys. Ser., 30, 729 (1966). .
. W. L. Bragg and W. H. Zachariasen, Z. Krist., 12,
518 (1930).
10. F. A. Cotton, “Chemical Applications of Group
Theory,” Interscience (1963?.

11. H. K. Perkins and M. J. Sienko, J. Chem. Phys., 46,
2398 (1967).

12. D. T. Palumbo and J. J. Brown, This Journal, 117,
1184 (1970).

13. H. G. Jenkins, A. H. McKeag, and H. P. Rooksby,
Nature, 143, 978 (1939).

14, See, for example, energy level diagrams, J. S.

Berkes, Materials Research Laboratory Mono-

graph No. 2, Pennsylvania State University

(1968).
15. D. S. McClure, J. Chem. Phys., 39, 2850 (1963).

o o

© o3

—

Effect of Impurity Gas Additions on the Superconducting
Critical Current of Vapor-Deposited Nb.Sn

R. E. Enstrom,* J. J. Hanak, J. R. Appert,* and K. Strater!
RCA Laboratories, Princeton, New Jersey 08540

ABSTRACT

The addition of various gaseous impurities into the process gases used in
the chemical vapor deposition of superconducting NbzSn has been found to
alter the grain size of NbsSn and thereby the critical current (Ic). Increasing
concentrations of CO;, CO, and N: cause a progressive decrease in the particle
size and a concomitant increase of I. up to three times the value found for un-
doped specimens. In contrast, O, and CHj increase the particle size and re-
duce I.. I. is linearly dependent on the reciprocal of the grain size, 1/D, to
values of D as small as 400A. The present work suggests that impurities serve
to control the grain size, presumably by the formation of small second-phase
precipitates which interfere with the growth of NbsSn grains.

One of the requirements of superconducting mate-
rials used in the construction of high-field solenoids is
a high critical current, I.. Over the years it has been
found that I, is proportional to the density of flux pin-
ning centers, which can consist of a variety of defects
such as second-phase impurities, dislocations, strain,
radiation damage, etc.

In order to achieve a high, current-carrying capacity
with ductile metallic alloy superconductors, such as
Nb-Zr and Nb-Ti, the materials are extensively cold-

* Electrochemical Soci Active Member.

1 Present address: RCA Electronic Components, Somerville, New
Jersey 08876.

Key words: NbsSn, doping impurities, particle size, critical cur-
rent, superconductivity.

worked during fabrication and are also heat-treated
according to prescribed schedules. However, these con-
ventional methods cannot be utilized with NbsSn, since
it is a nonductile, mechanically weak compound. In
Nb;Sn prepared by diffusion of tin into niobium, a sig-
nificant increase in I has been achieved by the addi-
tion of small amounts (0.7%) of zirconium to the nio-
bium (1). Zirconium presumably forms precipitates
with impurities scavenged from the niobium, thereby
increasing I.. For chemically, vapor-deposited Nb;Sn
ribbon (2, 3), we reported earlier a strong dependence
of I on the grain size (4). We have found, in turn, that
the grain size can be influenced by impurities in the
process gases (5). A study of the addition of various
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gases during vapor deposition has made it possible to
control and obtain reproducibly high values of I. as is
described in detail in this paper.

Experimental Procedure

The Nb3Sn-coated ribbons were prepared by the hy-
drogen reduction of tin and niobium chlorides using
equipment and procedures previously described (3).
Briefly, Nb and Sn metal sources are reacted with Clz
at 900° and 800°C, respectively, and the chlorides are
fed along with a H, carrier gas into the growth zone
where the NbgSn is synthesized. A continuous length
of metal ribbon is passed through the growth zone and
heated electrically to about 1000°C, while the growth
furnace is maintained at about 700°C. This temperature
profile keeps the incoming metal chlorides volatile and
minimizes deposition of Nbs;Sn on the walls of the
quartz growth tube. To achieve a stoichiometric ratio
in the vapor-grown Nb;Sn layer (75.0% Nb), the gas
phase must have a Nb:Sn chloride ratio between 1:3
and 1:4.

Since this study focused on impurity gas additions,
the process gases were purified where possible. Ultra-
pure hydrogen? with a total impurity content of less
than 10 ppm was passed through a platinum catalyst
and any water of reaction absorbed with CaSO,. He-
lium was purified by passing the gas stream through
Linde 5A and 13X molecular sieve held at 77°K. The
hydrogen chloride gas used in the present study was
not further purified. However, infrared analysis indi-
cated no impurity bands to be present in the range 3-15
um, the region where CO, and phosgene would appear
if present. Infrared analysis of the Cl, showed it also to
be quite pure.

The impurity gas additions studied included CO», CO,
CHjy, Oy, and N, and these were injected either into the
hydrogen or into the chlorine stream prior to entry into
the growth apparatus. CO;, CO, and CH; additions
ranged from 0.01 to 1 v/o (volume per cent) of the
total Cl, flow of 140 ml/min, while the. O, and N; addi-
tions ranged up to 36 v/o. The equipment was equili-
brated for % hr prior to the preparation of the 30m
length of ribbon used in the superconductivity tests.

The critical current was measured on 30m lengths of
ribbon, silver plated to increase electrical stability (6),
and wound onto a coil form to produce a small magnet.
This small magnet was, in turn, placed into another
superconducting magnet, at 4.2°K, and energized so
that the two magnetic fields were additive and parallel
to the coil axis. The current through the small sample
magnet was increased to a value which quenched
superconductivity, thereby causing a large increase in
voltage across a pair of potential leads; this was taken
as the critical current. This procedure was repeated
at background fields from 0 to 40 kG to generate a
curve of I. as a function of H. Tests at higher fields
were conducted at the facilities of NASA, in Cleveland,
Ohio, and at the Francis Bitter Magnet Laboratory at
M.LT. Measurements of the transition temperature, Tk,
for selected samples were performed as previously de-
scribed (7).

The vapor-grown layers were also examined by op-
tical and electron microscopy. In addition, the sub-
grain size was determined as a function of processing
using an x-ray line broadening method and procedures
described earlier (4). X-ray fluorescence analyses for
Nb and Sn composition on the ribbon were performed
using procedures already described (3) to monitor the
stoichiometry of the deposit.

Results and Discussion
Effect of doping gases on I.—The critical current in-
creases by about a factor of three with the addition of
CO; as shown in Fig. 1. Here, the undoped Nb3Sn rib-
bon carries 65A at 40 kG (curve 1) and the ribbon
doped with 0.25% CO, carries 183A (curve 6). Since
the thickness of the NbsSn is similar for most samples,
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Fig. 1. Critical current as a function of total magnetic field for
Nb3Sn ribbon samples doped with CO».

this corresponds to current densities, J., of about
2.5 X 105 and 8.0 x 105 A/cm?, respectively. It may also
be seen that I, is a function of the CO; concentration
and that the optimum value is around 0.25% for injec-
tion into the Cl, gas stream (curves 2 and 3).

Alternative doping gas injection sites were investi-
gated and these results also are summarized in Fig. 1.
The addition of 0.25% CO. to the Cl; stream leading to
the Sn metal source (curve 5) results in an I. (H)
curve nearly equivalent to that observed for injection
into the H, port (curve 6). However, the same concen-
tration of CO; injected into the Cl; stream leading to the
Nb metal source (curve 4) results in an I, (H) curve
somewhat below that observed for undoped Nb3Sn
ribbon. This latter result probably can be explained
by gettering of the CO; in the Cl; stream by the Nb
metal to form NbC and Nb,O, so that the CO, is not
available to the growing Nb3Sn layer. In contrast, CO»
does not completely react with the Sn source at the
800°C chlorination temperature and therefore is avail-
able to the Nb3Sn being synthesized in the deposition
chamber.

This hypothesis was confirmed by a thermodynamic
analysis of the possible reactions of Sn with CO or CO»,
which showed that the free energy change is zero at
800°C. Thus, any reaction between CO; and Sn would
be near equilibrium, thereby allowing a substantial
portion of the CO; to pass through unreacted. If kinetics
limited the rate of reaction, an even greater fraction
of CO, would pass through the Sn metal zone and into
the Nb3Sn deposition chamber. If CO, is injected into
the Cl; stream before it is split into portions going to
the Nb source and to the Sn source, then the CO; is
gettered from the Cl, exiting from the Nb chamber.
Accordingly there is an apparent difference in the op-
timum values for the amount of CO; injected into the
gas stream at the various locations.

This effect probably explains the dependence of the
I. (H) curve on CO concentration given in Fig. 2. In-
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Fig. 2. Critical current as a function of total magnetic field for
Nb3Sn ribbon samples doped with CO.
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jection of the CO into the total Cly stream results in a
portion of the CO being gettered by the Nb metal
source and the remainder, perhaps 0.18%, enters the
deposition chamber. This concentration is closer to an
optimum value and accordingly produces the NbsSn
ribbon with the highest current-carrying capability.

Thus, we have seen that both CO; and CO are effec-
tive in increasing I.. In the next two series of runs, a
hydrocarbon, CH4, and O, were used. The results for
the introduction of O; into the Cl; stream are shown in
Fig. 3. Here, the undoped NbsSn ribbon has the highest
I.. Increasing concentrations of O, result in successively
lower I. values and the value for 10% O, 29A at 30
kG, represents the lowest I. observed at that magnetic
field of all the various samples tested. It should be
pointed out that all of the doped layers, except the
10% O:-doped NbsSn, had compositions within 1% of
the correct stoichiometric ratio. The high O;-doped
sample was seriously deficient in Nb, presumably be-
cause of the formation of Nb oxides. Although these
results indicate that large concentrations of O, should
be excluded from the reactant gas stream, it is also
apparent that I. is rather insensitive to small oxygen
impurity concentrations.

The results for the CH4 doping demonstrate that CHy
in concentrations of 0.15-0.25% is not effective in in-
creasing the critical current. But, other results (5)
show that hydrocarbon gases with a molecular weight
greater than 16 (CH4) are as effective as CO and CO,
in increasing the I, presumably because they are less
stable than CHj4. Therefore, since both CO and CO; and
hydrocarbons such as ethane can successfully dope
Nb3Sn to high values of I, it is concluded that carbon
is the principle atom responsible for the enhancement
of I. in these cases.

The next series of experiments performed with N»
gas additions is summarized in Fig. 4. In this case, N»
concentrations up to 36% were used to achieve values
about twice as high as could be achieved with undoped
NbsSn. However, N, concentrations from 0.1 to 5%
produced NbsSn with I. values not very much higher
than for undoped NbgSn. It should be pointed out that
99.999% pure N; containing less than 10 ppm hydro-
carbon impurities had been used in these experiments
which, when further diluted in the gas stream, should
not influence I. even at the highest flows of Ny used.
Thus, it appears that Ny also can be used to enhance
I.. However, the use of CO, in conjunction with N»
does not lead to a higher I. than achieved with CO;
alone, implying that the modes of enhancement are not
additive.

Next, the influence of the Sn/Nb chloride ratio in the
gaseous ambient was examined to determine its effect
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on I.. As mentioned earlier, a Sn/Nb ratio greater than
3/1 must be used to achieve the correct stoichiometry
in the vapor-grown NbsSn layer; lower ratios result in
NbsSn with excess Nb and a lower T.. Accordingly,
ratios greater than 3/1 were examined both with and
without CO, additions, and it was found that higher
ratios produce NbgSn that is up to 2.5% richer in Sn.

In Fig. 5 it is seen, in turn, that the 3 Sn/1 Nb ratio
has the highest I. (H) curve for both doped and un-
doped ribbons. But, CO; is effective in increasing the
I, at a given value of H for the three chloride ratios ex-
amined. It can be observed that the interval between
the 3/1 and the 5/1 ratios is about the same for the
doped and undoped series but that the 4/1 curve lies
closer to the 5/1 curve for the undoped samples and
closer to the 3/1 curve for the COz-doped Nb3Sn. This
latter result is fortunate since this allows some margin
for error in the adjustment of the Sn/Nb chloride ratio
while permitting a high I. (H) relationship to be
achieved.

In the standard growth process for the preparation
of NbsSn ribbon, the ribbon travels 15 m/hr counter-
current to the gas stream and the total flow rate of
chlorine to the Nb and Sn metal sources is 140 ml/min.
The effect of several variations in the process on the
I. (H) curve are given in Fig. 6 and these may be com-
pared with both COp- and CO-doped as well as un-
doped ribbon samples. It may be seen that concurrent
travel of the gas and the stainless steel substrate leads
to an I. (H) curve that is about 50% lower than when
a countercurrent arrangement is used. The reason for
this result is not clear.
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Fig. 5. Critical current as a function of total magnetic field for
NbsSn ribbon samples prepared with various Sn/Nb ratios in the
vapor ambient.
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Higher partial pressures of the metal chlorides were
investigated to study the effect on I. and to increase
the growth rate so that a thicker layer and thus a
higher I, could be attained for a given ribbon speed. It
was found that doubling the partial pressures of the
Nb and Sn chlorides by doubling the Cl; flow rates to
the metal sources degrades the I. (H) curve somewhat,
as shown in Fig. 6. Moreover, no significant increase
in deposit thickness was observed. The deposit thick-
ness was increased to twice the normal thickness, how-
ever, by decreasing the ribbon speed from 15 to 7 m/hr.
I. was thereby doubled as shown in Fig. 6, indicating
that the deposit is homogeneously doped throughout
its thickness. The factor-of-two higher I is very im-
portant, especially for the construction of magnets
above about 120 kG where the I. is dropping rapidly.
In addition, the thicker Nb3Sn has a significantly
higher critical field, H¢;, presumably because the extra
NbsSn grown onto the ribbon is further removed from
the metallic substrate and therefore less contaminated
by diffusion of Fe, Mo, and Ni from the substrate. The
nature of the interface between the Nb3Sn and the
stainless steel will be examined in another publication
(8).

Impurity doping of Nb3Sn deposits on ribbon sub-
strates lowers the T, onset from 17.0°K for undoped
material to 15.0°K for optimally doped material. Part
of this decrease is due to elastic strain built into the
ribbon, as shown by an increase of T, to 15.9°K when
the substrate is etched away with nitric acid, and
part is due to a large strain in the lattice introduced
by the presence of the impurities. When the substrate-
free deposit is annealed at 850°C for 2 hr, the T,
increases to 17.9°K which is probably due to relief of
the internal strain.

Effect of doping on grain size of Nb3Sn.—A striking
change in the appearance of the NbsgSn from a dull,
nonreflective surface to a very bright, reflective sur-
face occurs with the introduction of CO, CO; or N»
into the gas stream. This change appeared to be asso-
ciated with a reduction of the Nb3Sn crystallite size.
Accordingly, grain size measurements were made by
x-ray line broadening of all specimens using tech-
niques described in our earlier paper (4). It was found
that increasing concentrations of CO,;, CO, and N
decrease the NbsSn grain size from ~1000A (100 nm)
for an undoped sample to a minimum of ~370A (37
nm) for the most heavily doped samples. For O, and
CH4 doping, a tendency toward an increase of grain
size is observed. The I. data were converted to critical
current density, J., and to « = J.H and were plotted
in Fig. 7 as a function of the inverse of the grain size,
1/D. A similar linear dependence of J. vs. 1/D was ob-
tained up to 1/D ~ 2.5 x 105 cm~! [grain size ~ 400A
(40 nm)] as before (4), regardless of the doping gas
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used. The variable 1/D represents the number of pin-
ning sites per unit distance and J. is linearly de-
pendent on it. The doping gas thus appears merely
to provide a control over the grain size of Nb;Sn,
probably via the formation of submicroscopic precipi-
tates such as carbides or nitrides of niobium which
interfere with grain growth of Nb3Sn.

Attempts to identify the form which the impurities
take in the deposit were only partially successful. Mass
spectroscopic analyses of carbon in an undoped and a
CO,-doped deposit (0.25% CO. in gas phase) show
50-100 ppm and 700-2400 ppm, respectively, indicating
the incorporation of carbon. This amount of carbon
would be sufficient to form a second phase. But,
neither x-ray nor electron diffraction techniques were
able to identify the presence of phases other than
NbsSn. However, a transmission electron micrograph
of a specimen thinned by etching showed a multitude
of dark spots which could be interpreted as a fine
precipitate of a second phase (9).

Conclusions

The addition of various gaseous impurities into the
process gases used in the chemical vapor deposition of
superconducting Nb3gSn has been found to alter the
grain size of NbsSn and thereby the critical current.
Increasing concentrations of impurity gases including
CO,, CO, and N; have been found to cause a progres-
sive decrease in the NbgSn particle size and an increase
in I.. Additions of O, and CHy, on the other hand, tend
to increase the particle size of Nb3Sn and lower I..
Regarding the effectiveness of doping, CO; and CO
have been found to be the most effective since about
0.25% impurity causes up to a threefold increase of I.
compared to undoped specimens. In contrast, 36% of
N; impurity is required to increase I. twofold. The
process is rather insensitive to oxygen impurity as
1.7% O, decreases I, only 6% and large amounts of O»
(10%) are required to decrease I. to less than % the
value of undoped specimens. Since I scales up with de-
posit thickness at a given doping level, doping is a bulk
effect. The increase of I. and J. has a similar linear
dependence on the inverse of the grain size 1/D as
reported previously (4), regardless of the type of
dopant used. It appears, therefore, that the impurities
serve only as a means of controlling the grain size,
presumably by the formation of small, second-phase
precipitates which interfere with the growth of Nb3Sn
grains.
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Hydrogen Chloride and Chlorine Gettering:
An Effective Technique for Improving

Performance of Silicon Devices

R. S. Ronen and P. H. Robinson*
RCA Laboratories, Princeton, New Jersey 08540

ABSTRACT

Moderate levels of lifetime killing impurities in silicon can be removed or
neutralized by a high-temperature treatment in the presence of approximately
1% gaseous hydrogen chloride or chlorine in dry oxygen. Results using bulk
silicon as well as thin-film silicon on sapphire (SOS) indicate a significant
improvement in the effective minority carrier lifetime. Crystal quality, doping
level, oxygen content of the silicon, and surface treatment are found to be
important variables. The paper describes the effect of chlorine gettering on

various bulk silicon and SOS devices.

It has been well documented that many high-tem-
perature fabrication steps used in silicon device proc-
essing often result in the reduction of minority carrier
lifetime (1-6), because of the redistribution of heavy
metallic impurities, e.g., Au and Cu, or the precipitation
of such impurities on dislocations. Thus these impuri-
ties become effective recombination centers (7, 8).
Heavy metal impurities were found to have states near
the center of the gap (2, 5, 6, 9). Oxidation, in particu-
lar, was very detrimental to lifetime (10). Contami-
nants can come from a number of sources, such as the
bulk and surface of the wafer or the furnace tube.

Various gettering techniques to eliminate them or
prevent them from generating effective traps have
been reported (3, 4, 11, 12). One has been a phosphorus
glass layer in contact with the Si at elevated tempera-
tures (4, 11). A second technique uses KCN or sintered
Ni in contact with the Si to prevent impurities from
in-diffusing during processing (13). Oxides such as
P»0;5, ByOs, and V05 have also been used, as have
been chlorides (BCl3 and PCls), during high-tempera-
ture diffusion for the preservation of lifetime (3, 4).

Transmission electron microscopy and infrared
microscopy verified the elimination of Cu precipitates
from dislocations after gettering treatment (14).

Recently, bulk Si as well as thin-film Si on insulators
has shown a significant increase in minority carrier
lifetime after heating in a dry O./HCl ambient (15,
18). At 950°C, the lowest temperature used for the HC1
gettering process, the diffusion constants of the lifetime
killing impurities (Cu, Fe, Au) in Si range from 10-5
to 10 -8 cm2/sec. Since Cl; is more reactive than HC1 we

* Electrochemical Society Active Member.

Key words: gettering, minority carrier lifetime, SOS, silicon, HCI,
ClL..

believe that it can more effectively improve lifetime;
that is, gettering can be done at a lower temperature,
and the magnitude of the improvement would be
greater for the same time and temperature using Cl»
rather than HCL This paper describes various results
obtained with Clp gettering; a comparison of HCl and
Cl; is made.

Experimental Procedure

Gettering was carried out in a dry O, ambient either
before device processing when films were being studied
or after fabrication, just before metalization. A typical
procedure consisted of the following steps:

1. Thorough cleaning of the wafer, to remove sur-
face impurities.

2. Gettering in a mixture of 1% Clp in dry Oz at a
temperature Tg of 800° to 1150°C.

3. Annealing in dry He for 15 min at T to remove
Cl, from the furnace and sample and to reduce positive
oxide charge (16).

4, Hydrogen annealing for 15 min at 500°C to re-
duce density of interface states.

The effective minority carrier lifetime was then de-
termined by C-V and C-t measurements (17). Getter-
ing times range from 1 to 100 hr, and the gettering
temperatures were either 950° or 1050°C. The lifetime
improvement was found to be dependent on the time X
temperature product. When junction devices were being
studied, a period of 2 hr at 950°C was used so as not to
alter the diffusion profile in these devices significantly.

On several occasions, oxidation prior to the admission
of HCl or Cl, was necessary to prevent etching and
pitting of the Si. The concentration of HCI or Cl; was
kept low (~ 0.5-1%) because severe attack of the Si
was observed at higher concentrations (~ 5-10%).
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Water vapor was removed from the oxygen gas by a
dry ice trap. For SOS devices C-V measurements were
not always effective because of series resistance. C-V
measurements at d.c. and high frequency were em-
ployed with SOS devices to determine lifetime.

We tried different annealing techniques which in-
cluded only inert gases such as Ny, He, Ar, Hj, as well
as oxygen but no HCI or Cly, at various temperatures
and periods. The wafers and devices showed little or
no improvement, and the O, treatment was in fact
detrimental to lifetime in most cases. These heat-
treatments were carried out under conditions identical
to those used for Cls.

Measuring Technique

The effective minority carrier lifetime was deter-
mined from the transient response of a depletion
capacitance structure (17). To facilitate the measure-
ment a mercury probe made contact with the SiO, in a
circular pattern (~ 35 mil diam). A back contact was
employed in the bulk Si measurements, and a circular
contact around the dot for the SOS measurements. To
minimize series resistance, particularly when measur-
ing SOS, an interdigitated pattern was used, thus mak-
ing the resistance smaller than the capacitive reactance.

Heiman (17) has shown that terf = (T/2) (Ni/N,) is
an approximate solution to the recovery from deep
depletion of an MOS capacitor; tesr = effective lifetime
of minority carrier in depletion region, T = recovery
time constant, N;i = intrinsic carrier concentration,
Na = carrier concentration of wafer under investiga-
tion. The three wave shapes shown in Fig. 1 represent
recovery of an MOS capacitor with shallow surface
states, with deep surface states, and with no surface
states. If the transient response on the wafers is ob-
served before and after gettering, and the response
has the same shape, only one calculation of T is neces-
sary. The second and third wave shapes were typically
observed on SOS and good-quality Si, respectively.

The MOS capacitor structure used for C-t measure-
ments is shown in Fig. 2. From the typical C-V curve
shown in Fig. 3 one can calculate the doping density
to within a few diffusion lengths of the surface, and
effective oxide charge, and get an indication of the
surface state density (19). A typical C-t curve is shown
in Fig. 4. The effective minority carrier lifetime is ob-
tained, following Heiman’s method (17), without much
processing; however, the results must be interpreted
with care.

Comparative lifetime measurements, before and after
gettering, are meaningful even though the technique
assumes recombination centers at mid-gap. It was as-
sumed that the majority carrier concentration does
not change during gettering at 950°C for 2 hr. This was
shown to be valid by Hall measurements, C-V curves,
and 4-point probe measurements.

For very thin SOS devices (those with planar junc-
tions such as epitaxial bipolar transistors), the C-V

(s
Teox
10

1
0.0
[} t

Fig. 1. Transient response of an MOS capacitor. a, Response in
the presence of shallow surface states; b, response with deep
surface states; ¢, response with no surface states.
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Fig. 2. Structure of MOS capacitor. a, Bulk; b, SOS
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Fig. 4. Typical capacitance-time curve, bulk silicon

and pulse-capacitance measurements are difficult to
make or useless; hence, other methods were used. SOS
devices were evaluated by extending the logarithmic
plot of the forward I-V characteristics asymptotically,
determining the slope, and evaluating the zero voltage
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intercept. The effective minority lifetime is then ob-
tained, and comparison of measurements taken before
and after gettering becomes meaningful. An I-V log-
arithmic plot exhibits a good straight line to the point
where series resistance effects obscure the real junc-
tion behavior. We assume a simple junction theory of
the form I = I, exp qV/nkt (1 =n =2), withn =1
for pure diffusion and n = 2 when recombination in the
transition region is dominant (9). The slope of the
linear part of logarithmic plot yields n directly, giving
information about the relative magnitude of diffusion
vs. recombination in the material (surface and bulk
effects). The zero voltage intercept of the I-V asymp-
tote yields a measure of the minority carrier lifetime in
the depletion region of a diode. The forward diffusion
current (linear part) at V = 0 is equated to the reverse
leakage current (recombination), and the lifetime t is
calculated. This is only an approximate method, but
comparison of curves before and after gettering and
the absolute value of the leakage current yield very
useful results. In the case of multilevel planar junctions
such as SOS epitaxial bipolar transistors, high-fre-
quency measurements of fr vs. current, give the base
transit time. The linear part of the curve depicting
[fr]—! vs. M is extrapolated to M = (kT/q)/Ig = 0
(corresponding to Ig = o, i.e., zero emitter delay time)
where fr = D/aw? and base transit time T, = w2/2D =
1/ (2nfr). Knowing T, and D yields the base width. The
low-frequency common base current gain, when very
close to unity, yields the minority carrier lifetime

1 w? w? Ts
QOEI—-———— —_—_— ] - —
2 L2 2Dt T
when B, = ao/(1 —ap) >> 1, we get 1t = Bo,Tr. The
base width was also obtained by other techniques and
found to be in close agreement with that obtained from
UHF measurements.

Experimental Results

General observations.—1. Gettering is more effective
on good-quality bulk crystals and thin-film SOS layers
with scratch-free surfaces. Impurities introduced dur-
ing processing can be eliminated or their effect signifi-
cantly reduced by gettering.

2. In wafers exhibiting low lifetime due to oxygen
contamination even below the sensitivity of mass spec-
trography (1016/cc) improvement via gettering is mar-
ginal. The lifetime killing species is apparently bonded

EFFECT OF Cl GETTERING ON Si DEVICES
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to the Si differently in this case, or the SiO; complexes
introduce deep recombination centers. This was mainly
observed in thin epitaxial layers grown on sapphire.

3. Using Clp, improvement was greater on n-type Si
than on p-type material of comparable doping density.
This indicates that the lifetime Kkilling impurity may
not reside near mid-gap in both types, an observation
in agreement with Waldner and Sivo (4).

4. Up to a limit, the effectiveness of gettering in-
creases with time and temperature. At gettering tem-
peratures above 1000°C no further improvement was
obtained after 30 hr.

5. If the Si is heavily contaminated with metal im-
purities or Oj, some impurities tend to concentrate in
the SiO; layer formed during oxidation, thus yielding
large C-V shifts. Stripping the SiO; and regettering
still results in large C-V shifts as well as charge stor-
age effects in the oxide; this prevents meaningful C-t
measurements.

6. Gettering diode structures resulted in the reduction
of reverse leakage currents by several orders of mag-
nitude. The reverse and forward I-V characteristics
were also found to improve significantly.

7. Gettering MOSFET’s showed only better drain
diode breakdown characteristics, with no other effect
on device performance observed. Metalized MOSFET’s,
with Al or Cr-Au, could not be gettered at the proper
temperatures.

8. Mass spectrographic analyses on bulk and thin-
film SOS were below the sensitivity range needed to
detect changes in the Au and Cu content before and
after gettering. Analysis showed a concentration of
Cl; in the oxide after gettering 103-10¢ higher than in
the bulk material. This may be responsible for tying
up the impurities in the oxide at the interface.

Bulk silicon.—A series of p- and n-type [100] and
[111] bulk silicon wafers were obtained from Ven-
tron and Monsanto and were gettered with Cly for
different periods and temperatures, as shown in Table
I. The effective lifetime after high-temperature oxida-
tion was reduced to 100-300 nsec in most wafers and to
1-2 usec in material that had both surfaces polished
and relatively free of work damage. The [111] Ventron
material, least affected by gettering, had unpolished
back surfaces. The [100] n-type wafers, with both sur-
faces chemically polished, showed the greatest im-
provement; less consistent results were obtained with
the [111] oriented wafers. After 16 hr of gettering no

Table . Silicon wafers gettered with Clg

Resistivity,

er Ori Type ohm-cm

Process*

Original 7
(if known),
usec

T, usec Remarks

Ventron [111] P 8-11 Al

N 8.5-11.5 Al

Monsanto A2

Ventron [100]

Monsanto

Z2Z2w v 2z v 2
»
19

Monsanto

<2
Rough back

®ooooo
=
348

<2 Polished back (chemically)-

relatively work-damage free

o
o

3
ow

abunorgwogogoo RO

10 Rough back

Large C-V shift

LR

1.0

5-10 Chemically polished back

o

Rough back

o

<10 Relatively smooth back

Chemically polished back

=
— | ] W W —

oppobfiooocurooronoooooo

* Symbols: A, 5 min steam SiO; at 1050°; B, process “A” followed by 2 hr Cl: gettering; C, process ‘A" followed by 4 hr Cly gettering; D,
process “‘A” followed by 16 hr Cl gettering; E, process ‘A" followed by 100 hr Cla gettering; 1, gettering temperature = 950°C; 2, gettering

temperature = 1050°C.
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further improvement was observed in any of the
wafers.

HCI gettering was studied and at 950°C was found to
be slightly less effective than chlorine at the same tem-
perature, while at high temperatures, ~ 1100°C, HCl
was more effective by a factor of 2-5. Typical lifetimes
were 1 usec for an n-type Cly-gettered silicon wafer,
as compared with 4 usec for the HCI gettered one, with
Tg = 1150°C.

Cooling the bulk silicon wafers and the SOS films at
100°C/min in He or quenching them in He produced no
significant difference in the results.

Results on thin-film silicon on sapphire.—The minor-
ity carrier lifetime of thin-film SOS layers as grown
is typically 1-2 nsec. After high-temperature processing
it is usually reduced to 0.1 nsec or less. The lifetime
was found to increase to 4 nsec in 2-um-thick p-type
layers after gettering in Cl, at 950°C for 2 hr. Increas-
ing the gettering temperature to 1050°C increased the
lifetime to the 10-40 nsec range. The n-type films
showed a slight improvement over these p-type results,
i.e., 20-50 nsec. The C-V measurements on these layers
had high series-resistance contacts; to overcome this
problem interdigitated geometries were used. Films =
2 ym with doping densities > 1018 were needed, since,
with higher resistivity Si, the maximum depletion
width can be equal to or greater than the film thickness,
rendering deep-depletion measurements invalid. Typi-
cal C-V and C-t wave forms are shown in Fig. 5.

Silicon-on-sapphire epitaxial bipolar transistors.—
Mesa-type epitaxial SOS bipolar transistors were get-
tered using either HCI or Cl, at 950°C for 2 hr just
prior to the metalization step. Interdiffusion effects are
insignificant, and measurements of the base width
before and after gettering showed no change in thick-
ness. The effect of this treatment on device perform-
ance, however, was quite dramatic. Figure 6 shows the
transistor characteristics of a typical device before
gettering, Fig. 7 after gettering. Low-frequency gain, g,
increased by a factor of 2-10 after this treatment, and
many devices with 8 ~ 20 were obtained (Fig. 8). A
few devices with g = 60 were obtained. These most
probably had very thin base regions and, hence, should
make very good high-frequency transistors. A large
reduction in the leakage current of emitter-base and
bage-collector diodes, along with an increase in the
breakdown voltage, was observed. This is shown in the
I-V characteristics of Fig. 9, before and after gettering.
Note the different current scales on the two parts. The
linear part of the forward I-V characteristics, I = exp

c
| tvts | ~w77& %
! T 13
iy
8 / i
0.05 sec/div 0.1 sec/div

(a) TRANSIENT RESPONSE
BEFORE 16 -HOUR
GETTERING, T = 3 nsec

(b) TRANSIENT RESPONSE
AFTER 16-H
GETTERING. T =13 nsec

C/Cox
ﬁ¥l,0
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Fig. 5. Capacitance-time curves for an SOS capacitor before
and after gettering; capacitance-voltage curve after gettering.
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Fig. 6. Bipolar transistor before gettering. 8 = 2, Vertical, 1
mA/cm; horizontal, 2 V/cm, base current, 1 mA/step.

Fig. 7. Bipolar transistor after gettering. 3 — 8. Vertical, 2
mA/cm; horizontal, 2 V/cm; base current, 0.5 mA/step.

Fig. 8. Typical SOS bipolar characteristics. 8 = 20

(qu/nkt), exhibited n < 1.4 as compared with n > 1.6
before gettering. This result is indicative of a change
in the recombination mechanism in the space charge
region of the diodes (see Fig. 10).

Another measurement, that of [fi]~! wvs. [Ig]~},
showed that the base transit time and the minority
carrier lifetime in the base region had increased to
325 and 16 nsec, from values less than 2 and 0.1 nsec,
respectively. This is shown in Fig. 11. Effective minor-
ity carrier lifetimes in SOS devices and films measured
by the three different methods agree rather well.

The gettering process has significantly improved the
SOS bipolar transistor.
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Fig. 9. Effect of gettering on the I-V characteristics of the two
junctions in an SOS bipolar transistor.
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Fig. 10. Forward current voltage characteristic of base-collector
junction.

Conclusions

A small amount of gaseous HCl or Cl, introduced
during oxidation in dry oxygen significantly reduced
recombination rate in both bulk Si and SOS films and
devices. The mechanism whereby the lifetime is in-
creased is still open to speculation. One possibility is
the formation of volatile metallic impurity chlorides.
Other mechanisms, such as Cl; diffusing into the Si
and somehow tying up heavy or light ions, thereby
neutralizing them or reducing their effectiveness as re-
combination centers, are also possible, as is some clean-
ing of the furnace. The gettering mechanism appears
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Fig. 11. High frequency behavior of SOS bipolar. (a) B vs. fre-
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to be related to the O, content of the starting material.
Low-temperature Cly is somewhat more effective
than HC], and improvements in the electrical charac-
teristics of both diodes and bipolar transistors fabri-
cated in SOS resulted from the gettering treatment.
Because of the increase in the minority carrier lifetime
due to Cl, and HCI gettering, bipolar transistors with
average current gains of 20 have been produced.
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Sputtered Cadmium Oxide and Indium Oxide/Tin Oxide Films
as Transparent Electrodes to Cadmium Sulfide

R. R. Mehta and S. F. Vogel
International Business Machines Corporation, SDD, San Jose, California 95114

ABSTRACT

Thin films of cadmium oxide (CdO) and indium oxide/tin oxide (InzOs/
SnO;) were reactively sputtered from their respective metal or alloy targets.
CdO films combine sheet resistances of less than 100 ohms/square with optical
transmission greater than 45% for wavelengths greater than 5000A, and make
ohmic contacts with high-resistivity CdS films. Indium oxide/tin oxide films
show optical transmission greater than 45% for wavelengths greater than
4000A and sheet resistances of 100 to 200 ohms/square. Indium oxide/tin oxide
also makes useful contacts to CdS films, but reduces the resistivity of the
CdS films. A band diagram is proposed which qualitatively explains the ohmic
nature of the contacts between two wide bandgap materials.

Recent interest in optoelectronic devices has led to
the development of electrode materials which are
transparent to light. One application of such materials
is the use of transparent electrodes in a ferroelectric/
photoconductor storage device (1, 2). Another applica-
tion is in high-sensitivity photodetectors. There, maxi-
mum photocurrents (3, 4) are obtained when the pho-
toconductor is sandwiched between the electrodes and
‘the radiation is incident in the direction of the applied
field, and when the thickness of the photoconductor
equals the absorption length.

To be useful in high-sensitivity photodevices, the
transparent electrode should have sheet resistances no
larger than a few hundred ohms/square and maximum
possible optical transmission. Also, the transparent
electrode must make ohmic contact with the photo-
conductors.

In the past, thin metal films (e.g., gold, indium),
have been used as the transparent electrodes. How-
ever, they have the disadvantage of lower transpar-
ency for reasonable values of sheet resistance. Some
attempts have been made to use metal oxides (e.g.,
cadmium oxide and indium oxide) as transparent elec-
trodes to photoconductors.

Only limited information about the basic properties
of cadmium oxide is available. This is due to the un-
availability of large single crystals (5). However, sev-
eral papers have appeared during the past few years
on studies of powdered material, sintered blocks, com-
pressed tablets, or sputtered films (6). Some basic
properties are given in the International Tables of
Constants and Numerical Data (7). The effects of
doping CdO by In and Cu and the effect of reduced
oxygen in the reactively sputtered films have been
studied by Lakshmanan (8). Electrical transport prop-
erties in single-crystal In,O3 have been discussed by
Weiher (9). From high-temperature conductivity mea-
surements, Weiher deduced the bandgap of indium
oxide to be 3.1 eV, close to the value of 3.5 eV reported
by Rupprecht (10). Recently, Fraser and Cook (11)

Key words: transparent electrodes, cadmium oxide films, indium
oxide/tin oxide films, cadmium sulfide films, reactive sputtering.

reported some measurements on films of indium oxide/
tin oxide sputtered from oxide targets.

The first use of Inp03/SnO; as a transparent electri-
cal contact with a photoconductor (CdS) was reported
by Shivonen and Boyd (12). They used 82% indium/
18% tin alloy sputtered in oxygen to give a transparent
contact on a CdS crystal. Their films were about 200A
thick, had a resistance of 100 to 150 ohms/square, and
showed very good transmittance characteristics, i.e.,
> 80% for A > 5000A. Williams (13) used thin films
of In,O; as transparent contacts to ZnS crystals. He
also prepared In;O3/SnO; films by sputtering indium/
tin alloy (4:1) in oxygen. However, he found that
films so deposited had a high concentration of free
metal and were opaque. These films had to be further
heated in air at 300°-400°C to obtain transparency. The
V-I curve measurements by Williams (13) indicated
that the In,O3/Sn0O; films made ohmic contacts to ZnS
crystals.

Our paper deals with the properties of CdO and
Iny03/Sn0; films deposited by reactive sputtering.
Deposition conditions, such as the gas, the pressure,
and the substrate temperature, are varied. Optical and
electrical properties of these films are studied as a
function of the deposition conditions. The quality of
the contact to high resistivity (> 107 ohm-cm) thin
polycrystalline films of CdS is investigated. Substrate
and post-heat-treatment temperatures are kept below
approximately 350°C to avoid diffusion of Cd or In
from the oxide films into CdS.

Deposition of the CdO and In;03/Sn0.

Two kinds of transparent electrodes were deposited
by reactive sputtering of two metal targets: cadmium
(14) and 82 In/18 Sn (12, 13).

The sputtering system was a diode-type MRC! Model
SM8500 sputtering module mounted on a Norton-
NRC? diffusion-pumped vacuum system Model 3116.

" ng!C-Materials Research Corporation, Orangeburg, New York
0962.

2 Norton-NRC: Now a division of Varian Associates, Palo Alto,
California 94304.
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With a circular target (cathode) 5 in. in diameter, a
cathode-substrate distance between 1 and 1% in. was
chosen. A magnetic field of 100 gauss produced by coils
around the cathode and anode concentrated the dis-
charge and caused relatively high deposition rates
with an rf power of 200W. Substrates of Pyrex glass
and tin oxide coated glass (NESA, Corning 9753) with
a thin photoconductive film of CdS were placed on
the heated anode. The substrate temperature was an
important parameter in determining the resistivity of
the films; therefore, temperature was measured di-
rectly with a fine-wire thermocouple on the surface of
the substrate.

Naturally, the metal targets can be sputtered with
d-c power; most indium oxide/tin oxide films were
deposited with a d-c voltage of around 1.5 kV and a
discharge current around 70 mA. However, sputtering
with radio-frequency power (13.56 MHz) was pre-
ferred, because it allowed the use of lower gas pres-
sures in the development stages of the work. When rf
power of 200W was applied, the target assumed a self-
bias of typically 1000V.

A pure oxygen atmosphere ranging in pressure from
6 to 200x was initially used for the sputtering of CdO.
Later, an improvement in the optical transparency was
obtained when an oxygen/nitrogen mixture was used.
As little as 2% oxygen in nitrogen at a total gas pres-
sure of 100x caused completely reactive sputtering and
led to the best results with CdO. However, the In,O3/
SnO; films were finally sputterd only in pure oxygen;
50/50 oxygen/nitrogen and oxygen/argon mixtures
caused higher electrical resistances in the films.

CdO and Iny03/SnO; films differed appreciably in
their deposition rates at otherwise equal conditions.
CdO showed a rate of about 200 A/min when sputtered
in pure oxygen and 130 A/min when sputtered in the
oxygen/nitrogen mixture. Deposition times of 10 min
(pure oxygen sputtering) were required to form films
of satisfactory sheet resistances. The deposition rate
of the InyO3/Sn0, films was six times lower. Corre-
spondingly, the deposition times were 1 hr.

After the deposition, some films were heat-treated
at approximately 340°C on a hot plate for 1 hr in air.
Such treatment not only reduced the electrical resis-
tivity but also increased the optical transmission of
the oxide films.

Experimental Results

Optical and electrical properties of CdO films.—
Table I gives thickness, optical transmission, electrical
sheet resistance, resistivity, and estimated electron
density of CdO films prepared under various deposi-
tion conditions. Curves 1 and 2 in Fig. 1 show trans-
mission as a function of wavelength for two repre-
sentative films, one sputtered in 100% O, atmosphere
and the second prepared with 2.5% O, in N, atmo-
sphere.

These data were measured on a Cary 14 spectropho-
tometer. As previously reported (15), the films sput-
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Fig. 1. Spectral transmittance of CdO and In203/Sn0; films.
Curve 1 is for CdO film No. 91 sputtered in 100% O ambient;
curve 2 is for CdO film No. 144 sputtered in 2.5% O in N2 ambi-
ent; curve 3 is for IngO3/Sn0; film No. 214 C-1. Details of prep-
aration are in Tables | and 1.

tered in 2% O; in Ny have higher transmission for
shorter wavelengths. The thickness measurements on
these films were made with a Sloan® angstrometer
which works on the principle of multiple beam inter-
ferometry. Sheet resistance measurements were made
with a four-point probe. The mobility of electrons is
assumed to be 120 cm2/V-sec (7), and the calculated
value of electron concentration is listed in Table I
These values are very close to the values given by
Lakshmanan.

Contact properties of CdO to CdS films.—A cadmium
sulfide (CdS) film is deposited by a chemical spray
process (16). In this process, a solution of cadmium
acetate is mixed with a solution of thiourea to form
a soluble complex. This soluble complex is directed
in the form of a finely atomized spray to the surface
of a heated substrate where it is decomposed to form
a film of cadmium sulfide.

The substrate was a tin oxide (NESA) coated glass
slide. The conducting coating of tin-oxide acted as a
base (or bottom) electrode. CdO spots having an area
~ 10—2 cm? were deposited on the CdS film. Deposition
conditions were the same as for sample 144 listed in
Table I, except deposition time was half that for sam-
ple 144. Indium metal spots of the same size area were
deposited near the CdO spots, so that their contact
quality could be compared. The V-I characteristics are
always measured between the top electrode (CdO or
In) and bottom tin-oxide (NESA) electrode. The mea-
sured V-I curves when the sample is illuminated

4 Sloan Instrument Corporaton, Santa Barbara, California,

Table I. Details of preparation, optical and electrical properties of cadmium oxide films

Sheet Electron con-
Optical transmission resistance centration in
Conflitlons of film in % at wavelength of films, Resistivity films assuming
Sample deposition and subse- Thickness ohms per of films, (7 u = 120
Number quent heat-treatment of films, A 4000A 5000A 6000A square ohm-cm cm?/V-sec
91 604 O pressure; sputtering time of 2260 6.8 25.2 71.9 62.0 1.40 x 10-8 3.72 x 101
10 min; heat-treated at 340° and
400°C for 1 hr each
98 1004 O:2 pressure; sputtering time 1740 25 10.8 59.0 26.0 4.52 x 10—+ 1.15 x 102
of 10 min; heat-treated at 100°C
for 1 hr in air
102 1004 O pressure; sputtering time 1770 13.6 44.4 74.0 82.0 1.45 x 10-3 3.60 x 101
of 10 min; substrate temp 205°C;
heat-treated in air for 1 hr at
340° and 400°C
140 1004 O: in N: pressure; sputtering 1220 1.2 40.0 66.0 43.0 5.75 X 10—+ 9.90 x 101
time of 10 min; max substrate
temp 270°C
144 100x Oz in N2 pressure; sputtering 1275 1.2 44.4 70.8 29.0 3.7 x 10— 1.41 x 10=

time of 10 min; max temp 240°C
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Fig. 2. Current-voltage characteristics under illumination for
CdO and In spots on CdS film which is on tin oxide-coated glass
substrate (NESA). Sample is illuminated through the glass sub-
strate. Measurement configuration is also indicated.

through the glass substrate for the CdO and In spots
for both polarities are shown in Fig. 2. The slope of
these curves is practically constant for both polarities
and both CdO and In spots. This suggests that contact
quality is equally good for CdO and In, and the linear-
ity of the curves suggests that the contacts are ohmic
under the examination conditions.

A further test on this sample was carried out with
the measurement of the spectral response of the photo-
conductor, with light incident through the NESA-
coated glass substrate and through the CdO electrode.
The results are depicted in Fig. 3. As expected for
L < 50004, the photocurrent is about a factor of 2
smaller for light incident through the CdO spot. For
% > 50004, the photocurrent is smaller by only a factor
of 1.7. In this wavelength region, CdO serves as a rea-
sonable contact to the CdS film. In the dark, there
does not seem to be any change in the film resistivity
as a result of CdO deposition and postdeposition heat-
treatment.

Optical and electrical properties of In,03/Sn0O; films.
—Table II gives the conditions of film deposition and
subsequent heat-treatment, thickness, optical trans-
mission, sheet resistance, and resistivity of InoO3/SnO»
films. From the table it is clear that films deposited at
300°-350°C and subsequently heat-treated at 340°C in
air combine low resistivity with high optical transmit-
tance. There does not seem to be a dramatic difference
in films produced by either d-c or rf sputtering. In
general, higher substrate temperatures favor the lower
sheet resistance and higher transmission. Curve 3 in
Fig. 1 shows a transmission of film 214 C-1 as a func-
tion of wavelength.

June 1972
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Fig. 3. Photoconductivities (constant intensity) of CdO spots on
chemically sprayed CdS film, one with light incident through the
contact and the other with light through the glass substrate with
NESA coating. The applied voltage is 5V in both cases. Incident
photon flux is about 1015 photons/cm? sec.

Contact properties of In,03/SnO, on CdS films.—
Again, the contact properties of In;O3/SnO; films were
evaluated in conjunction with the CdS film. Electrodes
of 102 cm? area were sputtered through a mask on
the same kind of chemically sprayed CdS film men-
tioned before, which was an a NESA-coated glass
substrate; NESA formed the bottom electrode for pho-
toconductivity measurements. On the same films, In
metal electrodes of the same area were evaporated
between the In,O3/Sn0O, electrodes. This electrode ar-
rangement permitted a direct comparison of contact
quality of In»O3/SnO, and In to CdS film. The V-I
characteristics are always measured between the top
electrode (Iny03/Sn0O; or In) and the bottom tin oxide
(NESA) electrode.

Figure 4 shows the V-I plot for this film under a
photon flux density of 10!5/cm2 sec. Curves 1 and 2
show the current through the sample as a function of
voltage with light incident through the In»O3/SnO.
electrode for positive and negative applied voltages,
respectively. Curves 3 and 4 show the current through
the sample wvs. voltage when the light is shining
through the NESA for both polarities of voltage. The
difference in currents for curves 1-2 and 3-4 is due
to a difference in light absorption (and reflection) in
the indium oxide/tin oxide films on one side and in
the tin-oxide coated glass substrate in the other side
of the photoconductor. These curves have a constant
slope reasonably close to unity, suggesting that cur-
rent is proportional to voltage. The difference between
the current in positive and negative polarities for
curves 1-4 is small; the reason for this difference is not
understood at the present time. Curve 5 shows current
through the CdS film as a function of voltage for an
In metal electrode when light is shining through the
tin-oxide coated glass substrate. The higher current
for curves 3 and 4 compared to 5 can be interpreted

Table 11. Details of preparation, optical and electrical properties of indium oxide/tin oxide films

% Transmission Sheet resist- Resistivity
Sample Thick- at ance, ohms of films,
Number Conditions of film deposition and subsequent heat-treatment ness, A 5000A 7000A  per square ohm-cm
181 A-1 Go;lL.hOal: d-;: 1.6 kV; 95 mA; 1:09 hr; 370°C substrate temp; 340°C for —_ 95 89 72 —

r in air
181 B Same conditions as 181 A-1 except no heat-treatment 1880 98 91 150 2.82 x 10-1
191 A 100 Oy rf; 150W (indicated); 290°C substrate temp; no heat-treat- 4600 81 91 210 9.66 x 10-3
ment

191 B-1 Same conditions as 191 A; heat-treated in air at 340°C for 1 hr 3720 83 98 93 3.46 x 10-3
213 E 60x O2; 400W; 1:30 hr dep. time; max substrate temp 371°C —_ 86 90 195 —_
213 C-1 Same as 213 E; heat-treated in air for 1 hr a 343°C = 91 94 110 =
214 E 604 Os; 400W; 1:30 hr dep. time; max temp 377°C — 85 90 90 —_
214 C-1 Same as 214 E; heat-treated in air for 1 hr at 343°C = 93 54 88 =
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Fig. 4. Current-voltage characteristics under illumination for a
CdS film which is on NESA-coated glass substrate and having both
In203/5n0, (sample No. 214 C-1) and In as top electrodes. Inci-
dent flux for all three sets of curves is 10!5 photons/cm2/sec.
Curves 1 and 2 are for an In03/Sn0, spot with light incident
through the top electrode. Curves 3 and 4 are for the In203/5n0»
spot with light incident through bottom electrode of NESA. Curve
5 is for In spot with light incident through NESA. For curves 1-4
refer to the current scole on the left. For curve 5 refer to the
current scale on the right.

possibly in terms of a sensitization effect resulting
from doping of the CdS by In during the sputtering
and heat-treatment of indium oxide/tin oxide. This
effect is similar to that reported by Shivonen and Boyd
(12).

This hypothesis of sensitization is further confirmed
by measuring the dark current for both InyO3/Sn0O.
and In electrodes (Fig. 5). For In;O3/SnO; the dark
currents are almost an order of magnitude larger than
those obtained for In electrodes, suggesting doping by
In and consequently a reduction in resistivity of the
film. The In doping for In,O; electrodes results from
heat-treatment performed during and after deposition
to obtain desired optical transmittance and sheet re-
sistance. However, in the case of In electrodes, no
heat-treatment is performed during or after evapora-
tion of In. As a result, the film resistivity is unchanged.
The difference between V-I curves for positive and
negative polarities in the case of In,O3/SnO, suggests
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o E
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g F
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Fig. 5. Current-voltage characteristics in the dark for CdS films
having electrodes of both Ing03/SnO2 and In. Curve 1 is for both
positive and negative voltages with In electrode. Curve 2 is for
In203/5n02 electrode for positive applied voltages and also for
In203/5n0; electrode for negative applied voltages. For curve 1
refer to current scale on the left, and for curves 2 and 3 refer to
the scale on the right.
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a barrier at the interface when no illumination is
incident.

To summarize, In,03/Sn0O, gives ohmic contact to
CdS under illumination. However, for these 1x thick
CdS films, deposition of the transparent electrodes re-
sults in some In doping of the CdS films. This causes
the CdS films to have lower dark resistivity.

Discussion—Band Model

From the above-illustrated measurements it is clear
that CdO and In;O3/SnO; produce ohmic contact with
CdS under present conditions of measurement. Little
is known about the interface between wide bandgap
materials like In,03/SnO; and CdS. The junction be-
tween these two materials is a heterojunction. As a
simple extension of the Kroger et al. (17) model for
ohmic contact of a metal to a semiconductor, we pro-
pose a model for ohmic contact of heavily doped, wide
bandgap material to an undoped, narrower bandgap
material. This model is illustrated in Fig. 6. An ohmic
contact is brought about by a rather thin layer (region
1II) of highly conducting (strongly n-type) material
in the photoconductor adjacent to the electrode (re-
gion IV). This heavily doped n-type layer in the case
of the CdO contact is produced by diffusion of Cd into
CdS. For the In,03/SnO,, the heavily doped n-type
layer is produced by the diffusion of In into CdS. Be-
tween the highly conducting part of CdS and the elec-
trode, there may exist an exhaustion barrier (layer II)
which, due to the presence of such a strongly conduct-
ing layer, is so thin that electrons may easily tunnel
through it. The region of strongly conducting CdS acts
as a supply of electrons for the highly resistive bulk
(region IV), and the whole system acts ohmic when
an electric field is applied.

Conclusions

The transparent electrode material for an electro-
optic device can have a sheet resistance as high as a
few hundred ohms per square. From the measure-
ments reported here, it appears that resistances in this
range can be readily achieved in sputtered cadmium
or indium oxide/tin oxide films, CdO is a better mate-
rial for making ohmic contact than InyO3/SnO, be-
cause it does not reduce the resistivity of the thin CdS
film.

However, the optical transmission properties of CdO
on CdS are less desirable compared to those of InyO3/
SnO,. Since CdO has an optical transmittance greater
than 70% for wavelengths of 60004, it may form a
better transparent contact to Cd(S, Se) or CdSe,
with absorption edges at wavelengths longer than
6000A. In general, the transparent electrode require-
ments for an electrooptic device may be met by films
of either cadmium oxide or indium oxide/tin oxide.
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in the Liquid-Phase

Epitaxial Growth of GaP

M. Kowalchik, A. S. Jordan, and Mildred H. Read
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

Coprecipitation of g-GayO3 has been observed in O-doped GaP epitaxial
films grown by liquid-phase epitaxy under isothermal conditions at an average
growth temperature of ~1040°C. The coprecipitation seems to be independent
of cooling rate and of the source of O [GagOs powder, bulk GagOs, or glassy
Zn(POs)3z). The coprecipitation of g-Ga03 could be prevented either by im-
posing a temperature gradient over the ampoule (to enhance vapor transport
via GazO) or by reducing the amount of O added to the Ga-rich solution in an
isothermal system to ~2.5 X 10— 2 a/o (atom per cent). The latter result is
interpreted as giving the solubility at ~1040°C of GasO3 in Ga saturated with
GaP and is used to obtain an estimate of the eutectic valley in the ternary

Ga-P-Gay0j3 system.

GaP red light-emitting diodes (LED’s) have become
devices of technological importance in the last decade.
The early work of Starkiewicz and Allen (1) demon-
strated that the presence of both Zn and O as dopants
in the GaP crystals is needed for the generation of red
light at room temperature. In the case of solution
growth (SG) (2, 3) and sealed-tube liquid-phase epi-
taxy (LPE) (4, 5), the concentration of Zn added to
the Ga-GaP solutions by different investigators to
maximize the electroluminescent or photoluminescent
efficiency varies from 0.03 (5) to 0.14 a/o (atom per
cent (4). Because of vaporization losses the Zn addi-
tions in open-tube LPE (6, 7) are higher [0.15 (7) to
0.20 a/o (6)]. At these Zn concentrations in the Ga-
GaP solutions the resulting crystals are expected to
contain (8) Zn at concentrations less than 1018 ¢m—3
(at a typical growth temperature of ~1040°C); hence,
the deleterious effect of Auger recombination (9) on
efficiency is avoided.

However, the doping requirements for maximizing
the efficiency by means of O additions (in the form of
Gaz03) are less well understood. In particular, in
open-tube LPE “best” devices have been reported for
0.15 (7) and 0.4 a/o O (6). In sealed-tube growth (SG
or LPE) maximum efficiencies have been found over
a surprisingly wide range of O additions, specifically
between 0.03 (2) and 1.05 a/o O (5). The solubility
of Gay0O;3 in liquid Ga (10) is only ~0.03 a/o O at

Key words: light-emitting diodes, oxygen solubility, crystal
growth, compound semiconductors, phase diagrams.

~1040°C; hence, the reasons for much exceeding this
solubility limit in closed-tube LPE systems were not
immediately obvious.

The initial objective of this study is to explam the
disparate results on the O-doping of GaP. In the next
section it is shown that in a nonisothermal, closed-
tube LPE system the loss of O from the tipping solu-
tion via the vaporization of GapO is responsible for
the high optimum O concentration (5), exceeding the
solubility limit (10). Our experiments demonstrate
that when more than ~0.025 a/o O is added to the
Ga-GaP solution in an isothermal, sealed-tube LPE
growth system at ~1040°C, coprecipitation of GayO;
takes place along with the GaP epitaxial growth. The
major objective of this study is to identify, character-
ize, and explain these precipitates. In particular, the
coprecipitation of Ga;O3 with GaP (or its absence in
a nonisothermal system) is shown to be consistent with
thermodynamic information for the Ga-GayO; binary
system. Moreover, by interpreting the coprecipitation
results by means of a ternary phase diagram, the oxy-
gen concentration along the eutectic valley in the Ga-
P-Gay0; system is estimated.

Experimental Procedure and Results
The usual LPE growth of GaP by Nelson’s method
(11) involves a cooling rate of approximately 10°C/
min. To achieve such a relatively large cooling rate
many LPE systems utilize furnaces with a small ther-
mal mass which do not possess an isothermal zone
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Fig. 1. Ti ission ph icrograph of needle-shaped S-Ga203
precipitates in the GaP matrix grown from a solution containing
1.05 a/0 O (added as Gaz03) and 0.05 a/o Zn. The solution was
cooled from ~1050° to ~600°C at a rate of ~10°C/min.

over the entire length of the ampoule used for crystal
growth. It has been found (12) for a small thermal
mass furnace with a viewing port (typical of those
used to make efficient LED’s) that there may be a de-
crease in temperature of about 25°C between the Ga-
rich melt and the seal-off area (4) at a nominal LPE
growth temperature of ~1040°C, Because of the re-
versible reaction of Ga and GayO3 to produce Ga0(g)
according to

4Ga(l) + Gaz03(s) = 3Gaz0(g) [1]

a temperature difference causes a drop in the equi-
librium partial pressure of GaO(g) (20 Torr for a
temperature difference of 25°C at ~1040°C) (13, 14).
The reversible nature of this reaction is demonstrated
by the observed condensation of Ga;O3 and Ga at the
cool (seal) end of the capsule during an LPE run.

In order to minimize the loss of Ga;O3 via this vapor
transport, all the experiments reported herein have
been conducted in nearly isothermal furnaces. In the
initial phase of this study a furnace (without a view-
ing port) with a ~4°C difference along the sealed
capsule was used. The 10 cm long quartz capsule,
similar in construction to capsules described by pre-
vious workers (4, 5), enclosed a-quartz boat which
contained the GaP substrate at one end, near the seal-
off plug, and the solution of Ga-GaP-dopants! at the
other end. The plug serving as the seal was placed
tightly against the boat, after evacuation to 10—6 Torr,
to minimize the capsule volume.

In a typical run the sealed ampoule, containing the
substrate and solution doped with 1.05 a/o O added as
Gaz03 and 0.05 a/o Zn [serving as a reference dopant
concentration in comparison with published values
(5)1, was heated to 1065°C and held for 30 min to
achieve saturation. An LPE layer was then grown by
tipping the furnace and capsule assembly at 1050°C
and cooling at a rate of ~10°C/min to 600°C. By moni-
toring thermocouples attached to either end of the
capsule, it was determined that the temperature differ-
ence was minimal (less than 4°C in this series of
experiments) throughout the LPE cycle. After com-
pleting a run, excess Ga;O3; was found only on the
top of the solution, indicating negligible vapor trans-
port. Examination of the typically ~50 um thick epi-
taxial layer by optical reflection and transmission mi-
croscopy disclosed the presence of a needle-like second
phase embedded in the GaP matrix. In Fig. 1 we show
a transmission photomicrograph of this second phase
in the LPE layer. Note that the thin needles are found
at all levels between surface and growth interface and

1 The source materials used for these experiments were phosphine-
grown polycrystalline GaP (Monsanto), Ga:03 powder (Alusuisse),
and Zn (United Minerals), all with 99.9999% nominal purity. The
n-type GaP substrates, cut from liquid encapsulation Czochralski
IE)EC;} grown ingots, were hanically polished on the phosph

ace,
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are occasionally as long as 100 xum. That the needles
are not an etching artifact due to reaction of the GaP
with HNOj, frequently used to digest the Ga, is shown
by the fact that they are also seen without etching.
Additional experiments have shown that an undoped
or a Zn-doped solution did not result in needles in
the LPE layer but a solution doped with Ga;O3 alone
(1.05 a/o O) did. Moreover, when a sharp temperature
gradient was imposed along the capsule, by extending
the length of the ampoule with a quartz spacer placed
between the end of the boat and the seal and cooling
with a stream of N, no needles were observed in the
LPE layer, even at 1.05 a/o O additions. Not unex-
pectedly, after this run a mixture of Ga droplets and
Gay03 was found on the seal and no excess GayOy
appeared on the surface of the Ga solution.
Microscopic examination of the as-received GayOj
powder at 800X showed a few needles, 5-10 um long.
These needles were similar in shape although not in
size to the ones found in the LPE layers. This similar-
ity strongly suggested that precipitation of the mono-
clinic, high-temperature g form of Ga;O3 had occurred
in the epitaxial films. The precipitates were conclu-
sively identified by a wide-film, modified, Debye-
Scherrer x-ray diffraction method (15). With the flat
LPE layer and substrate stationary at 16° to the beam,
an x-ray photograph of the epitaxial film was gen-
erated. A typical photograph (Fig. 2) for a run with
1.05 a/o O addition shows the curved lines of poly-
crystalline g-GayO3 superimposed on the single-crystal
GaP pattern. In addition, an examination of the g-
GapO;3 precipitate-rich layer by the Direct Image Mass
Analyzer (DIMA) (16) exhibits a strong O-signal
when sputtered in an oxygen beam. As viewed by
the DIMA, a g-GayO3 needle is represented by a bright
elongated image which is much more intense than the
background O signal detected from the GaP matrix.
After this positive identification of g-GayOz pre-
cipitates, a number of changes were made in the ex-
perimental apparatus and procedure. In place of the
conventional quartz tipping boat, we utilized a slider
(17) assembly, fabricated from Al,0; (G.E.-Lucalox).
It was anticipated that the use of Al,O3 would elim-
inate the observed reaction between Ga and quartz to
form GaO(g) (13). In addition, a new furnace with
a variation of only 1°C over the capsule was intro-
duced. Figure 3 is a schematic of the quartz sealed
assembly, located in the isothermal zone of the fur-
nace. As in the earlier experiments, the Ga-rich solu-
tion, here contained in an opening cut through the
moving slider, was tipped onto the GaP substrate.
With the slider, however, growth could be terminated
at will at any temperature by tipping the slider to its

Fig. 2. X-ray photograph of precipi and matrix. Note the
spotty curved lines of polycrystalline 8-Gaz03 superimposed on the
monocrystalline GaP pattern,




758 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

N \\\\\ N \\\ \\§~\\\\ :

N \\ RN N
\\\ f\;\\\\ nk
\ \

Fig. 3. Slider assembly and its relation to the temperature profile
of the furnace (schematic). The slider and boat are made of Al203
(G.E.-Lucalox).
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Fig. 4. Effect of decreasing Ga203 additions to the soluhon on
the density of 8-Ga203 precipi The tr ion ph
graphs (a), (b), and (c) correspond to 0.45, 0.075, nnd 0.03 a/o
O additions, respectively. All three crystals were grown by cooling
the solution from ~1050° to 1035°C at a rate of 1°C/min.

initial position, resulting in the removal of the excess
solution from the substrate.

In this manner GaP LPE layers were grown, with
0.45, 0.075, and 0.03 a/o O additions as GazO; to the
solution, between 1050° and 1035°C at a cooling rate
of 1°C/min. Transmission micrographs of these crys-
tals (Fig. 4) show a strong reduction in the concen-
tration of g-GayO3 precipitates with decreasing Gay03
additions to the solution. The precipitates completely
disappear, as viewed at 800X, between 0.027 and 0.021
a/o O additions to the solution.

Experiments performed by cooling from 1050° to
1020°C at a rate of 2°C/min also resulted in Gay03
precipitation, demonstrating that the precipitation is
apparently unaffected by cooling rate between 1° and
10°C/min. It should be noted that when the solution
was cooled to 1020°C even an O addition of only 0.025
a/o gave rise to a few precipitates. Finally, we changed
the source of O from GasO3 powder to bulk Ga;O3 2 or
glassy Zn(PO3); (18). Both of these additions to the
Ga-GaP solution yielded precipitates.

Discussion
The presence of precipitates in GaP is not unique
among III-V compounds. For example, Eckhardt (19)
2 Bulk polycrystalline Ga:0s was pulled by W. Grodkiewicz of

Bell Laboratories by the Czochralski method under ~3 atm of
argon pressure.
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has observed precipitates of a-Ga;03 [the low-tem-
perature form (20)] less than 3 um in size in Czochral-
ski- and Bridgman-grown GaAs. Recently, Kressel
et al. (21) have identified by electron diffraction
GagTe; precipitates in GaAs which they attributed to
precipitation from solid solution. However, several
observations indicate that the g-Ga;O3; second phase
in the GaP LPE layers is not the result of solid-state
precipitation. First, as seen in Fig. 1, there is no dis-
tinct orientation relationship between the precipitates
and the matrix. Second, the precipitates are obviously
too large to originate from a supersaturated solid so-
lution. Third, precipitates were observed in epitaxial
layers grown by relatively slow cooling rates in the
narrow temperature range tipping experiments (1°C/
min, 1050°-1035°C; 2°C/min, 1050°-1020°C), wherein
the excess Ga solution was removed from the film
prior to withdrawal from the furnace. It is unlikely
that the rate of solid-solution precipitation is rapid
enough to account for the formation of precipitates in
these experiments, since precipitation would have to
take place during the short time required to cool the
crystal to room temperature.

Therefore, it is concluded that the g-Ga,O; pre-
cipitates are the consequence of the coprecipitation of
Gap03 with GaP from a Ga-rich solution supersatu-
rated with respect to both Ga;03 and GaP. Thus, the
tipping experiments conducted between 1050° and
1035°C, showing that the precipitates completely dis-
appear between 0.027 and 0.021 a/o O additions, can
be interpreted as giving the solubility of O in liquid
Ga also saturated with GaP to be ~0.025 a/o O at
~1040°C. Hence, when O is added to the tipping solu-
tion in excess of ~0.025 a/o in a sealed isothermal sys-
tem at a mean growth temperature of ~1040°C, the
presence of precipitates in the epitaxial film results
from supersaturation with respect to two solid phases.
Conversely, the absence of precipitates in GaP grown
in a nonisothermal system indicates that the solution
became unsaturated due to the loss of excess oxide via
Gap0(g) transport according to Eq. [1].

The coprecipitation can be more readily discussed
in terms of a schematic ternary liquidus isotherm at
~1040°C for the Ga-P-GaO; system, shown in Fig. 5,
which was drawn in analogy with the Ga-As-Si sys-
tem (22, 23). The work of Foster and Scardefield (10)
gives the solubility of Ga;O3 (or O) in Ga between
1000° and 1200°C. The present tipping experiments
show a small (~20%) reduction in the O solubility at

60,03
L+6a,05
L+6aP+Ga,03
N z
L [
Ga N\ GaP P
L+GaP
Fig. 5. Schematic 1040°C liquidus isotherm for the Ga-P-Ga20;

system. Points M, N, and Z are the 1040°C solubilities of Ga203
in Ga (~0.01 m/o) (10), P in Ga (2.5 a/0) (24), and the ternary
eutectic point of Gaz03 (~0.008 m/o), respectively. The composi-
tions within the triangle are not drawn to scale; the mole fraction
of Gag03 dissolved in Ga is more than two orders of magnitude
smaller than the atom fraction of P saturating Ga.
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~1040°C when the solution is also saturated in GaP.
In Fig. 5 points M and N, respectively, represent the
binary solubilities of Ga;O3 (~0.01 m/o) (10) and P
(~2.5 a/o) (24) in Ga at ~1040°C, and point Z is the
ternary eutectic point at which the solution, saturated
with Ga:0O; (~0.008 m/o GayO; or ~0.025 a/o O) and
P, is in equilibrium with GaP and g-Ga;0;. According
to the schematic liquidus isotherm, as long as the
Gay0; additions to the solution vary along the curve
N — Z, O-doped GaP but not g-Ga,03 will precipitate.
However, over-all solution compositions which are lo-
cated within the Z-GaP-Gay0O; tie triangle yield a
liquid of composition Z in equilibrium with both solid
phases, permitting their coprecipitation.

There are two phenomena, consistent with Fig. 5,
which may lead to precipitation. The first one is me-
chanical in nature, due to the closeness in density be-
tween Ga and GaO; 3 at the tipping temperature. Ac-
cordingly, at ~1040°C the Ga;O; powder is either sus-
pended in the liquid solution or it sinks to the vicin-
ity of the substrate. However, the possibility that most
of the observed precipitates originate directly from
suspended particles which have never dissolved is dis-
counted because only 5% of the as-received powder
consists of needles, and even these are about a factor
of 10 shorter than the precipitates. Therefore, we sug-
gest that the small excess oxide particles,? suspended
in the O- and GaP-saturated solution, may serve as
nucleation sites for the growth of the observed g-
Ga»0; needles during the second phenomenon (copre-
cipitation) which is of chemical origin. During LPE
growth, as the temperature decreases, the ternary
eutectic point (point Z in Fig. 5) moves toward the Ga
corner of the phase diagram, corresponding to an in-
creasing supersaturation of the liquid with respect to
GaP and Ga»03; which results in the coprecipitation
of both solid phases.

Since we would expect the number of nucleation
sites to be proportional to the amount of excess oxide
added to the solution (above point Z), the preceding
interpretation is consistent with Fig. 4, showing an
increasing amount of precipitates with increasing
Gaq03 additions in LPE layers grown under otherwise
identical conditions. It should be noted that the pres-
ence of oxide nuclei is not a prerequisite for copre-
cipitation, especially when an LPE layer is grown
over a wider temperature range. For example, when
a solution of composition Z (0.025 a/o O) was cooled
to 1020°C instead of 1035°C, the resulting epitaxial film
contained a few precipitates.

Although at ~1040°C the solubility of Ga;O; in Ga
saturated with GaP is only a little less than the re-
ported solubility of Ga,O; in liquid Ga alone, it is
by no means assured that at higher temperatures,
corresponding to larger phosphorus concentrations
in the solution, the difference between binary and
ternary solubilities will remain small. An approxi-
mate thermodynamic calculation can be performed to
yield the variation of the O solubility in the ternary
system as a function of temperature. Here we con-
sider ternary solubility at the ternary eutectic point
Z, illustrated in Fig. 5, which is an invariant point
at a set temperature, T. The variation of Z with T
gives the ternary eutectic valley.

The dissolution of Ga:O;3 in Ga or in Ga saturated
with P can be represented by the reaction

Gay03(s) = 2Ga(l) + 30(1) (2]

where 9 represents the oxygen dissolved in the liquid.
Under the conditions of Foster and Scardefield’s binary

At At ~30°C the density of liquid Ga (25) (6.09 g/cc) is greater
than that of -Ga:0s (20) (5.88 g/cc). However, at 1040°C the mea-
sured density of Ga (25) (5.48 g/cc) is smaller than the estimated
density of -Ga.Oy (~5.65 g/cc) which is based on an extrapolation
of the linear expansion coefficients of Al.03-Ga:0s solid solutions
(26) to pure Ga:Ou.

¢ Because of the brittleness of bulk Ga:0: and the reaction of
Zn(POy); with Ga to form Ga:Os, the presence of oxide particles
suspended in the melt cannot be excluded even when O was added
in one of these forms.
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solubility measurements (10), the binary activities,
ai,p, of the designated species in the liquid are given by
GGab = XGanYGab =~ 1 and Go,y = To,nYon, Where xi and
vip are the atom fraction and activity coefficient of
species i, and b refers to the binary system. However,
a comparison of the Ga-Ga;03; (10) and Ga-P (24)
binary data shows that the mole fraction of Ga;O3 dis-
solved in Ga is more than two orders of magnitude
smaller than the atom fraction of P saturating Ga, in-
dicating that the activity of Ga in the ternary system
cannot be taken as unity. As the activity of GaO; is
unity, the equilibrium constant, K, for Eq. [2] becomes

K = aca,?(x0,t)3(v0,)3 = (To,)3(v0,0)? [3]

where the subscript t refers to the ternary system. Re-
arranging Eq. [3] gives

To,b
In

=—= Inyo, — Inyo + 2/3 In(xGatvcar) [4]
0,t

As there are no thermodynamic data for the liquid
phase, we assume regular binary and ternary solution
behavior (27). Assuming in addition to xgan ~ 1 that
o, << xp,: and Xcat + Tpt ~ 1, we find approximate
expressions for the activity coefficients’ which when
substituted into Eq. [4] yield

" To,b ( 1-— LGa,t ) [ +
I e —iF WP
To,t RT e
& “Gap (2 — 5xGat) ] + 2/3 InZcay (5]

where the wij's are the ternary interchange energies.

To evaluate Eq. [5] we take wga.p from the work of
Thurmond (24) and since xp,t + Xgat =~ 1, cat can be
approximated by its value along the Ga-P liquidus
curve (24). However, wga.0 and wp.o are both unknown.
The simplest assumption is to set wp.o = 0 (ideal solu-
tion), since at the high temperatures of interest P-O
liquids do not exist. By substituting the ratio xon/xo.
(3 X 10-2/2,5 x 10—2) in units of atom per cent at
~1040°C into Eq. [5], we obtain wga.0 ~ —25 kcal/mole.
The negative deviation from Raoult’s law implied by
this value is considered reasonable in comparison, for
instance, with the Cu(l)-O system. Recent thermo-
dynamic measurements (28) yield wcu.0 ~ —6.3 kcal/
mole at 1100°C. By using the estimated value of wga-0
and keeping wp.o =0, In(xo,n/x0,t) can be readily cal-
culated from Eq. [5] up to the melting point of GaP.
A combination of this ratio with the Ga-Ga;03 solu-
bility curve of Foster and Scardefield (10) gives the
variation of xo, along the Ga-P-Gay0; eutectic valley,
shown in Fig. 6.

Although in Fig. 6 the departure of xo: from xo,
becomes pronounced at higher temperatures, below
about 1100°C only a small error is made by using the
binary solubility curve (10) instead of the ternary
eutectic valley. Because of the calculated maximum
there is only about a factor of 2 increase in the ternary
oxygen solubility between ~1100°C and the melting
point of GaP, The sections of the eutectic valley at high
and low temperatures are shown as dashed lines be-
cause they are based on portions of the binary solu-
bility curve which were found by extrapolating the
published curve. Moreover, if wp.o 7 0, according to
Eq. [5] this would influence xo, only at high xp, corre-
sponding to high temperatures.

The estimate shown in Fig. 6 does not eliminate the
need for further experimental work to establish the
eutectic valley of the system Ga-P-Gap0O;. Such in-
formation in conjunction with thermodynamic analysis
of the type presented here would greatly aid the under-
standing of this technologically important ternary sys-
tem. Unfortunately, even if the Ga-P-Gas0; eutectic

5 The expressions are: RT Inyo.b =~ w6a-0, RT Inyo.t =~ XGa,twGa-0

+ (1 — Xea.t)wp-0 — XGat(l — Xgat)wea-r, and RT Inyga.t =
(1 — XGart)?woa-p.
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Fig. 6. Estimated eutectic valley for the Ga-P-Ga203 ternary
system and its relation to the solubility of GazO3 in Ga (10). The
plot is given in terms of a/o O vs. reciprocal temperature. Note
that Gaz03 can only coprecipitate with GaP at O concentrations
above the loop.

valley were known, independent experimental work
would be required to give the equilibrium concentra-
tion of O dissolved in GaP crystals. However, one can
predict on thermodynamic grounds that GaP in equi-
librium with liquid compositions along the eutectic
valley (Fig. 5, point Z; Fig. 6) contains the maximum
amount of oxygen which can be dissolved at each tem-
perature. Liquid compositions above Z result in pre-
cipitation of a second phase, 8-Gaz03, without an in-
crease in the equilibrium oxygen concentration in the
GaP crystal.

Of course, GaP epitaxial films which are free of
precipitates may be grown in a nonisothermal LPE
system even when a large excess of Gax03 is added to
the solution, initially moving the over-all liquid far
above Z. The loss of O from the growth solution via the
vaporization and transport of Ga;O according to Eq. [1]
explains not only the absence of -Ga;O3; needles in
LPE layers grown in a nonisothermal system but also
the disparity in reported optimum O additions [0.03 (2)
and 1.05 a/o O (5) for SG and LPE, respectively]. Our
preliminary experiments demonstrate that efficient
diodes can be fabricated in an isothermal LPE system
without excessive O additions to the solution. Using the
slider (Fig. 3), a nearly precipitate-free p-type layer
was grown at ~1040°C onto an n-type LPE and LEC
structure from a solution containing 0.03 a/o O in the
form of Zn(PO3) and 0.045 a/o Zn. The annealed and
encapsulated diodes exhibited red electroluminescent
(EL) efficiencies as high as 2.7%, which we consider
promising since the dopant concentrations have not yet
been optimized. This figure is within about a factor of
two of the best reported values of 4.5% (29) and 6%
(30) for similar structures which were grown from
solutions containing a large excess of GayOs but pre-
sumably under nonisothermal conditions [tipping in a
small thermal mass furnace (29) and dipping, (30)
respectively].

The effect of the concentration of p-GayOs precipi-
tates on EL efficiency of devices has not been examined
in detail. However, point contact EL efficiency mea-
surements were made on mesa diodes taken from a
relatively precipitate-free and from a heavily precipi-
tated area (such as shown in Fig. 2) of a p-type LPE
film grown on a 2.5 cm long n-type LEC substrate from
a solution containing 1.05 a/o O added as Ga2O3; and
0.05 a/o Zn. The EL efficiencies were as much as 15
times higher for the diodes prepared from the clean
segment than for the ones made from the heavily pre-
cipitated area. We think that the reduction in effi-
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ciency is very likely due to the difficulty of achieving
suitable contact with a heavily precipitated p-type
layer. But a small concentration of precipitates may
not have any significant effect on the EL efficiency. In-
deed, we speculate that such small concentrations of
precipitates may be present in the LED’s reported in
the literature but have been overlooked because of
their negligible effect on diode performance. Finally,
recent measurements of Gloriozova et al. (31) show
that the 100°K hole mobility of Zn, O-doped SG GaP
drops precipitously when more than 0.03 a/o O is added
to the melt as Gaz03. Since we have also seen GazO3
precipitates in SG platelets, the results of Gloriozova
et al. (31) may be related to scattering by a second
phase.
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Mass Spectrometric Studies of Vapor-Phase Crystal Growth

1. GaN

Vladimir S. Ban
RCA Laboratories, Princeton, New Jersey 08540

ABSTRACT

A mass spectrometer has been coupled to an open-tube, vapor-phase, crys-
tal growth apparatus in order to study vapor-phase processes leading to the
deposition of GaN crystals. Studies of the HCI and Cl; reactions with gallium
showed that GaClg is the only gallium chloride formed. Studies of NHj de-
composition showed that very little NH3 decomposes under given experimental
conditions, but this can be changed by the presence of W and Pt. Thermo-
chemical data were collected or calculated for all species detected in the
system. The reaction mechanisms leading to the deposition of GaN are dis-
cussed. It is concluded that the reaction controlling the deposition of GaN can

be written as
GaCl(g) + NHa(g) = GaN¢s) + HClg) + Hawe

Comparison of the experimentally determined vapor composition with one
predicted from the available thermochemical data showed that important de-

viations from the thermochemical equilibrium occur in our system.

Gallium nitride has a direct energy bandgap of 3.39
eV (1) and is therefore an interesting material for elec-
tronic applications. Recently, single-crystalline epi-
taxial films of GaN were successfully prepared by
means of the open-tube, vapor-transport method (1).
The apparatus and technique used were very similar
to those used previously in the preparation of other
III-V compounds (2).

The chemistry of vapor-phase processes leading to
the deposition of GaN was not completely understood.
For this reason, we undertook studies of some funda-
mental aspects of the GaN deposition. In particular,
the following processes were studied: (a) the transport
of Ga with HCI and Cl; in the temperature range of
700°-900°C; (b) the thermal decomposition of NH3 in
the same temperature range as affected by various
catalysts; and (c) the reactions leading to the deposi-
tion of GaN and the influence of temperature on the
rate of this reaction. The influence of the replacement
of H,; by He as a carrier gas was also studied. Further-
more, the thermochemistry of the deposition system
is discussed and the experimentally determined com-
position of the vapor phase is compared with the com-
position predicted from the chemical equilibrium cal-
culations.

In order to determine the composition of the vapor
phase under a variety of experimental conditions, we
coupled a time-of-flight mass spectrometer to the
vapor-growth tube. With the mass spectrometer, we
could directly identify species present in the vapor
phase and determine their relative abundances.

Experimental Procedure and Results

The mass spectrometer-vapor growth tube system is
shown schematically at the top of Fig. 1. Details of this
system and the sampling technique have been de-
scribed in Part I of this series (3), which reports a
study of the GaAs,P;-, system. The present experi-
ments were done in a similar fashion to those described
in Part 1. However, the temperature gradients, con-
centrations of reacting gases, and flow rates were

Key words: mass spectrometry, vapor-phase deposition, GaN
crystals, epitaxial growth, chemical kinetics, thermodynamics.

chosen to be similar to those employed (1) in growth
of GaN epitaxial layers. GaN was also deposited on the
walls of the reactor in the course of our experiments.

+ 100cc/min NHy

b———900°c——+f I_]
==C |

&M.I’.ﬂ

[»4004:c/min Hg or He

[’:i:‘ Ga BOAT,
400cc/min Ha or He

+10cc/min HCL

EXHAUST

Ha He

GaCl 3+ NH,|

L L L
5 10 15 20 (inches)

DISTANCE ALONG THE VAPOR GROWTH TUBE

Fig. 1. Mass spectrometric determination of the variation of
partial pressures of species along the growth tube during epitaxial
growth of GaN. The app and experi | conditions are
schematically represented in the upper part of the drawing. (Dotted
lines give pressures when Hg is the carrier, solid lines when He is
the carrier. Kinks in the pressure curves at 12 in. are caused by
the additional volume of gas introduced at that point by the NH3
inlet tube. These curves are drawn from the determination of initial
and final partial pressures of vapor species.)
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Occasionally, even the sampling capillary became
clogged with GaN deposit.

Halogen transport of Ga.—The HCI transport of Ga
in the temperature range of 400°-800°C was discussed
in Part I (3). This time we also examined the Cl.
transport of Ga as well as the influence of the carrier
gas (H; vs. He) on the HCI transport efficiency. The
boat containing gallium was 12.5 cm long; 25 cm? of the
liquid gallium surface was exposed to the gas phase.
With the chosen flow rates (500 cm3/min Hs or He +
10 cm3/min HCI or Clp), the gas stream velocity was
about 3.5 cm/sec. It was found that HCl and Cl; react
with Ga according to the following reactions

xGa(l) + HCI(;) g zGaCl(,)
x
+ (1 —x)HCl + ?Hzm [1]

1 l—2x
xGam + = Clag) = xGaCleg) + (—2-——) Clagy [2]

where x = mole fraction of HCI or Cl, reacting. Values
of x for various experimental conditions are given in
Table 1. These values were obtained by changing the
position of the HCI or Cl; inlet, which could be placed
either upstream or downstream from the boat contain-
ing Ga. The mass spectrometer signal due to HC1 (or
Clz) was first measured with the inlet placed down-
stream, so that the halogen species could not react
with Ga. A second measurement was made with the
inlet placed upstream, so that a portion of the halogen
did react. Since the second signal was due to the un-
reacted HCl (or Clo), its ratio to the first signal was
equal to (1 — x). The mass spectra also showed that
the monochloride (GaCl) was the only gallium chlo-
ride species resulting from the halogen-gallium inter-
action.

Decomposition of NH3—It is important to know to
what extent ammonia is decomposed into nitrogen and
hydrogen, because GaN cannot be deposited by direct
reaction between GaCl and N>. Ammonia is a thermo-
dynamically unstable gas (4) at temperatures usually
employed in the growth of GaN crystals, and over
99.5% of incoming NH; would decompose if equilib-
rium were achieved under our experimental condi-
tions. However, it is known that thermal decomposi-
tion of NHj is a sluggish reaction. It can be accelerated
with various catalysts, e.g., Pt and W (5). Normally,
the walls of the growth tube are made of quartz, but
sometimes, in order to prevent the deposition of a
permanent layer of the insoluble GaN on the reactor
wall, a removable tungsten or graphite liner is placed
in the tube. This could change the composition of the
gaseous phase. We therefore studied the influence of
various materials on the decomposition of NH;, which
can be described by the following equation

x 3
NH3g) - (1 — x)NHsg) + ) Ny + T xHag [3]

where x = mole fraction of NH; decomposing. A foil
of Pt, W, or graphite (25 cm? in each case) could be
placed in and removed from the growth tube. Mass
spectrometer signals due to NH3; and N; were measured
with and without the foil in the system. The values of

Table I. Mole fractions of HCl(g) or Cla(g) reacting with Gaciy
according to Eq. [1] and [2], respectively

Pyci or Pci, = 2.0 x 10-% atm, total flow rate = 510 cm3/min,
Ga surface area = 25 cm?

Mole fraction (x) of Cl: or HCl

T, °C Cla in He HCl in He HCl in H:
700 0.78 0.79 0.70
800 0.78 0.83 0.72
800 — 0.86 -
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Table II. Mole fraction of NH3(,, decomposing according to
Reaction [3]

Pxu, = 2.0 x 10-1 atm, total flow rate = 500 cm3/min, catalyst
surface area = 25 cm?

Mole fraction (x) of NHay
Catalyst and

carrier gas 700°C 800°C 850°C 800°C 950°C
Quartz, H» (] — 0.02 —_ 0.03
Quartz, He 0 — 0.02 — 0.04
Graphite, H» 0 0.02 —_ 0.02 —_
Graphite, He 0 0.03 — 0.04 —
Pt, H: 0 0.02 —_ 0.02 0.02
Pt, He 0 0.10 — 0.23 0.35
W, Ha 0 0.04 0.10 0.22 0.47
W, He 0 0.11 0.25 0.40 0.54

x computed from these measurements in the tempera-
ture range of 700°-950°C are given in Table II. In
these experiments, a mixture of 100 cm3/min of NH;
with 400 cm3/min of He or Hy was passed through the
tube. The influence of the carrier gas on the extent of
decomposition is also depicted in Table II. When no
catalyst was present, no more than about 4% of the
NH; was decomposed at temperatures as high as 950°C.
This was estimated from the increase in the N, signal
at the elevated temperatures in comparison with N
background signal at room temperature.

Deposition reactions.—In analogy with the deposition
of other III-V compounds, one can postulate two ther-
modynamically feasible reactions which might lead to
the deposition of GaN

GaClcg) + NHjg) = GaNgs) + HCleg) + Hagy  [4)
and
3GaClg) + 2NHj(g) = 2GaN(s) + GaClseg) + 3Hag [5]

In order to test for the occurrence of these reactions,
we monitored mass spectrometrically the pressures of
GacCl, HC], and GaCl; in the system before and after
the introduction of NHs. In these experiments Ga was
transported with HCl. A decrease in the GaCl signal
and an increase in the HCI signal after the introduction
of NHj3 indicated that Reaction [4] does indeed occur.
No GaClz was detected, but we discovered a [GaCls
+ NH3]+ ion in the mass spectra. The most probable
parent molecule is GaCl; - NHj; whose existence at
reasonably high temperatures has been reported (6).
It is known that metal trihalides lose a halogen atom
when ionized by the electron beam, giving a MXz* ion
as the most prominent peak in the mass spectrum (7).
From the intensity of the peak we estimate that the
partial pressure of GaCl; - NH3 was between 1 and
5 x 10—¢ atm. From these results we concluded that
Reaction [5] also occurs in our system, producing
GaClsgy which then reacts with NH3 to form the ob-
served ammonia complex.

The increase in Puc) and the decrease in Pgac) due to
the reaction of GaCl with NH; at 900°C are listed in
Table III. Values of Pgaci and Pxc) after the reaction
between HCI and gallium were known from the gal-
lium transport experiments, initial Pnus was 1.0 X
10—! atm and the total flow in the system was 1.0
1/min. The carrier gas was either Hy or He. Values of
Pcac1 and Pyc) after the reaction with NH3 were cal-
culated from the respective changes in mass spectro-
metric intensities of these species.

We used the same procedure to measure the con-
sumption of GaCl as a function of temperature be-

Table 111. Changes in Pgac) and Pucy due to reactions with NH3
Pxuy = 1.0 x 10-1 atm, total flow rate = 1.0 1/min, T = 900°C

He carrier H: carrier
Initial Pgac1 (atm) 8.5 x 10-3 7.5 x 10-%
Final Pgac1 (atm) 1.7 x 103 3.8 x 10-3
Initial Puci (atm) 1.5 x 10-3 2.5 x 10~
Final Puci (atm) 5.8 x 10-3 5.7 x 10-8
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Fig. 2. Percentage of incoming GaCl(g) consumed in reaction with
NH3(g) at various temperatures. Initial partial pressures (in atm):
Piy or PHe = 9 x 10—, Pnug = 1 x 1071, PGaci = 8 x 1073,
Total flow = 1 |/min, reaction time = 4 sec.

tween 750° and 950°C. The results are presented in
Fig. 2. The extent of GaCl consumption was not
markedly temperature dependent, but it was signifi-
cantly greater for He as the carrier gas than for Hy. In
these experiments the reactor walls were graphite
lined.

Thermochemical Data

By means of our mass spectrometric measurements,
we determined qualitatively and quantitatively the
species present in the vapor phase and also specified
the reactions occurring in the system. These results
combined with reliable thermochemical data for all
species in the system make possible a meaningful dis-
cussion of the chemistry of the vapor-phase deposition.

For this purpose the most useful data are the stan-
dard free energies of formation AF°; of all species in the
temperature interval of interest. Knowledge of AF°¢
permits one to calculate the standard free energies of
reaction AF°, for reactions occurring in the system, and
from these to find values of equilibrium constants K,
and values of equilibrium partial pressures for the
vapor species.

In Table IV we list values of AF°¢ for species in the
system at T = 1173°K, the temperature at which epi-
taxial layers of GaN are usually grown. Data for
GaCl(g) and GaClgg) were taken from a recent paper
by Kirwan (8). GaClsg) is not present in the system
as such, but data for it are necessary to compute the
AF°;¢ for GaCl; - NHj(g). Data for HCl(g) and NHjg)
were taken from JANAF Tables (4).

Table 1V. Values of AF°¢ (free energy of formation) at T = 1173°K
for species present in the GaN deposition system

AF°¢
(kcal/mole)

Species Reference
HCl —24.3 (4)
GaCl) —28.9 (8)
GaCla) —171.5 (8)
NHs) +19.9 (4)
GaCl; * NHag) —55.6 Calculated from data
in (7) and (9)
GaN) +6.2 Calculated from data

in (10) and (11)

VAPOR-PHASE CRYSTAL GROWTH OF GaN 763

The value for AF°; of GaCl; - NHs(g) was determined
from AH data given by Friedman and Taube (6)

GaClacg) + NHacg) = GaCls - NHs(e) [6]
AH700 = —33 kcal/mole

The AS for reactions of this type (i.e, M) + X =
MZX(g) is usually around —22 eu (9). Using the expres-
sion AF°, = AH°, —TAS°,, one finds for the above re-
action AF°, = —4 kcal/mole at T = 1173°K. Since

AF°, = AF°¢ GaCls - NH3(g)
— (AF°¢NHacg) + AF°¢ GaClag))

one finds AF°¢ GaCls - NH3g) = —55.6 kcal/mole at
T = 1173°K.

Marina and Nashel’skii (10) estimate ASf and Cp of
GaN¢s). Their values are based on the corresponding
thermochemical data for the elemental Group IV semi-
conductors which are well known. The AH; of GaN at
298°K is —26.4 kcal (11). This value is based on ex-
perimental work done by Hahn and Juza (12), and
applied to the reaction

1% Nag) + Gaay = GaNs) 7

The above data permit one to calculate AF°¢ for
GaNs); at 1173°K AF°; = 6.2 kcal/mole.

Discussion

Our studies of Ga transport, which are summarized
in Table I, showed that between 70 and 80% of the in-
troduced HCI participates in the transport reaction, in
good agreement with the values determined in Part I
(3). Replacement of H, with He as a carrier gas im-
proved the efficiency of the HCI transport, and the
HCl/He mixture was more efficient than the Cl»/He
mixture, but the differences in values were not very
significant. More important, in all cases chemical equi-
librium was not established, since according to the
thermochemical data in Ref. (8), practically all the
HCI and Cl, introduced should have reacted with Ga.
It was shown in Part I (3) that the relatively high
flow rates employed in our growth systems are re-
sponsible for the observed deviations from equilibrium
in the transport reaction.

Table II shows the influence of various catalysts on
the thermal decomposition of NHj. The metals tungsten
and platinum are significantly more efficient cata-
lysts than the nonmetals graphite and quartz (reactor
walls). However, below 700°C very little decomposi-
tion occurred, regardless of the catalyst. Furthermore,
the influence of the carrier gas was quite pronounced.
The decomposition proceeded more readily in the pres-
ence of He than in the presence of Hs, particularly in
the case of platinum; in the presence of He significant
amounts of NH3 decomposed on platinum, while vir-
tually no decomposition occurred in the presence of
Ho,. This is possibly due to some interaction of Hy with
platinum which changes the catalytic activity of Pt and
therefore inhibits the decomposition of NH3.

Studies of NHj; decomposition, as summarized in
Table II, indicated that the reactor wall materials and
the carrier gas are factors with a significant influence
on the composition of the gas phase in the growth sys-
tem. Frequently, only the vapor species directly par-
ticipating in the reactions in a system are considered
in predicting the vapor-phase composition. Secondary
factors, such as those mentioned, are often neglected.
Such neglect can lead to serious errors in estimates of
the vapor-phase composition.

Combining thermochemical data and the mass spec-
trometric results one can now discuss the chemistry of
the deposition system. Besides the direct reaction of
GaCl with NH; (Reaction [4]), there are other routes
leading to the deposition of GaN. One possible se-
quence of reactions is

3GaC1(S) + 2NH3(5) - 2GaN¢s) + GaClsg) + 3Hacg) [5]
AF°r 1173 = —12.7 keal
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The resultant GaCls(g) then reacts with NHsg) to form
the observed GaCls - NHs(g) complex

GaCls(g) + NHagy > GaCls - NHag) [6]
AF°r1173 = —4.0 keal

This complex is thermodynamically unstable with re-
spect to the following reaction

GaCls * NI‘I:;(;) - GaNg) + 3HC1(g) [8]
AF°r1173 = —11.2 kecal

Indeed, AlN(s) has been deposited by decomposing the
analogous complex AICls - NHs(g (13). Recently, the
thermal decomposition of a GaBrs - 4NH3 complex has
been used for the deposition of GaN films (14).

Our results also permit us to say something about
the kinetics of the above reactions. Reactions [4] and
[5] are fairly fast; e.g., 80% of introduced GaCl) re-
acts with NHj(g) in 4 sec! when He is used as the carrier
gas, 50% when H; is the carrier. Reaction [6] must be
fast also, because no unreacted GaClsg) was detected.
On the other hand, Reaction [8] is slower than [6],
because an appreciable amount of GaCls - NH3(g) exists
in the vapor phase.

Summation of Eq. [5], [6], and [8] yields the over-
all controlling equilibrium for the deposition of GaNs)

GaClg) + NHs(g) = GaN¢s) + HClg) + Hage) i
AF°; 1173 = —9.3 kecal

An alternative reaction path is also thermodynam-
ically feasible. The resultant GaCls) (Reaction [5])
can undergo reduction by Ha(g)

GaCla(g) + Hz(g) -> GaCl(g) + ZHCI(g) -
AF°r 1173 = —6.0 keal

The GaClg) then reacts with NH3(g) according to Reac-
tion [5] and contributes to the deposition of GaN(s).

Summation of Reactions [5] and [9] leads again to
Eq. [4] which therefore establishes the controlling
equilibrium for both complex reaction paths as well as
for the direct GaCl-NH; reaction. Most likely, the
direct Reaction [4] is the biggest contributor to the
deposition of GaN, because partial pressures of reac-
tants GaCl and NH; are much higher than partial pres-
sures of either GaCl; or GaClz - NHs.

From the value of AF°, = —9.3 kcal for Reaction [4]
the corresponding value of the equilibrium constant
K4y = 55. This value of K(4) suggests that in the case
of the H, carrier the partial pressure Py, = 9 X 10-1!
atm is sufficiently high to prevent all GaCl) from
reacting with NH3(g) (Pnug = 1 X 10-! atm). When
He is used as the carrier gas (i.e., Pgy ~ 10—3 atm)
more GaCl) reacts (Fig. 2). However, in neither case
was the equilibrium reached.

Figure 1 shows the partial pressures of various
gaseous species along the tube for the cases of Hy and
He as the carrier gas. The pressure curves were drawn
from the determination of the initial and final partial
pressures of vapor species; no experimental data were
obtained for the intervening points. It is usually as-
sumed that in vapor-phase deposition apparatus ther-
mochemical equilibrium is established throughout the
system. Our results show that this is not the case in
the GaN deposition system. From the thermochemical
data in Table IV it is obvious that the following reac-
tions would occur readily if equilibrium were achieved
under our experimental conditions

NHjg) = 1/2Nacg) + 3/2Hz(g)
[10]
AF°¢ 1173 = —19.9 keal/mole
and
1Value of the reaction time (4 sec) was determined from the

known gas stream velocity and the known distance between the
NH; inlet tube and the mass spectrometer sampling capillary.
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GaN¢s) = Gaay + 1/2Nac) -
AF°¢ 1173 = —6.2 kcal/mole

The decomposition of NHjs) has already been dis-
cussed. Lorenz and Binkowski have shown (16) that
while the decomposition of GaN(s) does occur at tem-
peratures over 600°C, the rate of this reaction is very
slow. Therefore, due to the kinetic limitations, the
above reactions do not proceed in this system and the
thermochemical equilibrium is not established. On the
other hand, the deposition of GaNs) is a fast process.
Indeed, the very fact that GaN() can be deposited
under our experimental conditions is the result of the
fortuitous kinetics. The deposition and the deposition-
opposing processes can be represented by the following
scheme
k1
GaCl 4+ NH; — GaN
L ks L ks
Ne+ Hz  Gaqgy + No

where I;, kg, and k3 are rate constants of correspond-
ing processes. One succeeds in depositing GaN) only
because the fact that k; >> ks, ks leads to the favor-
able deviations from the thermochemical equilibrium.
Due to these deviations the reacting NHj is present in
sufficiently high concentrations and the decomposition
of the deposited GaN(s is practically negligible.

Significant deviations from the equilibrium situation
were also detected in our earlier work on the
GaAs,P;—; system (3).

Conclusions
The main results of mass spectroscopic studies of the
GaN deposition system are:

1. Both Cl; and HCI react readily with Ga() in
the temperature interval 700°-900°C. GaCl) was the
only gallium chloride produced in these reactions.

2. NH3 does not undergo significant decomposition
under the experimental conditions present in our depo-
sition system. The influence of various catalysts and
the carrier gas (He vs. Hy) on the decomposition of
NH; was studied and reported.

3. On the basis of mass spectrometric results and
collected thermochemical data we discussed the feasi-
bility of various reaction mechanisms which lead to
the deposition of GaN. The over-all reaction-control-
ling equilibrium can be written as

GaClg) + NHs(g) = GaN¢sy + HCl(gy + Hacg

4. The ability to deposit GaN under our experi-
mental conditions rests on the fact that reactions of
decomposition of NH3 and GaN are much slower than
the GaN deposition reaction. The resulting favorable
deviation from the thermochemical equilibrium leads
to the net accumulation of GaN, although it is actually
a metastable phase at the temperatures employed.
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Thermodynamic Analysis of the I1I-V Alloy Semiconductor
Phase Diagrams

I11. The Solidus Boundary in the Ga _ Al As Pseudobinary System

L. M. Foster,* J. E. Scardefield, and J. F. Woods
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

The solidus boundary in the Ga;—Al,As pseudobinary system was deter-
mined by a technique which employs the electron microprobe to analyze the
primary phase of compositions equilibrated in the two-phase field. The solid
solutions in this system appear to be essentially ideal over the entire composi-
tion range, since the experimental solidus boundary is in good agreement with
that calculated with the assumption of ideal solid and liquid solutions. This is
consistent with the hypothesis that an alloy whose two components have the
same lattice parameter will obey Raoult’s law of mixing.

Of all the III-V compound semiconductors, alloys
between GaAs and AlAs offer some of the most at-
tractive features. Direct radiative transitions with high
quantum efficiencies are permitted up to about 40 m/o
(mole per cent) AlAs, corresponding to red (ca.
6800A) light emission. The alloys are particularly
amenable to preparation by liquid-phase epitaxy from
gallium-rich solutions (1), and high quality, single-
crystal GaAs substrates are readily available. A pri-
mary consideration in the early choice of Ga;-:Al:As
for exploitation was the almost perfect lattice parame-
ter match between GaAs and AlAs (acaas = 5.6534;
aalas = 5.662A) (2). Because of this lattice match,
strain-free layers of Ga;—.Al;As of high metallurgical
quality could be deposited by epitaxial techniques onto
GaAs substrates. Moreover, the lattice parameter
match avoids the introduction of carrier trapping
states at the interface between the epitaxial layer and
the GaAs.

The authors recently suggested (3) that the degree
of match between the lattice parameters of the two
III-V compounds forming an alloy might also deter-
mine in part the homogeneity and general “quality”
of bulk crystals of the alloy. This is a consequence of
the absence of lattice strain that would otherwise be
introduced when alloys are formed from components
of different sizes. This strain makes a contribution to
the excess free energy of mixing, which causes a de-
parture of the phase boundaries in the T — x phase
diagram from their positions for ideal solutions.

In the earlier investigation, Foster and Woods (3)
determined the degree of nonideality of the three
homologous alloy systems, Ga,In;—,Sb, Ga,In;—;As,
and Ga,In;—,P, in which the lattice parameters of the
two components differ by 6.10, 6.92, and 7.38%, respec-
tively. The excess free energy of mixing found for the
three solid alloys correlated with the lattice parameter

* Electrochemical Society Active Member.

mKey words: phase diagrams, compound semiconductors, solution
eory.

mismatch, increasing from the antimonide to the
arsenide to the phosphide.

In a separate study (4) it was shown that in the
GaSbj —;As; system, where the lattice mismatch is still
greater (7.52%), the excess free energy of mixing is
also greater than for the other systems.

Although the relationship between the lattice pa-
rameter mismatch and the nonideality of a system is
not known in detail, and probably cannot be simply
described in terms of elastic strain, it was predicted
that a vanishing mismatch would be accompanied by
a vanishing excess free energy of mixing. The assump-
tion that the Ga;—Al;As system was ideal, because of
the very good parameter match, had been made by
others (5, 6), and this was largely supported by cal-
culation of the Ga-Al interaction parameter from
solubility data in the gallium-rich corner of the Ga-
Al-As ternary. The liquidus data at low temperatures
could be fit quite well using an interaction parameter
of zero. The fit was poorer at the highest temperature
(1100°C), however.

The present investigation to determine the solidus
boundary in the Ga;-;Al;As system was undertaken
in order to test the hypothesis that this pseudobinary
system is ideal, with data obtained in the same man-
ner as for the earlier systems (3).

Experimental

The procedure employed to obtain the solidus bound-
ary has been described by Foster and Scardefield (7).
In brief, referring to Fig. 1, a finely ground (to pass
200 mesh) mixture of the two components is pressed
into a pellet and held at a constant temperature T
within the two-phase region of the pseudobinary dia-
gram for a sufficient time to become equilibrated. It
will then consist of solid solution particles whose com-
position is given by the solidus at T, suspended in a
liquid whose composition is given by the liquidus at
this temperature. After the equilibrated sample is
quenched, the solid solution particles can be readily



766 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

Table I. Solidus data in the Gay — Al ;As system

TAlAn,
mole fraction

Temp, °C
1273 0.200
1313 0.368
1350 0.480
1435 0.680
1480 0.748
1563 0.835
1602 0.879
1653 0.926

identified visually and are analyzed with an electron
microprobe. The entire solidus curve is generated by
equilibrating a sufficient number of samples in the
two-phase region over the temperature range between
the melting points of the pure components.

The method of encapsulating the pressed sample
pellets for equilibration at high temperatures is shown
in Fig. 1 of Ref. (7). For the present experiments, a
pyrolytic boron nitride crucible was preferred over
the alumina one shown there because of the greater
ease of removal of the sintered pellet after quenching.
It was determined that 48 hr at temperature was suffi-
cient for equilibration, as indicated by flat plateaus
in the composition vs. distance plots of the microprobe
data [see Ref. (7)].

For samples of high AlAs content it was necessary
to maintain a film of kerosene over the polished sur-
face until just before insertion into the microprobe
vacuum in order to prevent reaction with air or mois-
ture.

Results and Discussion

Eight experimental points were determined. The
data are given in Table I and plotted in Fig. 1. The
samples for the four highest temperature points were
equilibrated in a different furnace from that used for
the lower four. The displacement of one set relative
to the other probably reflects a small error in tempera-
ture measurement in one of the furnaces and is not
considered significant. The melting point of GaAs
(1240°C) was taken from Lichter and Sommelet (8).
The melting point of AlAs (1770°C) was determined
in this laboratory by R. J. Chicotka.

The continuous curves of Fig. 1 are the ideal liq-
uidus and solidus boundaries calculated from [1] and
[2] below (Eq. 13 and 14, Ref. 3).

1800

1700

1600

TEMP. °C

1500

1400

1300

XplAs

Fig. 1. GaAs-AlAs pseudobinary system. O This work; [J Ref.
(8); A R. J. Chicotka, personal communication. Ideal
boundaries calculated from [1] and [2] (see text).
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xi' = {1 — exp [— Li(T — Ty)/RTT1}/
{exp [— L2(T — T3)/RTT,]
—exp [— Li(T — T1)/RTT41} [1]

x5 = {1 — exp [Li(T — T1)/RTT11}/

{exp [L2(T — T2)/RTTs] — exp [L1(T — Tl)/RTTl[]z)]

where the heat of fusion of GaAs, L, is taken to be
25.18 kcal/mole, as measured by Lichter and Somme-
let (8). There are no experimental heat of fusion data
for AlAs. The ideal curves were calculated with the
entropy of fusion of AlAs assumed equal to that of
GaAs; i.e.,, St = Li/T1 = 16.64 eu, and L, = 16.64 X
2043 = 34.0 kcal/mole. This, of course, is very approxi-
mate; however, plots with the entropy of fusion of
AlAs taken 0.5 eu higher or lower were essentially
indistinguishable from those of Fig. 1. xia! and xi¢s in
[1] and [2] are the mole fractions of AlAs in the liquid
and solid, respectively. Ty and T; are the melting tem-
peratures of pure GaAs and AlAs.

It appears from Fig. 1 that the solidus in this system
is very nearly ideal. This cannot be established un-
equivocally in the absence of data for the liquidus,
since deviations from Raoult’s law in the liquid would
affect the solidus curve as well as the liquidus curve.
[The liquidus data that are available (5, 6) are not at
sufficiently high temperature for extrapolation onto
the GaAs-AlAs tie line to give the liquidus in the
pseudobinary.] According to our calculations, how-
ever, in order for such deviations to shift the solidus
for a nonideal solid to the position calculated for an
ideal solid, the liquid would have to be even less ideal
than the solid. In the four systems studied previously
(3, 4) the liquids were all more ideal than the solids.
If this character is assumed for the Ga;-,Al,As sys-
tem, it can be concluded that both liquid and solid
phases in this system are ideal. This strengthens the
hypothesis (3) that, in a III-V semiconductor alloy,
departure from Raoult’s law of mixing is closely as-
sociated with the degree of lattice mismatch between
the two components of the alloy.

Acknowledgment
The authors wish to thank R. J. Chicotka for sup-
plying the AlAs and J. D. Kupsis for performing the
electron microprobe analyses.

Manuscript submitted Dec. 2, 1971; revised manu-
script received Jan. 31, 1972,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
REFERENCES

1. J. M. Woodall, H. Rupprecht, and W. Reuter, This
Journal, 116, 899 (1969).
2. S. M. Ku and J. F. Black, J. Appl. Phys., 317, 3733

(1966).
i T (M r}"c;ster and J. F. Woods, This Journal, 118, 1175
1971
. L. M. Foster and J. F. Woods, ibid., 119, 504 (1972).
. M. Ilegems and G. L. Pearson, ‘Galhum Arsenide,”
3, C. 1. Pearson, Editor, Inst. of Phy. and the
Physxcal Soc., London (1969)
. M. B. Panish and S. Sumski, J. Phys. Chem. Solids,
30, 129 (1969).
7. L. M. Foster and J. E. Scardefield, This Journal, 117,
534 (1970).
8. B. D. Lichter and P. Sommelet, Trans. AIME, 245,
1021 (1969).

uuhw

o



The Effect of Mask Edges on
Dopant Diffusion into Semiconductors

C. F. Gibbon, E. I. Povilonis, and D. R. Ketchow
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

A series of masked diffusions of Sn into GaAs and B into Si has been made
through masks having stripe openings ranging in width from 20 mils (508 xm)
down to 0.1 mils (2.5 um). For Sn diffusion into GaAs from a pyrolytically de-
posited, doped SiO, source the junction depth depends strongly on mask open-
ing width. It increases with decreasing mask opening size, passes through a
maximum as large as 3 times the unmasked value and then decreases slightly
at the smallest opening widths. These results are shown to be consistent with
the presence of an accelerated diffusion at the mask edge. This “pull-down”
of the junction at the mask edge overlaps at narrow mask openings and pro-
duces the increase in junction depth. Diffusion of boron through an SiO, mask
opening also results sporadically in the production of a junction profile which
suggests that diffusion is accelerated at the mask edge with an accompanying
change in junction depth with mask opening size. It is shown that the effect
appears in a variety of diffusion source systems. Three possible mechanisms
by which mask edges could affect diffusion of dopants into semiconductor sub-
strates are described. Some tentative explanations of the observed effects have
been made on the basis of these mechanisms.

Although diffusion into semiconductors is often
studied on unmasked slices, in practice most diffusions
for device applications are masked to produce a planar
pattern. In carrying out diffusions of Sn into GaAs the
authors have observed that the junction depth ob-
tained with a diffusion done through a mask opening
is frequently much deeper than that obtained under
identical circumstances in an unmasked slice. It is
clear, therefore, that diffusions through mask openings
are not necessarily identical to diffusions into un-
masked slices done under the same conditions. At least
three factors could cause enhanced penetration in the
case of the masked diffusions; they are strain effects,
source film edge effects, and indiffusion of impurities
from the mask. These three factors are discussed below.

Strain effects.—In many cases, as for instance when
using SiO; masks on Si, the mask has a significantly
different coefficient of expansion than the substrate.
Stresses are then present at the mask/substrate inter-
face at any temperature different from the temperature
of formation or deposition of the mask. When a strip
of the mask is removed for diffusion, it is conceivable
that the elastic strain in the vicinity of the mask edge
could be relieved by the generation of a dislocation
network along the mask edge. This generation might
not occur until later when the slice is heated for diffu-
sion and the yield stress diminished by the increase in
temperature. It has been shown (1) that mechanical
deformation can accelerate or retard diffusion in silicon
depending on the dopant type. Thus one might expect
to find some enhancement or retardation of diffusion
along the mask edge in a semiconductor substrate due
to thermal strain effects.

Source film edge effects.—If the diffusion is done by
driving the dopant into the substrate from a finite,
predeposited, thin film source, then the effective source
film thickness can change considerably near the mask
edge. (See Fig. 1; the walls of the mask opening are
shown as vertical in this illustration although they
are generally at some angle to the surface due to
undercutting.) At the mask edge the thickness of the
film will increase due to the deposition of the film
source on the side walls of the mask opening and also
due to filleting of the corner if the source viscosity is
low enough that it will flow under the influence of the
source film surface tension. This effect will be im-

®* Key words: diffusion, silicon, gallium arsenide, masking.
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portant only in those cases where the source film is
sufficiently thin or the diffusivity of dopant in the film
sufficiently high that the finite thickness of the source
becomes important in the diffusion kinetics.

In-diffusion from mask.—The mask itself can operate
as a source of impurities during diffusion. This is par-
ticularly true for diffusions of certain dopants into
compound semiconductors such as GaAs where pyro-
lytically deposited SiO, films intentionally doped with
phosphorus are used as masks (2). The phosphorus is
needed to decrease the diffusivity of dopants in the
mask medium but, of course, it could diffuse into the
substrate itself. Therefore, along the mask edge the
diffusion of the dopant could be altered by the presence
of the in-diffusing impurity which has the mask as its
source. If the impurity is electrically active it can pro-
duce a field which may either retard or accelerate the
dopant depending on the relative charge and the dif-
ference in size of the diffusion coefficients of the two
species (3). If the ions are substitutional and of con-
siderably different size then strain effects might also
produce an interaction between them, and an altera-
tion of their diffusion coefficients. Thus again some
variation in diffusion properties near the mask edge
might be expected.

In this work it is shown that the differences in dif-
fused junction depths between masked and unmasked
substrates is related to an apparent dopant diffusion
acceleration effect associated with mask edges. Several
features of this mask enhanced diffusion effect make
it of interest. First as noted below, in the case of boron
diffusion into silicon from certain sources it is sporadic,
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Fig. 1. Hypothetical diagram of diffusion source distribution
around a mask opening and resulting junction profile; T and T.

are the center and edge thicknesses of the source film; and xj. and
xje are the center and edge junction depths.
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occurring unpredictably for silicon substrates proc-
essed with nominally identical procedures in the same
or different facilities. It thus represents a possible
source of diminished control over diffused elements.
Second, the effect gives a variation in the junction
depth with mask opening size which makes monitor-
ing diffused layer properties with separate test chips
difficult. And third, the mask edge effect, when pres-
ent, creates a junction profile with a point under the
mask edge (see Fig. 1) which could be a source of
altered reverse bias breakdown in diodes. [The over-
lapping effects of the mask edges for small (= 10 xm)
mask openings produces what appears to be simply
a deeper junction than would be produced on an un-
masked slice without the edge-associated pull-down.]

Experimental

In order to investigate the existence and magnitude
of mask opening effects on diffusion, a mask having
openings from 20 mils (508 xum) to 0.1 mil (2.5 um)
wide was made and a series of diffusions was done into
slices having this configuration etched into their masks.
Diffusions were done with Sn through phosphorus-
doped SiO; masks into GaAs and with B through ther-
mally grown SiO; into Si.

The gallium arsenide substrates into which Sn dif-
fusions were done were p-type boat-grown ingots
having a base doping p = 5 X 1018/cm3. The polished
and etched slices were cleaned and phosphorus-doped
SiO; masks deposited on them. After application of
photoresist, exposure through the mask and etching,
approximately 3000A of tin-doped SiO, was deposited
as a diffusion source from a forming gas stream passed
through a solution of ethylorthosilicate plus 2 volume
per cent (v/o) tetramethyl tin. The dopant was then
driven~in for 1 hr in forming gas at 1050°C. This tin
diffusion system has been discussed in detail by Gib-
bon and Ketchow (4). The specimens were angle
lapped, stained, and photographed after diffusion.

The boron diffusions were done into silicon wafers,
8 mils thick, cut from a 10-12 ohm-cm, n-type, phos-
phorus-doped, <111> oriented silicon ingots, 0.850 in.
in diameter. Three of these were float zone ingots and
one Czochralski. These wafers had one side silica-sol
polished, and it is into this side that the diffusions
were performed.

Both sides of the substrate were either wet or dry
oxidized to 10,000A (the oxide on the back side is re-
tained throughout processing). The dry oxidations
were done at 1200°C and the wet oxygen oxidations
at 1050°C. A boron diffusion is then performed into
the substrate wafer through the mask openings. Dif-
fusion sources utilized included boron nitride, boron
tribromide, boron-doped oxide films, and low energy
boron ion implantations.

Several different BN source systems were used, but
in each case a 10-20 min predeposition in an inert gas
ambient at 870°-900°C was followed by a 60-70 min
drive-in in 10% O in N; at 1135°-1150°C. (These
parameters were constant for each system, the ranges
refer to all systems utilized.) The BBr3 source diffu-
sion included a predeposition in 0.2% O, in N; at 875° or
1140°C and a drive-in in 10% O in N at 1135°-1140°C.
A control wafer, without any oxide mask, was usually
diffused simultaneously with the oxide-masked sub-
strate wafer. The sheet resistance of the diffused layer
on the control wafer was measured with a 4-point-
probe. Both the control wafer and the substrate wafer
were angle-lapped, stained, and the junction depths
of the diffusion measured and photographed with an
interferometer. In studying the photomicrographs of
the angle laps one should keep in mind that the dif-
fused region is distorted by the magnification of dis-
tances perpendicular to the surface by a factor of 20
over those parallel to the surface. Surface concentra-
tions were determined from sheet resistance and junc-
tion depth data using Irvin’s curves (5).
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Tin Diffusion into GaAs

Results

Figures 2 and 3 show the junction depths obtained
after diffusion of Sn in GaAs as a function of mask
opening size. The data are given for two different
mask thicknesses: 1600 and 4800A. The junction depth
in an unmasked slice given the same treatment was
0.9 um, The diffusion depth starts near this value for
the center of the widest mask opening and increases
with decreasing mask opening. It reaches a maximum
of nearly three times the unmasked depth in the
neighborhood of 20-50 ym mask opening width. It
then decreases slightly. The thickness of the mask
seems to have little effect. Near the edge of the phos-
phorus-doped SiO; mask the junction depths are
deeper than at the center when the mask opening is
larger than 50 um. This mask edge “pull-down” effect
is clearly visible in Fig. 4, which shows photomicro-
graphs of four diffused stripes of various widths in a
specimen with a 1600A phosphorus-doped SiO» mask.
The junction outline is given a peculiar dished out
appearance by this mask edge effect. It can be seen
that the apparent increase in center junction depth
with decreasing opening width is due to the overlap-
ping of the two-edge effects.

Discussion
The first of the mechanisms postulated in the begin-
ning of this paper by which diffusion might be altered
by the presence of the mask edge is the presence of a
deformed region due to the difference in the thermal
expansion coefficient of the oxide and GaAs substrate.

o) oy L (ST 1
1000 100 10 < 1o
MASK OPENING (my)

Fig. 2. The junction depth as a function of mask opening size
for tin diffusion into GaAs with a 1600A P-doped SiO> mask.
Measurements from both the center and near the mask edge are
shown.

1000 100 10 10
MASK OPENING (1 m)

Fig. 3. The junction depth as a function of mask opening size
for a 4800A mask.
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Fig. 4. Photomicrographs of angle-lapped slices of GaAs showing
pull-down of diffusion near the phosphorus-doped SiO2 mask edge;
mask opening width (a) 10 mils, (b) 5 mils, (c) 1 mil, and (d) 0.5
mils.

The thermal expansion coefficient of the phosphorus-
doped SiO, mask is not known; however, the expan-
sivity of pure SiO; is low, about 6 X 10-7/°C, while
that of GaAs is nearly 60 X 10-7/°C. The general
tendency is for a marked increase, up to an order
of magnitude, in the thermal -coefficient of ex-
pansion of silicate glasses as other compounds are
added to SiO,. For instance, borosilicate glasses have
an expansivity around 40 X 10-7/°C. Thus the expan-
sion coefficient of the mask is probably, but not cer-
tainly, less than GaAs, and interface stresses may
develop when the masked substrate is heated above
the deposition temperature. This stress could conceiv-
ably alter the diffusivity of the tin in the substrate
and produce the observed pull-down at the mask edge.

The second effect postulated was variations in the
source film thickness due to the presence of the mask
walls (see Fig. 1). The possible extent of this effect
can be estimated from Eq. [A4], which is developed
in the Appendix, that is

( Tje )2 4Dt T
R=|\—) = In—+1
Tje (ch)z T

In this case xj. for a wide mask opening is about 1.0
X 10—4 c¢m, D is approximately 5 x 10—13 em2/sec (4),
t is 3.6 X 103 sec and it seems reasonable to assume
that the largest difference one could postulate between
T. and T, is about the thickness of the mask, so T, is
3 X 1075 cm and T, is about 8 X 10-5 cm. If these
values are used to find R from Eq. [A4], one finds

R=12

This is less than the value of 2.0-2.5 which can be seen
irom Fig. 2 and 3 to hold for R at large mask openings.
The difference of about 0.2 um between center and
edge junction depth predicted is one-fifth the observed
difference of 1.0-1.5 um. Thus source thickness varia-
tions appear unlikely to be the major source of the
mask edge junction pull-down.

[A-4]
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The third possibility for the origin of this effect is
the coupling of the Sn diffusion flux to a flux of some
impurity which diffuses in from the mask. In these ex-
periments, the mask is doped with phosphorus, and thus
it is possible that there is some in-diffusion of P. Very
little is published on the subject of phosphorus diffu-
sion in GaAs, but it is known from the work of Stone
(6) that a surface concentration of P around 1020/cm3
can be produced from 1 atm of phosphorus pressure at
1000°C. Stone estimates the diffusion coefficient of
phosphorus in GaAs to be 10—12 to 10—13 ¢cm?2/sec at
700°-800°C. Thus phosphorus may be present in the
GaAs under the mask at 1050°C, the drive-in tempera-
ture utilized in the present work. The mechanism by
which the phosphorus might couple with the tin dif-
fusion to accelerate it is not clear. The phosphorus
probably substitutes isoelectronically for arsenic on
the arsenic sublattice, and thus it appears that the
electronic effects would be small. Phosphorus with a
tetrahedral covalent radius of 1.10A (7) is smaller than
the arsenic it replaces which has a corresponding value
of 1.18A. Since the covalent radius of Sn is larger
than Ga, 1.40A as compared to 1.264, if tin diffuses
substitutionally it could be accelerated by a gradient
in strain energy since the strain field associated with
it would be opposite in sign to that associated with
the phosphorus impurity.

In summary the junction depth variation with mask
opening size is a result of junction pull-down along
the mask edge. It appears that this acceleration of dif-
fusion at the mask edge is due either to strain effects
related to differences in the thermal coefficient of ex-
pansion of the substrate (GaAs) and the mask (P-
doped SiOy), or to in-diffusion of phosphorus. A more
definitive understanding of this effect will require
further investigation.

Boron Diffusion into Silicon

Results

Figure 5 shows the variation in junction depth with
mask opening size for a silicon slice diffused with the
BN system (note the suppressed zero in this figure).
Assuming the diffusion to be approximately Gaussian,
calculation of the surface concentration from the sheet
resistance and junction depth of an unmasked test slice
gives Cs = 3 X 1019/cm3.

Here, as in the case of Sn diffusion into GaAs, the
junction depth varies with mask opening size and this
effect is seen in the inset angle lap photographs in
Fig. 5 to be associated with a junction pull-down at
the mask edge. The enhancement in junction depth
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Fig. 5. Typical enhancement in junction depth vs. mask opening
size for boron diffused into silicon using a source layer predeposited
from oxidized BN disks.
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for the smallest mask opening size is considerably
greater than the individual enhancement along either
edge which suggests that the effect combines super-
linearly when the mask edges come in close proximity.
It might be suggested that the general increase in junc-
tion depth is due to a nonuniform diffusion across the
slice, however no such effect was seen on accompany-
ing unmasked test slices, and it recurred in the same
way on a number of identical masked slices.

It should be noted though that silicon slices were
diffused which had none of the mask edge effect or
junction depth dependence on mask opening size seen
here. The occurrence, or nonoccurrence, was always
uniform across a slice: the slice either showed the
mask-edge pull-down or it did not. Identical slices were
diffused in similar BN source systems by different
operators with similar results: very roughly half the
time the mask edge acceleration was seen in four dif-
ferent systems.

A number of variables were examined in detail to
try to locate the origin of the sporadic appearance of
the mask-edge effect. These included the orientation
of the mask opening channels on the (111) slice sur-
face, and the growth ambient and temperature of oxi-
dation of the mask oxide. These variables were se-
lected because it was felt they might influence the
strain distribution around the mask edge. None of
these variables detectably influenced occurrence of the
mask-edge effect.

Another variable examined was the ingot source of
the substrate. The slices utilized in this work were
cut from four nominally identical ingots. Most of the
experiments (86 slices) were carried out on slices
from two ingots, one float zone and one Czochralski,
in which the mask-edge effect occurred; in the other
two (float-zone ingots from which 17 wafers were
processed) no mask-edge pull-down was observed.
Thus the occurrence of the effect may be contingent
on the value of some property in the substrate; how-
ever, it was not possible to determine what this feature
was. There was no clear relationship, for instance,
between ingot growth type and the presence of the
enhanced mask-edge diffusion.

For a single system, slices were diffused with a series
of predeposition times in order to vary the final sur-
face concentration. Table I lists the results of this ex-
periment. The mask-edge acceleration appears to occur
more frequently at higher concentrations. The sporadic
nature of the mask-edge effect thus appears to be re-
lated to variations in the surface concentration be-
tween individual diffusions and to some differences
in substrate properties. Although the list of variables
examined seems reasonably exhaustive, other unde-
fined variations from slice to slice may influence the
appearance of this effect.

The effect appeared much less frequently and with
a much smaller influence on junction depth in the case
of diffusions from a source glass deposited from BBrj.
Figure 6 shows a typical case where some mask-edge

Table I. Diffusions from a BN source

Predep. Drive-in Mask- Surface
Time Temp. Time Temp. edge conc.
(min) C) (min) ) effect (No./cm3)

1 870 60 1135 No 1 x 10
1 870 60 1135 No 1 x 10
1 870 60 1135 No 1 x 10t
5 870 60 1135 No 6 x 101
5 870 60 1135 No 6 x 1018
5 870 60 1135 No 6 x 101
5 870 60 1135 No 6 x 1018
10 870 60 1135 No 1 x 101
10 870 60 1135 Yes 1 x 10t
10 870 60 1135 Yes 1 x 101
20 870 60 1135 Yes 3 x 10w
20 870 60 1135 Yes 3 x 101
20 870 60 1135 Yes 3 x 101
20 870 60 1135 Yes 3 x 101
100 870 60 1135 No 9 x 10
100 870 60 1135 No 9 x 101
100 870 60 1135 Yes 9 x 10w
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B Bry DIFFUSION SOURCE
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Fig. 6. Junction depth vs. mask opening size for diffusion source
predeposited from BBrj.

effect was apparent. In this system, the mask-edge
effect did not appear uniformly across the slice, also
other irregularities away from the mask edge occa-
sionally appeared. Table II lists results of a series of
diffusions done with different conditions to produce
different surface concentrations. There is in this case
little evidence of dependence on surface concentration.

Several other sources of boron were used for boron
diffusion in this study. Diffusions from these sources
also show the mask-edge acceleration effect. It was
called to the authors’ attention that an apparent mask-
edge acceleration of diffusion is occasionally observed
in integrated circuits in which a p-layer is diffused
from a boron ion-implantation (8). In an effort to
independently reproduce this effect, 5 X 1012/cm2 and
5 X 103/cm? implantations of boron were made at
room temperature at 30 keV. The boron was then dif-
fused in a 10% O, in N, ambient for 1 hr and 5 hr at
1150°C. Evidence of mask-edge acceleration could be
detected in the 5 hr but not the 1 hr diffusions (see
Fig. 7). The fact that such an effect is observed in
these diffusions strongly suggests that filleting of a
chemical source film is not the origin of the mask-edge
effect.

Another experiment performed which indicated that
the influence of mask-edge filleting is not the source
of mask-edge acceleration was the diffusion of boron
from channels of boron-doped SiO; pyrolytically de-
posited from silane, diborane, and oxygen at 350°C. No
oxide mask, as such, is present in this case. Boron-
doped SiO, was deposited uniformly over the slice
and then all of it was removed except for stripes which
were parallel bars forming a pattern just the negative
of the mask pattern previously used. The slice was
driven-in in N» at 1100°C. As seen in Fig. 8 a channel
edge acceleration appeared among these slices. (Some
lateral diffusion along the unprotected surface also
occurred.) Again, this result points away from source

Table I1. Diffusions from a BBrs source

Predep. Drive-in Evidence of Surface
Time Temp. Time Temp. mask-edge conc.
(min) (°C) (min) (°C) effect (No./cm3)

20 875 30 1135 Yes 6 x 1018
20 875 30 1135 No 6 x 1018
20 875 60 1135 No 7 x 101
20 875 60 1135 No 7 x 101
20 875 60 1135 No 7 x 101

1 875 60 1135 No 9 x 10w

1 875 60 1135 Yes 9 x 101
10 875 60 1135 No 3 x 10
10 875 60 1135 No 3 x 107
100 875 60 1140 No 1 x 10®
100 875 60 1140 No 1 x 10®
10 1140 10 1135 Yes 4 x 10
10 1140 10 1135 No 4 x 10%
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Fig. 8. Junction depth vs. channel width for boron diffusion from
an ked stripe of deposited B-doped SiO.

accumulation at the mask edge as the origin of the
apparent acceleration.

In summary, this study reveals the presence of a
sporadic mask-edge diffusion phenomenon for boron
diffusion into silicon. It does not depend on the type
or thickness of the masking silica film used nor does
it appear to be related to the facility in which the oxide
film is formed. No consistent pattern has occurred re-
garding the mask-edge effect with any of the varia-
tions of the many parameters of predeposition and
drive-in of the boron impurity which were studied,
although there is some suggestion that the pull-down
occurs more frequently for higher surface concentra-
tions in the BN system. The possibility of a dependence
on silicon ingot source from which the various sub-
strate wafers were cut was found. No influence of the
orientation of the channel patterns on the slice surfaces
was discerned.

Discussion

The mask-edge effect as has just been seen has a
very elusive origin. Its presence in slices diffused from
ion implanted sources and B-doped SiO, channels
eliminates source filleting as a primary cause of it. As
noted before some diffusion masks used on compound
semiconductors are heavily doped to decrease the
permeability of the mask material to the dopant and
this may influence in-diffusion near the mask edge.
However, the diffusion masks used on silicon are ther-
mally grown SiO, which is generally very lightly
doped (by accumulation of base doping from the sub-
strate), and, therefore, the influence of impurities in-
diffusing from the mask seems unlikely to have a
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strong influence on subsequent diffusion through open-
ings made in the mask. (The fact that oxidation condi-
tions do not have a critical influence on the appear-
ance of the mask-edge effect supports this conclusion.)

Thus the presence of strain at the mask edge, due to
the thermal expansivity mismatch seems the most
prominent potential cause of the mask-edge effect.
It should be pointed out, however, that x-ray topogra-
phy has failed to reveal dislocations associated with
mask edges in any of the boron diffused slices studied
(9). (Dislocations have been observed to be generated
at a mask edge (10); however, this appears to be as-
sociated with diffusions in which the surface is nearly
saturated with the dopant, a condition not generally
fulfilled in the present work.) This indicates that any
strain effects which are active must be related to elas-
tic strain fields with no influence of plastic deforma-
tion. This is a rather surprising observation since me-
chanical strain effects on diffusion in silicon are gen-
erally associated with the generation of dislocations
(1). The random appearance of the pull-down strongly
suggests that the conjunction of several factors may
be required to precipitate its occurrence. The magni-
tude of the strain field surrounding the mask edge
could be a very sensitive function of a number of
factors (oxidation temperature, orientation, oxidation
ambient, diffusion ambient, and substrate prepara-
tion); thus a strain field of appropriate sign and
magnitude may be present only in a limited number
of cases even where the procedure is nominally the
same.

Elastic strain effects if present at the mask edge can
influence diffusion in two ways. First there can be the
direct influence of the strain field on the diffusion flux
itself (11). Second the strain field can alter the equi-
librium concentration of point defects and thus poten-
tially influence the diffusion coefficient. Other some-
what more subtle effects of the presence of the mask
may be the source of the diffusion acceleration, how-
ever. Perhaps, for instance, the transient flow of va-
cancies of the slice during cooling of the slice from
the diffusion furnace may be influential.

Summary and Conclusions

1. An effect of mask opening size on diffusion into
semiconductor substrates could arise from a number
of sources: (i) strain effects at the mask edge; (ii)
source film filleting at the mask edge; and (iii) in-
diffusion of impurities from the mask.

2. It has been found that, in the diffusion of GaAs
with Sn from Sn-doped SiO; through openings in
P-doped SiO; masks, the junction depth depends
strongly on the mask opening size. Examination of
the photomicrographs of angle laps of the junctions
suggests that the observed variation was due to a
diffusion acceleration associated with the mask edge.
An approximate calculation shows that this pull-down
is probably not due to the presence of a thicker source
film along the mask edge. Thus enhancement in the
diffusion flux at the mask edge due either to mask-
edge strain effects or to the simultaneous in-diffusion
of phosphorus from the mask appears to be the origin
of the effect.

3. In diffusions of boron into silicon the apparent
mask edge associated diffusion acceleration is not
associated exclusively with any particular diffusion
source system; it appears sporadically in all systems
examined including BN, BBrj;, B-doped predeposited
SiO; channels, and ion-implanted sources.

4. The effect appears in diffusion systems where
mask-edge source filleting could not be its origin. Thus
mask-edge strain is indicated as a likely source of the
apparent diffusion acceleration.

5. Since no dislocations can be associated with the
mask edges in x-ray topographic studies of these slices
it appears that the effect might be related to elastic
strain. However exact delineation of the mechanism of
enhanced diffusion will require further study.
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APPENDIX

The only case considered is that where the diffusion
is sufficiently long that the source film has begun to
deplete. In that case we will approximate the source
film as an instantaneous source having a surface con-
centration of C,T (atoms/cm2) where C, is the dopant
concentration in the source film and T its thickness. For

an instantaneous source \
-

4Dt
g . (A-1]
/=Dt

where C is the concentration at position x and time t. @
is the source surface concentration and D is the dopant
diffusion coefficient. Then, if @ is associated with C,T,
the junction depth, x;j, is related to T by

<Dt 2
5 (__Cs\/"D ¢ ): T — [A-2]
C 4Dt

[

C=

where Cs is the concentration of dopant in the sub-
strate. If the film thickness at the mask edge is T,, and
at the mask center is T,, then the junction depth at the
edge (xje) and center (xjc) should be related by
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Te
(x5e)2 — (x3c)2 = 4Dt In [A-3]
c
or, dividing by (xjc)?
4Dt Te
(R)2—-1= [A-4]

——In—
(ch)2 Te

where R is the ratio between the junction depth at the
edge and the center. Since

CoT,
(xje)? = 4Dt In ———— [A-5]
Cs\/nDt
we have
1 T
(R)2—1=——~ In-"° [A-6]

In (CoTc/Cs\/aDt) T

Thus the center to edge ratio should increase with in-
creasing background doping in the substrate, diffusion
coefficient, and time. It should decrease with increasing
doping concentration in the source film and increasing
source film thickness.
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Silicon Cleaning with Hydrogen Peroxide Solutions:

A High Energy Electron Diffraction and
Auger Electron Spectroscopy Study

R. C. Henderson*
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974

ABSTRACT

HEED and Auger electron spectroscopy have been used to evaluate silicon
cleaning by sequential immersions in basic and acidic peroxide solutions. It
was determined that an oxide film 13-15A thick was left after the cleaning.
This film contained boron at a surface concentration estimated at 1013-101¢
B/cm?. The carbide contamination that results upon heating to 800°C in ultra-
high vacuum was dramatically reduced when compared to wafers cleaned with
other techniques. Wafers cleaned with the same process except for a final HF
etch had no detectable boron in the surface oxide, formed relatively large
amounts of surface silicon carbide at 800°C, and suffered extensive surface
roughening with 1100°C heating in vacuum. The protective mechanism of the
peroxide cleaning is thought to be due to formation of a thin nearly carbon
free oxide layer that volatilizes when the wafers are heated in ultrahigh
vacuum. It is recommended that experiments requiring a solvent type cleaning
and the heating of Si in ultrahigh vacuum should use this cleaning method.

When a silicon wafer is heated to 800°C in ultrahigh
vacuum, the silicon decomposes carbon-containing
adsorbates to form g-SiC particle protuberances (1-2).
These particles can play a significant role as evident

* Electrochemical Society Active Member.

Key words: silicon cleaning, Auger electron spectroscopy, HEED.

by their effect on silicon epitaxy experiments (3, 4).
A thorough chemical precleaning is desirable since it
is thought that this step is the dominating source of
the carbon contamination (2).

A recent study has appeared evaluating the use of
basic and acidic peroxide solutions in sequential steps
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for silicon cleaning (5). The work to be reported here
presents the results of high-energy electron diffraction
(HEED) and Auger electron spectroscopy experiments
on wafers cleaned by this method and heated in ultra-
high vacuum. Particular emphasis in this study has
been placed on the desirability of HF as a final proc-
essing step. This emphasis was motivated by results
indicating HF (i) enhances the carbon contamination
(6), (ii) is a source of metal contamination (5), and
(iii) is associated with the creation of stacking faults
on (100) surfaces following oxidation (7).

The wafers used in these experiments were “Syton”
polished (111) samples. The HEED optics and vacuum
apparatus have been described previously (2). The
Auger electron spectra were obtained using a coaxial
cylindrical analyzer manufactured by the PHI Elec-
tronics Company. The detailed wafer processing, re-
ferred to here as peroxide cleaning, is presented in
the Appendix. After loading, pump-down, and bakeout
wafers were subjected to various heat-treatments in
pressures not greater than 1 x 10-9 Torr. HEED dif-
fraction patterns and Auger electron spectra were re-
corded after the samples had cooled to room tempera-
ture.

Some samples were examined by ellipsometry be-
fore being loaded in the vacuum station. In all cases
the surface film found after cleaning was 13-15A
thick. A 1 min etch in concentrated HF reduced this
thickness to 8-9A.

Auger electron spectra obtained from a boron-doped
wafer (10!5/cm3) cleaned with the peroxide method
and before any heat-treatment are presented in Fig. 1.
In addition to the carbon, SiO, and O peaks, there is
a peak at 180 eV. According to tabulated values this
peak could be due to the chlorine L3My3Mssz or the
boron KLyL, Auger transitions (8). No peaks were
observed in the region 2200-2400 eV where the KLL
chlorine peaks would be expected. Accordingly, the
180 eV peak is ascribed to boron. (From the peak size
one would estimate the surface concentration to be
1013-1014/cm?2.)

Figure 2 shows the data obtained from the same
wafer described above after heating at 500°C for 103
sec, heating at 900°C for 103 sec, and then rapid cooling
to room temperature. No significant data changes were
observed after the 500°C heat-treatment. However, it
is evident that after the 900°C treatment the peaks
due to Si have changed dramatically in a manner de-
scribed before (8) and that the O and B have been
reduced to values below their detection limits (which
is expected to be 1012-1013/cm?). A small quantity of
carbon remains. Confirming these observations, it is
easy to calculate from SiO vapor pressure data (9)
and the density of SiO, that at 900°C in vacuum the

3A

(112)

Si |4 t

SiC
Fig. 3. A. HEED diffraction pattern from the wafer described in Fig. 2. B. HEED diffraction pattern from a wafer cleaned and heated as
in Fig. 2 except for a final HF etch.
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Fig. 1. Auger electron spectra from a wafer cleaned as detailed
in Appendix and before any heat-treatment of the sample.
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Fig. 2. Auger electron spectra from the wafer in Fig. 1, but after
heating at 500°C for 103 sec, heating at 900°C for 103 sec and
then cooling to room temperature.

observed 15A of oxide would have evaporated in less
than 103 sec.

The HEED diffraction pattern obtained from the
same wafer after heating to 900°C is shown in Fig. 3A.
The notable feature here is the extremely weak dif-
fraction spots due to p-SiC. (The small streaks dis-
tributed on semicircular arcs are the Si(111)-7 sur-
face structure described previously) (2). By way of
contrast, note the plentiful amount of carbide evident
in the pattern in Fig. 3B, The sample had been treated
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(110
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in the same manner as that of Fig. 3A, except that
after the peroxide cleaning the wafer was dipped for
1 min in concentrated HF.

The experiments described above were repeated
with phosphorus-doped (~1018/cm3) and antimony-
doped (~1015/cm3) wafers. The results were identical.

In all these experiments there was no observable
difference in the HEED or Auger data if the final
wafer heating was in the range 900°-1100°C. Lower
temperatures, however, did not rid the surface of ox-
ide within the 103 sec. Higher temperatures (= 1150°C)
leave no observable carbide (2).

To confirm that the 180 eV peak was indeed boron,
a peroxide cleaned wafer was heated to 1100°C for
1 x 103 sec. Subsequently, the surface concentration
was obtained by a capacitance inverse doping tech-
nique (10). The data showed 3 x 107 B atoms/cm?
within 0.1z of the surface. This number is to be ex-
pected based on the diffusion solution from a thin film
source using the diffusion constant of boron at 1000°C
(4 X 1013 cm?/sec) and a surface concentration of
1 x 1013 B atoms/cm2 The excellent agreement sup-
ports the conclusion of boron contamination.

The boron concentration was the one particular un-
controlled variable noted with this cleaning technique.
With some wafers no boron was detected at all. On
the other hand, consistency was observed for a given
batch of samples, all cleaned at the same time although
of varying dopant types or crystal faces. This fact im-
plies that the contamination arises from the Pyrex
glassware utilized or possibly the cleaning solutions
themselves.

Wafers given a final HF etch after being peroxide
cleaned differed in several respects from the data pre-
sented above. In the first place, no boron Auger peak
was detected with these samples. Secondly, as evident
from Fig. 3B, significantly greater amounts of carbide
were formed when the wafer was heated. Finally, HF-
etched wafers unaccountably often exhibit a matte-
type finish due to surface roughening after being
heated to ~1100°C. For the most part, this effect does
not occur with the peroxide cleaned wafers.

These latter results confirm earlier HEED experi-
ments that demonstrate HF enhanced carbon contam-
ination (6). In the early work wafers were cleaned
by heating to 1200°C in vacuum until the surface was
carbide free (presumably by solid-state diffusion of
the carbon). A comparison was made between those
wafers that were subsequently exposed to atmosphere
and etched in HF and those that were just exposed to
atmosphere. After heating to 800°C in vacuum the
resulting diffraction patterns were quite similar to
Fig. 3B and 3A, respectively.

Another comparison may be made to wafers cleaned
by vapor etching in HCl gas at a substrate tempera-
ture of 1100°C until 10 xm of Si has been removed.
After loading the wafer into the vacuum station no
carbon is detectable with the Auger electron spec-
trometer and only a faint trace of carbide is detect-
able with HEED after heating to 900°C (11). This lat-
ter technique is the most successful approach observed
to date with respect to carbon. However, as a method
the elevated temperature and the relatively large
amount of Si removal required for successful cleaning,
limit its applicability.

It is thought that the peroxide cleaning process pro-
duces a relatively small amount of carbide contamina-
tion by the following mechanism: After processing the
15A of film remaining is silicon oxide that is relatively
free of carbon-containing compounds. The oxide acts
as a passivating and protective layer with respect to
carbon adsorbates. At 900°C the oxide becomes rela-
tively volatile. Since the majority of the adsorbates
are physisorbed to the oxide, they are carried away
during the sublimation process when the wafer is
heated.
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In contrast the surface that emerges from HF etch
is particularly reactive. In addition to oxygen, the sur-
face will also take up carbon compounds either from
the HF directly or from the atmosphere. The resulting
oxide film has relatively large amounts of carbon in
contact with native silicon. When heated, the silicon
attacks these compounds and yields copious amounts
of SiC. Moreover, it is seen that carbon codeposited
within this oxide phase is the major source of con-
tamination rather than from the background gases of
the vacuum station as had been previously supposed
(1).

Previous HEED experiments have examined wafers
cleaned by iodine passivation (12) or other etchants.
Judging the amount of carbide from the intensity of
the SiC diffraction spots, these experiments all show
that the peroxide method is the most successful solvent
type precleaning approach observed to date with re-
spect to carbon. On the other hand, based on the dis-
cussion above, any method that would leave ~15A of
carbon-free oxide should serve equally as well.

Preferential local thermal etching is thought to be
the mechanism that causes the surface roughening
with high-temperature vacuum heating. The results
obtained above suggest that this roughening is asso-
ciated with the amount of silicon carbide contamina-
tion.

The boron incorporation is not surprising due to
the known strong affinity of boron for the oxide phase
(13). As noted above, this surface boron acts as a
thin film diffusion source when these wafers are
heated, and the Pyrex cleaning glassware is suspected
to be the boron source. Although the boron can be
eliminated by HF etching, this has undesirable effects
with regard to carbon or metallic contamination. Con-
sequently, it is recommended that the peroxide method
described here be used, but modified by using quartz
ware for the cleaning solutions.

It is also evident that the peroxide method does not
completely eliminate the carbide resulting from heat-
ing the wafers. Moreover, vacuum ambient exposures
of 10-¢ Torr - sec are sufficient that heat-treated
“clean” silicon surfaces became carbon contaminated
(2). Hence, some sort of in situ cleaning (e.g., argon
sputtering) is desirable to obtain a rigorously clean
surface or to rejuvenate one that has been treated
in vacuum. In any case, since it is difficult to get rid
of the carbide, the relatively small amount formed
with the peroxide cleaning is advantageous.

A summary of the HEED and Auger electron spec-
troscopy results regarding the peroxide process are:

1. An oxide film 15A thick is left after the cleaning.
This film can contain appreciable amounts of boron
presumably due to the use of Pyrex glassware.

2. Wafers heated in vacuum after this processing are
considerably reduced in the carbide contamination
when compared to other cleaning methods.

3. Etching with HF as a final processing step en-
hances the carbon contamination.

4. Surface roughening that occurs with 1100°C vac-
uum heating is largely reduced.

5. The protective mechanism of the cleaning process
is thought to be due to the formation of a thin carbon-
free oxide layer that volatilizes when the wafers are
heated in ultrahigh vacuum.

In light of the desirability of reducing the carbide
contamination, the peroxide cleaning method is recom-
mended for experiments that require heating of Si
in vacuum and where the high temperature and large
amount of surface removal by the HCI vapor etching
method cannot be tolerated. Etching with HF as a
final step should be avoided. Quartz ware for contain-
ing the cleaning solutions should be used to avoid
the boron contamination. Although these recommenda-
tions are particularly directed to Si vacuum experi-
ments the information contained in this report should
be useful for IC processing as well.
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APPENDIX

Peroxide Cleaning Specifications

1. Scrub polished wafer with acetone and then with
0.2% Triton X-100 solution. Rinse with filtered
deionized water. Flush wet surface with absolute
ethyl alcohol. Keeping slice surfaces wet trans-
fer to a quartz holder in methyl alcohol.

2. Place holder and slices in a solution of NH4OH-
H;0,-H;0 maintained at 80°C for 10 min, insur-
ing that the holder is beneath the liquid surface
at all times. Agitate during this period. (The
solution is to be made up fresh prior to use and
is to have the following composition:

1 part NH;OH—reagent grade

1 part H,O,—Superoxol, unstabilized

4 parts HoO—18 megohm, 0.2 um filtered
Mix NH.OH and H;0 and bring to temperature.
Three minutes prior to use add H;O,.

3. Overflow rinse with grade O or better deionized
water for 2 min.

4. Rinse in cascade, 30 sec in each compartment.
Agitate.
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5. Place holder in a suitable container of fresh 49%
HF for 2 min with agitation.

-6. Rinse as in steps 3 and 4.

. Place holder in a beaker of freshly prepared 4 to
1 to 1 HC1-H,0,-H,0 at 80°C for 10 min. Agitate
by hand. (Mix HCl and H,O and bring to tem-
perature. Three minutes before use add H02.)

-

8. Rinse as in steps 3 and 4.
9. Blow dry with filtered Na.
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Thermodynamic Calculations of the Ge-H-Cl System

V. J. Silvestri*
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

The partial pressures of the gas species GeCly, GeCly, GeHCls, HC], and Hs
in equilibrium with Ge solid have been calculated in the temperature range
400°-1223°K at chlorine to hydrogen ratios ranging from 10—4 to 10. The theo-
retical efficiency for the deposition of germanium as applied to an open tube
epitaxial system is discussed. Comparisons are made to the Si-H-Cl system.

In conjunction with growth rate and surface mor-
phology studies in the GeCly-Hp system, thermo-
dynamic calculations giving theoretical maximum Ge
deposition rates were made and compared with specific
experimental Ge growth rate data (1). The purpose of
this report is to separately, but more extensively de-
scribe the calculations and to display the pertinent
features of the Ge-H-Cl equilibrium in a more general
way. Comparable calculations have been reported by
Lever (2) for the analogous Si-H-C1 system.

Equilibrium considerations in an open tube vapor
growth system are useful (i) to determine a maximum
yield for the system, (ii) for certain mass transport
limited systems (3, 1) to predict deposition rates, and
(iii) as a general guide for optimizing a process.

Assumptions.—The present analysis considered the
gas species GeCly, GeCly, GeHCl;, HC], and H; in equi-
librium with Ge solid.! The important assumptions

* Electrochemical Society Active Member.

. Key words: thermodynamics, germanium-hydrogen-chlorine sys-
em.

1 Gas species such as GeH.Cl:, GeH;Cl, GeH; and GeCl were not
considered in the calculations, since it has been shown by Lever (2)
that in the analogous Si-H-Cl system that the corresponding Si
species were minor constituents.

which were made for the calculations were:

1. The above gas species are the pertinent species.

2. All chlorine containing species are confined to the
gas phase in equilibrium with solid Ge.

3. It was assumed that all gas species obey ideally
Dalton’s and the Ideal gas law.

4. Certain assumptions were also made with regard
to the constancy of A H°r and A S°r for specific
equilibria and these shall be cited appropriately
below.

Variables—The phase rule requires that a system
having three components (Ge, H, and Cl), and consist-
ing of two phases will have three degrees of freedom.
Since these calculations were made specifically with
reference to an open tube epitaxial deposition system,
practical considerations lead to the following choice of
independent variables: (i) total pressure, where for
these calculations Pt = 1 atm, since in most open tube
systems this approximation is valid, (ii) temperature T,
and (iii) the chlorine to hydrogen ratio, Cl/H, which
is a conserved quantity in the gas phase.

Equilibrium.—For a given temperature the reaction
chamber would contain the five gas species in equilib-
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rium with Ge solid. Among the five species considered
to be present in the system, three independent equi-
libria may be written with their associated equilibrium
constants, K, where P, is the partial pressure of the
species .

Ge(s) + 4HCI(g) = GeCls(g) + 2Ha(g) [A-1]
e Py,)?
K = (Pgecy) (Prg) (1]
(Pucy)*
Ge(s) + 2HCl(g) = GeCla(g) + Ha(g) [A-2]
e (PGeCIz) (Pﬂz) [2]

(Puc1)?
Gels) + 3HCI(g) = GeHCls(g) + Ha(g) [A-3]
(Pgencis) (Pug)
8= (Pucp)?

Thermodynamic data.—The calculations made use
of the above equations along with the appropriate
van’t Hoff expressions of the form

Jox K AH +
(o} = - — —_—
. 2.303 RT 2.303R
relating the equilibrium constant with temperature T
written below

(3]

(R is the gas constant)

6730
log Ky = —— — 8.02 (1a]
T
—465
log Ky = —— + 112 [2a]
7580
log Ks = —— — 745 (3a]

The linear relationship for log K; (Eq. [1a]) is the
best fit of K; values for a number of temperatures in
the temperature interval 400°-1100°K. The K, values
were calculated from room temperature enthalpy and
entropy of formation data for Ge(s), Hz(g), HCl(g)
(4), and GeCly(g) (5) corrected for higher tempera-
tures using the tables of Kelley (6).

Sedgwick’s (7) equilibrium data, Eq. [4a], for the
reaction

GeCly(g) + Ge(s) = 2GeClz(g) [A-4]

—17660

log K4 = + 10.25 [4a]

was used along with Eq. [1a] to obtain Eq. [2a]. The
reported K4 data for reaction, Eq. [A-4], was extrapo-
lated to include the entire range of the calculations.

Thermodynamic data for GeHCls is not known, and
the room temperature enthalpy and entropy of forma-
tion were estimated by linear interpolation for the
series GeHy, GeH3Cl, GeHCly, GeHCls, and GeCls. This
procedure is based on the assumption that bond ener-
gies are additive in generating the above series. Ap-
proximations of this type have been found to be valid
in the analogous carbon series, and were used in esti-
mating heats for the Si series (2). Using this method,
AHey9s for GeHCl; was estimated at —90 kcal = 10
keal from the room temperature enthalpy of GeCls and
the reported enthalpy of 21.6 kcal for GeHs (8). An
interpolated room temperature entropy of 75.6 eu was
used for GeHCls, since the linear assumption was
found to hold well for the above series for calculated
values of GeH;, GeHCls, and GeCly as reported by
Kelley (9). Equation [3a] was obtained assuming that
A H°g9s and A S°s93 for reaction, [A-3], is constant over
the temperature range of the calculations.

Because of the large uncertainty in the thermo-
dynamic constants for GeHCl; the enthalpy of forma-
tion was varied in the calculations using values of
—100 and —85 kcal. The effect of these enthalpy value
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changes on the calculations shall be discussed later.
Equation [3a] has been written using a —100 kcal
enthalpy value for GeHCl3(g). Dalton’s law and Ideal
gas law—from Dalton’s law we have that the total
pressure

Pr = Pcgecly + Paeciz + Paencis + Pu + Prci = 1atm
[5]
Conservation of Cl, H, Ge in the system.—The fol-
lowing conservation equations have been written in
terms of partial pressures which are convenient to the
calculations, since it has been-assumed that the partial
pressures of each species is related to its molar density
in the system by the Ideal gas law PV = nRT. The
following summations may be written

Pc1 = 4Pgeciy + 2Pceciz + 3Pgencis + Puci  [6]
Pu = 2PH; + Pgenciz + Pra [7]
Pge = Pgecis + Pgeciz + Pcencig [8]

From Eq. [6-8] we can readily evaluate the various
component ratios, such as

P Ge P Ge P
Cl/H:—C—l-,—-:' Ge. i i Ge
Py Cl Pqg H Py

A convenient ratio to consider in this case is the CI/H
ratio. This ratio is an independent variable controlled
experimentally, and is conserved in the gas phase.
Thus the chlorine to hydrogen ratio at equilibrium,
Cl(e)/H(e), is equal to the chlorine to hydrogen ratio
at input, C1(i) /7H (i), and

4Pgeci4 _ Cl() _ Cl(e)
2(latm — Pgeciy)  HG) ~ H(e)

where Pgeci; is the partial pressure of the GeCly in
the gas stream, and (1 atm — Pgecly) = Py

Since we are interested in evaluating an efficiency
for the system which describes the amount of dissolu-
tion of Ge in the gas phase or deposition of Ge from
the gas at equilibrium, the Ge(e)/Cl(e), the Ge to
chlorine ratio at equilibrium corresponding to a par-
ticular Cl(i) /7H (i) must also be evaluated. The change
in the Ge/Cl ratio from the input value can then be
written in terms of an efficiency factor, «, as defined
by Sedgwick (9) where

(9]

Ge (i) Ge(e)
Cl(i) Cl(e)
a=— [10]
Ge(i) )
Cl(i)
Ge(i) . .
e T6) at input refers to the input gas consisting
1

of GeCly and hydrogen, and is therefore 0.25.

The factor, o, which is a function of T, and Cl/H,
where total pressure is assumed constant may change
from 1 through 0 to negative values. Thus a positive
value of « predicts germanium deposition (« = 1 indi-
cating 100% Ge deposition from the gas phase); « = 0

- . Ge(i) Ge(e)
to no net deposition, since —— = ——
Cl(i) Cl(e)

ative values of « to various degrees of etching.

Method of calculation.—The calculations described
below for the Ge-H-Cl employed a parametric ap-
proach which has been described in detail by Darken
(10) and Lever (2). In such an approach one specifies
a partial pressure ratio at equilibrium which allows
one to calculate many sets of numerical values of the
equilibrium partial pressures which are consistent
with the values of the equilibrium constants and the

; and neg-

total pressure, By evaluating and using Eq. [9]
Cl(i)

H(3)

one can relate these solutions to a particular
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For these calculations the quantity Puci/Pu, = X was
chosen.

By substituting for the partial pressures in Eq. [5]
in terms of the appropriate K, X, and Puci from Eq.
[1-3] one obtains

(Puc1)? [K1X2? 4+ K3X] i
+ Puci sz+1+?] —-1=0

This quadratic equation can be readily solved for Puci
by specifying a value for X for a given temperature,
and employing Eq. [1a-3a]. The other partial pressures
and component ratios of interest may then be readily
evaluated.

Results and Discussion

Calculations of partial pressures of all species, the
Ge(e)/Cl(e) and CI/H ratios, and « were made in the
temperature range 400°-1223°K for a total pressure of
1 atm. The computer calculations were made using
an APL program on IBM System 360.

The results are graphically displayed in Fig. 1-9.
In Fig. 1-4, the partial pressures of the different
species together with the Ge(e)/Cl(e) ratio have
been plotted as a function of temperature for specific
Cl/H ratios. For increasing CI/H it is noted that in
general the formation of GeHCls, GeCl;, and GeCly is
favored, hence we note an increase in the equilibrium
Ge(e)/Cl(e) ratio. Exclusive of Hy which is nearly
always at an atmosphere, HCI is consistently the major
vapor species. Normal operating conditions for epi-
taxial deposition systems are generally at inputs using
CI/H ratios in the 0.001 range and at temperatures of
759°C or higher (Fig. 2). It will be noted that the
major chlorine containing species under these condi-
tions are HCI1 and GeCl.. For any given C1/H condition
(Fig. 1-4) we note that increasing temperature causes
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a reduction of GeHCl; pressure and an increase in
GeClp and HCI pressure.

In Fig. 5 and 6 the composition of the gas phase, in
terms of partial pressure, is plotted for two tempera-
tures, 300° and 800°C, respectively as a function of
CIl/H ratio. For the lower temperature (Fig. 5) it can
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be clearly seen that GeHCl; dominates the system as
the major Ge bearing gas species, while at the higher
temperature (Fig. 6) GeCly is dominant. Since the
formation of any Ge bearing species leads to etching,
one can consider the etching to be primarily due to the
formation of GeHCl3 at lower temperatures and at
higher temperatures to the formation of GeCls.

In Fig. 7 the efficiency factor, ¢, has been plotted vs.
the CI/H ratio for specific temperatures. As might be
expected from the previous figures, etching is favored
(« < 0) for all temperatures at high C1/H input ratios.
The trend of all curves toward 100% efficiency, « = 1.0,
at low Cl/H ratios correspond to a complete reduction
of all Ge bearing species (Ge(e)/Cl(e) = 0), to form
HCI and Hj. For CI/H values < 0.1 one observes that
for the temperature interval 500°-900°C there is little
change in « resulting from temperature variation. This
is more clearly seen in Fig. 8 where « is plotted as a
function of temperature for specific CI/H inputs. The
convergence of curves to a value of —0.33 is the result
of the dominant trend for GeHCl;s to form at low tem-
peratures and high C1/H ratios.

The effect of varying the enthalpy value of GeHCl;
from —100 kcal to —85 kcal in the calculation as dis-
cussed earlier, are summarized in Fig. 9. In Fig. 9 the
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efficiency factor, «, is plotted vs. temperature for a
CI/H ratio of 2.2 X 10—3 using the indicated enthalpy
values for GeHCls. It will be noted that at tempera-
tures < 500°C, o becomes highly sensitive to the en-
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thalpy value chosen. For the general calculations the
more negative enthalpy value was used.

The Ge-H-Cl system is analogous to the Si-H-Cl
system (2) with respect to the role that the corre-
sponding gas species SiHCl; and GeHCl;, and SiClp and
GeCl; have on the dissolution or deposition rate. The
general trends in both systems are:

1. That increased concentration of Ge or Si bearing
vapor species reduces efficiency.

2. That in certain temperature intervals there is
little variation of the Ge/Cl or Si/Cl ratios and
hence efficiency. This results from increased
formation of (M)Cl; vapor species being balanced
by the reduction of (M)HCI; species where M can
be either Ge or Si.

3. In the temperature intervals where significant
variations of Ge/Cl or Si/Cl ratios occur, they are
associated with the increased concentration of
either (M)HCI; or (M)Cls.
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Some Properties of Vapor Deposited Ge.N. Films
and the Ge.N.-Ge Interface
Takehisa Yashiro

Musashino Electrical Communication Laboratory,
Nippon Telegraph and Telephone Public Corporation, Musashino-shi, Tokyo, Japan

ABSTRACT

Germanium nitride films were deposited on germanium substrates heated
to 400°-600°C by vapor phase reactions of germanium tetrachloride and am-
monia. The properties of these films, such as the dissolution rate and the di-
electric constant, were determined as a function of deposition temperature.
The masking against Sb and As was also investigated. The films exhibited
an instability related to trapping at room temperature but Na* ion migration
was not observed under bias-temperature stress. A hysteresis of the C-V
curves for metal-nitride-semiconductor structures was noted. The amount of
the hysteresis depended on deposition temperatures; a deposition temperature
of 550°C resulted in the smallest hysteresis. By heat-treatment in NHj, the
magnitude of the hysteresis of the samples deposited at low temperature could
be diminished while the interface state densities increased.

A method for depositing Ge;Ny films by vapor phase
reaction of germanium tetrachloride and ammonia has
been reported by Nagai and Niimi (1). They investi-
gated the physical and chemical properties of the films
formed at temperatures between 400° and 600°C and
reported that the films deposited at these temperatures
were amorphous. When the films were kept at or above
600°C in Hj, Ar, or Np, they were reduced or decom-
posed. They were crystallized by heat-treatment above
700°C in NH; (2).

In this study, the physical properties of the nitride
films and the electrical properties of the GesN4-Ge
interface were investigated as a function of deposition
temperature of the nitride films. It has been found that
the electrical characteristics of the GesN4-Ge interface
vary with deposition temperature. It became clear that
germanium nitride can be utilized as a diffusion mask
for Sb and As into germanium.

Experimental

Germanium wafers used for these studies were (111)
surface oriented, p-type, in the range of 0.2-3 ohm-cm.
The wafers were etched in an acid containing 25 parts
by volume of HF, 25 of HNO;, and 0.75 of acetic acid
with 0.2 Br; dissolved, and washed in distilled water.
Germanium nitride was formed by reacting ger-
manium tetrachloride and ammonia in a horizontal
quartz tube with an inside diameter of 4.5 cm. The
germanium tetrachloride vapor was transported to
the rf-heated substrates by bubbling hydrogen through
the saturator at 0°C. This gas was mixed with pure
hydrogen and then with ammonia near the rf-heated
substrates, as reported by Nagai and Niimi (1). Am-
monia was dried by passing it through a cold trap kept
at —30°C. The relative flow rates were as follows: Hj
600 mliter/min; NH; 200 mliter/min; H, through ger-
manium tetrachloride 200 mliter/min. Depositions
were carried out at 400°-600°C.

Metal-nitride-germanium (MNS) capacitor struc-
tures for electrical measurements were formed by
vacuum evaporation of either aluminum or gold on
the surface of the nitride film through the mask. The
area of the electrodes ranged from 3.0 X 10—4 to 4.5 X
10—4 cm2.

Results and Discussion

Physical Properties
Dielectric constant and etch rate.—The thickness of
the nitride films used for this experiment was 1540-
1620A and was measured by multiple beam interfer-

Key words: germanium, germanium nitride, passivation.
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ometry on mechanically polished test slices. The field
plates of circular dots 200 in diameter were formed
by photolithography. The capacitance of germanium
nitride films was measured at 1 MHz by applying a
large negative d-c bias to the field plates so that the
p-type germanium surface was accumulated. From
these values, the dielectric constant of germanium
nitride films was calculated. The results, shown in
Table I, indicate that the dielectric constant is almost
independent of deposition temperature.

Since the etch rate is sensitive to the structural
properties of the films, the value in H3PO4 at 110°C
was measured as a function of deposition temperatures.
The results are also shown in Table I. It is noted that
at lower substrate temperatures the etch rate in-
creases. The increase in the etch rate for the lower
deposition temperatures is thought to be due to the
increase of unsaturated bonds of germanium in the
germanium nitride (3-5).

Diffusion masking—When the germanium nitride
film was kept at or above 600°C in Hj, Ar, or N, the
film was reduced or decomposed (1). However, since
the film was stable to 650°C in NHj, the masking
properties of the germanium nitride film on ger-
manium were investigated in NH;. The diffusion was
carried out in an open tube system. The source mate-
rial was metallic Sb kept at 525°C or As at 350°C.
Because of the low diffusion constant of acceptor ele-
ments (Ga, In, B) in germanium, they were excluded
from this experiment.

Nitride films 1200A thick were deposited at 500°-
550°C on the surface of chemically etched 0.2-3 ohm-
cm p-type wafers in which circular dots 100x in diam-
eter or rings 160x in outside diameter and 80x in inside
diameter were opened for diodes. During the diffusion
process, the germanium wafers were kept at 600°C for
1-5 hr.

The results were determined by two methods: (i)
the diode characteristic measurement and (ii) the hot
probe method after removing the nitride film. A typi-
cal diode curve obtained by As diffusion is shown in
Fig. 1. From these results, it is concluded that ger-

Table 1. Dielectric constant and etch rate of GegNy

Deposition Dielectric Etch rate in HaPO,
temperature (°C) constant at 110°C (A/sec)
600 7.8 23
550 8.0 38
500 8.0 44

450 7.9 7%
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REVERSE 0.01 ma/div.
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Fig. 1. Current-voltage characteristics of the germanium diode
of the ring type. The substrate is 0.3 ohm-cm and the masking
film was deposited at 500°C. The diffusion depth and surface
concentration are 2.1 and 2 x 10'% cm ~3, respectively.

manium nitride films 1200A thick can be used as
masks against the diffusion of Sb and As into ger-
manium.
Electrical Properties

Interface properties—The C-V curves of as-de-
posited Ge3N4-Ge structures were obtained at room
temperature and 1 MHz. Typical examples are shown
in Fig. 2. The scanning speed of the bias was 4 V/sec.
The theoretical curve in the absence of surface charge
and interface state (6) is also shown in the figure.
Hysteresis was observed for all samples investigated
and its extent depended on the deposition tempera-
ture. The deposition below 500°C resulted in large
hysteresis. The smallest hysteresis was obtained on
the sample deposited at 550°C. The shape of the C-V
curves deposited below 500°C depended on the scan-
ning speed of the bias. The low scanning speed showed
that the curve becomes flatter. On the other hand, the
deposition at 600°C showed a distortion as compared
to the theoretical curve, i.e., the very gradual decrease
of capacitance with the bias voltages. This phenome-
non would indicate a continuous distribution of states
in the forbidden gap of germanium (7). The “knee”
(8) or “plateau” (9) observed in the SiO,-Ge sys-
tems were not observed on as-deposited samples.

The direction of the hysteresis in this experiment is
opposite to that which is caused by the polarization of
insulators in metal-insulator-semiconductor structures
(10, 11). Such a phenomenon can be explained if
charges move across the Ge;N,-Ge interface and are
trapped (12). Since the hysteresis is thought to be re-
lated to the bulk properties of the nitride film near the

1.0f
S
o
05r
----Theoretical
F—Experimental
-10 0 10
V (VOLTS)

Fig. 2. C-V curves for MNS structures measured at 1 MHz
showing the effect of deposition temperatures of the nitride. (p-
type, 0.45 ohm-cm; film thickness 1300A; electrode Al.)
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Ge3N4-Ge interface, the nitride film deposited at lower
temperatures may be incompletely nitrified (13-15),
i.e., there will be unsaturated bonds or vacancies in
germanium nitride as suggested by the fast etching
rates in H3PO4. On the other hand, as the origin of
the interface states could be due to unsaturated bonds
very near the semiconductor-insulator interface (16,
17), the high-temperature deposition is thought to
make unsaturated bonds at the interface.

Heat-treatment.—It was observed that heat-treat-
ment in NHj affects the shape of C-V curves, i.e., the
magnitude of the hysteresis and slope variation. In
this investigation, three wafers on which germanium
nitride was deposited at 400° or 450°C showing the
large hysteresis and two wafers on which germanium
nitride was deposited at 550°C showing the smallest
hysteresis, were divided into many pieces and each
piece was treated at a given temperature in NHj. Then,
gold electrodes were evaporated through the metal
mask.

Typical C-V curves measured at room temperature
are shown in Fig. 3. The samples were cut from the
same wafer deposited at 450°C and then heat-treated
at various temperatures for 30 min. The measuring
frequency of 1 MHz was affected slightly by the fre-
quency response of the interface states, so that the
curves were obtained at 50 MHz to prevent the inter-
face states from following the a-c signal. The voltages
were applied from left to right. A feature of the
Ge3N;y-Ge interface after annealing is that increasing
the treatment temperature causes the curves to be-
come flatter because the interface states continuously
distribute energy throughout the bandgap (7). Sedg-
wick (8) and Sedgwick et al. (18, 19) reported the
appearance of a “plateau” or “knee” in the C-V curves
in the SiO,-Ge systems after annealing in Hp or N
containing H, above 600°C due to monoenergetic ac-
ceptor states at the interface. They reported that the
acceptor states are located at the center of the Ge
energy gap. However, since the samples of Fig. 3 were
heat-treated in NHj; between 500° and 650°C, the
plateau related to hydrogen was not observed. The
other feature of the shape of C-V curves after anneal-
ing is the decrease in the extent of hysteresis. The
polarization-type hysteresis observed by Iwauchi et al.
(20) in the Al,O3-Ge structure after annealing in N,
was not observed in the Ge3;N4-Ge structure.

In Fig. 4, the interface state density Nss at zero sur-
face potential and the extent of hysteresis ANgp’ are
shown. The samples in the figure were obtained from
the same wafer deposited at 450° or 550°C and heat-
treated at various temperatures. Nss was calculated

AS DEPOS.
450°C

Cty

V (VOLTS)

Fig. 3. C-V curves measured point by point and at 50 MHz for
the samples after heat-treatment at various temperatures in NH3
for 30 min. (p-type, 0.45 ohm-cm; film thickness 1150A; elec-
trode Au.)
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Fig. 4. Change of Nss and ANfpp’ after annealing at various
temperatures for 30 min. The sample deposited at 450°C was the
same as that in Fig. 3. The sample deposited at 550°C was 0.7
ohm-cm, 1200A. Nss and ANgy’ after annealing at 550°C for
the sample deposited at 550°C were about the same.

from the C-V curves measured at 50 MHz by the fol-
lowing equation (21, 22)

Cn dAV (ys)
Ngg = —> 2277787
d ys

where Cy is the capacitance of the nitride film, AV (ys)
is the difference between the measured and ideal C-V
curves, and ys is the germanium surface potential.
ANpg’ was calculated by ANpg’ = Cn-AVep’/q and
AVFp’ was obtained as the difference of V at the theo-
retical flat-band capacitance when V was swept from
positive to negative and from negative to positive val-
ues by a constant applied field swing of about —8 X
105 to +8 X 105 V/cm. The C-V curves used to obtain
ANrp’ were measured at 1 MHz and automatically
plotted on an X-Y recorder by the voltage sweep of
4 V/sec. The reason for the primed ANggp is that the
capacitance does not correspond to a true flat band
condition because of the capacitive contribution of the
interface state charges as stated above. The experi-
mental results shown by bars are the upper and the
lower limits of more than three measurements on the
same piece.

As seen in the figure, Nss and ANyg’ are reduced
by heat-treatment at 500°C for the samples deposited
at 450°C. Above 550°C, ANgp’ was found to decrease
with increasing treatment temperature to 600°C, while
Nss increased uniformly. On the other hand, the re-
duction of ANy’ was not clearly observed on the sam-
ples deposited at 550°C in the temperature range in-
vestigated. Nss does not change at 550°C but increases
at 600°C. The increasing trend of Nss at 600°C is the
same as that of 450°C deposited samples. These trends
of Nss and ANyg’ after annealing were reproducible.
Only one of an anomalous curve shape observed
is shown in Fig. 5. The C-V curve in this figure is
similar to that of the other heat-treated samples with

Substrate

L 0.45 Q:cm
0.5 | Film thickness_
0.4 1300 A
O 1 A L 1 1 n i 1
-10 0 10
V(voLTS)

Fig. 5. C-V curve measured at 1 MHz showing a “break” after
annealing at 600°C for 1 hr in NH3. Germanium nitride was de-
posited at 400°C.
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regard to the increase of the interface states and the
decrease of the extent of hysteresis, but a “break”
appears in the curve. This result was not reproducible.
The reason for the appearance of the break is not clear
at the present time.

To investigate the reason for the change of Nss or
ANFp’, the sample deposited at 450°C was annealed at
350°C in H; or at 530°C in Ar for 30 min. Annealing in
H, at high temperature was excluded because of the
reduction of germanium nitride. It was found that an-
nealing in H» or Ar did not reduce Nss or ANgg’ com-
pared to as-deposited structures. Therefore, the effect
of annealing in NH; appears to be that nitrogen atoms
fill unsaturated bonds in germanium nitride and re-
duce the hysteresis. At the same time, the reaction of
germanium and nitrogen proceeds at the interface and
the increase of Ngs results. This reaction at the inter-
face between germanium nitride and germanium was
also observed by Nagai (2).

Ion migration.—An instability related to metal-sili-
con dioxide-silicon structures is alkali ion migration
within silicon dioxide as reported by Snow et al. (23).
It is observed as a displacement of C-V curves along
the voltage axis when the voltages are applied to the
metal electrode above 150°C. The direction of the
displacement is opposite to the applied voltages and
the extent is a function of applied voltage, tempera-
ture, and time.

In this investigation, germanium wafers covered
with 1300A of germanium nitride were first rinsed in
a solution of NaCl (0.1%) and then aluminum elec-
trodes 200 in diameter were deposited. The contam-
ination of NaCl was confirmed by the microscopic
observation prior to the deposition of the electrodes.

Initially, C-V curves were obtained at room tem-
perature. The samples were then treated at 200°C,
+2V on the field plate for 10 min and were cooled
rapidly to room temperature with the voltage ap-
plied. Thereafter, C-V curves were traced again. The
applied field during this treatment was smaller than
the threshold field required for trapping of electrons
(8.5 X 105 V/cm). The result of these bias-tempera-
ture treatments is shown in Fig. 6. A displacement of
about 0.5V in the positive direction was observed.
However, since this displacement is opposite to that
of jon migration, we concluded that Na* ions do not
migrate appreciably within the germanium nitride
films.

Trapping.—When positive or negative voltages ex-
ceeding some critical values are applied to the field
plate at room temperature, the shift of C-V curves
in the positive or negative direction, respectively, has
been observed by many investigators (12, 14, 24-27).
The direction of this displacement is opposite to that
caused by ion migration. The reason for this displace-

Q5 |-—before treatment \
—after treatment

L 1 1 1
-8 -4 0 4 8
V (VOLTS)

Fig. 6. Bias-temperature treatment for intentionally NaCl-
contaminated Al-GegN4-Ge structures.
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Fig. 7. Shift of Vg’ (see text) as a function of applied bias for
30 sec.

ment is thought to be due to trapping or releasing of
carriers in the insulator.

It was found that the trapping occurs in the metal-
germanium nitride-germanium system. A measure-
ment of Vg’ vs. applied voltage is shown in Fig. 7. The
meaning of the primed Vg is the same as that given
in the section on Heat-treatment. From these results,
it was determined that the threshold field of the dis-
placement is 8.5 x 105 V/cm for the positive bias.

By a combination of photon radiation and C-V mea-
surement, trap levels in germanium nitride were in-
vestigated. It was found that there are deep and shal-
low electron traps in germanium nitride (28). There-
fore, the positive shifts in this investigation would be
caused by trapping of electrons.

Conclusion

Physical and electrical properties of germanium ni-
tride and the germanium nitride-germanium interface
were investigated. It became clear that germanium
nitride can be used as a mask against the diffusion of
Sb and As at 600°C in NH;. Na* ion migration was not
observed by bias-temperature treatments at 200°C.
The dielectric constant of germanium nitride was
about 8.0 and was not significantly affected by the
deposition temperatures. The etch rate depended on
deposition temperature and is in the range of 23-75 A/
sec in H3PO4 at 110°C. The hysteresis of C-V curves
was observed for all the samples and was a function
of the deposition temperature. A small hysteresis in the
C-V curves was obtained on samples deposited at
550°C. At lower deposition temperature the hysteresis
was larger. The magnitude of the hysteresis could be
reduced by heat-treatment in NHj3 while interface
state density increased. The extent of the hysteresis
and the interface state density for as-deposited sam-
ples at 550°C and for samples deposited below 500°C
and then heat-treated at 550°C were about the same.
An instability in germanium nitride due to trapping
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of electrons was observed. Germanium nitride is un-
stable as compared with silicon nitride and is reduced
or decomposed above 600°C in H,, Ar, or N, How-
ever, the reverse characteristics of the germanium
diodes that utilized germanium nitride as a diffusion
mask and as passivation film were good.
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Crystal Growth and Isothermal Annealing of
Pb._.Sn.Te Alloys

G. Dionne
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ABSTRACT

Single crystal ingots of Pbi—,Sn;Te alloys have been grown using the
Bridgman technique. A study of the crystal perfection revealed that in most
cases the bulk of each ingot consists of a highly perfect single crystal with no
detectable grain boundaries. In addition, the “as-grown” material is highly
homogeneous in both alloy composition and carrier concentration, and is free
from metal precipitates. A simplified isothermal annealing technique has
been used to obtain various carrier concentrations in Pb;—,Sn,Te alloy samples
with x = 0.06, 0.13, and 0.21. The carrier concentration in these alloys, equili-
brated at the liquid + solid/solid solution boundary, has been determined for

several annealing temperatures.

The alloys Pb;—,Sn,Te and several other IV-VI com-
pounds and alloys have much in common in that they
have the same cubic rocksalt structure, have similar
phase diagrams, can be prepared by similar methods,
and their carrier concentrations can be controlled in a
similar manner. These systems are often represented by
the symbol MN to generalize the discussion (1), M
representing the group IV elements and N the group
VI elements. The use of the stoichiometric formulas
MN (i.e.,, with the number of M atoms exactly equal
to the number of N atoms) to represent these com-
pounds and alloys is only approximate. At finite
temperatures, the free energy of the crystal may be
lowered by the introduction of atomic point defects,
such as vacancies, and in general the compound is
stable over a range of composition, called the homo-
geneity range, which sometimes does not include the
stoichiometric composition. In undoped PbTe, SnTe,
and their alloys the carrier concentration is a direct
measure of the deviation from stoichiometry because
the point defects, responsible for this deviation, supply
practically all extrinsic carriers. While intrinsic effects
and ionized impurities may also contribute to the total
carrier concentration, for materials prepared from
pure elements and not deliberately doped, these con-
tributions are usually very small at low temperatures
(1). In the present work, the lowest carrier concen-
tration investigated was about 1017 em—3, At the tem-
perature of the Hall measurements (77°K), the in-
trinsic carrier concentration will not exceed 2.2 x 1018
cm—3 for any of the three alloy compositions investi-
gated here (2). The alloys were prepared from ele-
ments of high semiconductor purity. While the impurity
content was not directly determined, as will be shown
in Fig. 3 the present alloys had higher mobilities than
similar alloys prepared elsewhere (3), and the latter
had total p-type impurities of approximately 1 x 1017
cm—3 ag found by mass spectrometry. Thus in the pres-
ent work, it is reasonable to assume that the carrier
concentration is a direct measure of the nonstoichiom-
etry of the alloy except perhaps at the lowest carrier
concentration values. It has been found for SnTe that
each tin vacancy produces 2 holes (4-6). Brebrick (6)
indicates that the hole to vacancy ratio ¢ varies
smoothly with x in these alloys and is closer to unity
in the Pb-rich alloys. Thus in the present work, the
value of ¢ has been assumed to lie between 1 and 2.

Key words: nonstoichiometry, carrier concentration, IV-VI alloys,
single crystals, semiconductors.
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Growth and Characterization

The furnace used to grow all the crystals is shown
schematically in Fig. 1, together with a typical tem-
perature profile. The furnace consisted of a high and
a low temperature section which were independently
controlled. The two sections were separated by a water-
cooled jacket which permitted the establishment of a
steep temperature gradient. The quartz ampoule, con-
taining the melt, was held in a mullite tube which was
driven slowly in the direction of the low temperature
zone. The driving mechanism was built to provide
three speeds: 1.1, 3.4, and 10.4 cm/day. In addition, the
furnace could be tilted as shown in Fig. 1. The tem-
perature gradient, at the temperature of freezing, was
always greater than 50°C/cm.

The melts were prepared by mixing the elements in
stoichiometric proportion. Lead, tin, and tellurium, all
six 9’s grade, were obtained from Cominco Ltd., Mon-
treal. Lead and tin were available in the form of rods,
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Fig. 1. Schematic of the furnace used for crystal growth and its
temperature profile.
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Table I. Starting composition, weight, 1st to freeze composition,
and carrier concentration of Pb; —;Sn;Te alloys grown by
the step-freeze technique

Hole carrier

Weight, 1st to concentration

Ingot No. Starting x g Freeze x at T7°K, cm-3
2 0.2 50 0.12 2-4 x 10
3 0.4 50 0.27 7-15 x 101
4 0.6 50 0.45 2-4 x 10%
5 0.8 5 5 x 1020
6 0.1 100 0.05 1.2 x 101
7 0 67 0 7 x 1018
8 0.3 100 0.1 4 x 101

approximately 12 mm in diameter, from which sections
were cut and the oxide skin removed, with a steel
blade, just before use. The elements were sealed under
vacuum in a 13 mm inside diameter quartz ampoule,
one end of which was made conical. The ampoule was
then introduced in the hot zone of the step-freeze
furnace and left there, at a temperature higher than
1000°C, for at least 1 day for complete mixing. The
melt was driven through the steep temperature gradi-
ent at a speed of 3.4 cm/day, the conical tip being the
first to freeze.

Table I lists the Pb;—,Sn,Te ingots grown using the
above procedure. Ingots 2 to 4 were grown with the
furnace in the horizontal position, while ingots 5 to 8
were grown with a tilt angle of 45° (Fig. 1). The main
advantages of the tilted position are the following:
(i) since the melt completely fills the ampoule, as
shown in Fig. 1, large cross sections of crystal are ob-
tained; (ii) there is no transport of material, through
the vapor phase, over already grown material as there
is in the horizontal set-up; (iii) there is no need to
seal the quartz ampoules close to the material, thus
oxidation during the sealing operation can be avoided.

The alloy compositions were determined using the
results of Bis and Dixon (7) which showed that the
lattice parameter a, depends upon both composition x
and carrier concentration p (i.e., nonstoichiometry),
but that for a fixed value of p, a, varies linearly with
x. Thus the composition of each sample was found by
measuring the carrier concentration and the lattice
parameter for the sample and then using the data in
Fig. 2 of Bis and Dixon (7). Composition values deter-
mined in this way were accurate to better than 1%.
The lattice parameters were determined from Debye-
Scherrer powder photographs taken with CuK, radia-
tion and using a standard 114.6 mm diameter camera.

cos?0  cos2f .
The ( - + ) extrapolation method was used
siné [}

to determine a,. To remove any internal stress, pro-
duced during the grinding operation, the alloy powder
samples to be used for the x-ray work were annealed
for about 10 hr at a temperature no higher than 250°C.
The accuracy of the lattice parameter so determined
was *+0.0005A.

The starting compositions and the first-to-freeze
compositions, listed in Table I, are consistent with the
phase diagrams for Pb;-,Sn,Te determined by Wagner
and Woolley (8). As expected from this phase diagram,
the growing material is always richer in PbTe than
the melt. As growth slowly proceeds, the melt becomes
more and more depleted of PbTe and hence a com-
position gradient exists along the length of the ingot.
However, the composition gradient is very small in the
first quarter to freeze due to the relatively small sepa-
ration between the liquidus and solidus curves at a
given temperature. In ingot No. 2, for example, the
composition varied by less than 2% in the first quarter
of the ingot to freeze.

Table I also lists the range of carrier concentrations
measured in these ingots. The higher the SnTe content
of the alloys, the higher are the carrier concentrations.
This is due to an increasing deviation from stoichiom-
etry as we go from PbTe to SnTe. When grown from
stoichiometric melts, Pb;—,Sn,;Te alloys are always
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Fig. 2. Hall coefficient as a function of alloy composition in the
“as-grown” Pby —,Sn Te alloys.

tellurium rich, and this excess tellurium is accommo-
dated in the lattice by lead and/or tin vacancies, which
ionize to produce p-type carriers. That the alloys grown
from stoichiometric melt are tellurium rich is clearly
seen in SnTe rich ingots, for which the last to freeze
is always a small amount of pure tin. Brebrick (4)
showed that the point defects in SnTe were tin
vacancies and that the carrier-to-vacancy ratio was
approximately 3. But Brebrick calculated the carrier
concentration using p = 1/R,e, in which R, is the low
field Hall constant and e is the electronic charge. When
using the correct expression for the carrier concentra-
tion, p = 7/Ree, with the values for r given by Tsu
et al. (9), the carrier-to-vacancy ratio becomes 2. This
agrees with the intuitive notion that an ionized divalent
(Sn++) vacancy produces exactly 2 carriers. The in-
crease of carrier concentrations from PbTe to SnTe is
almost a hundredfold for ingots grown from stoichio-
metric melts (see Table I), suggesting that tin vacan-
cies are more easily generated than lead vacancies.

Several circular disks cut from ingots No. 6 and No. 8
were lapped with coarse powder to produce micro-
cleavages over the surface of the disks. By using a
distant source of light, any small angle grain bound-
aries could be detected with a high degree of accuracy
by observing the reflection from the numerous {100}
microcleavage planes. A detailed examination revealed
that the ingots were single crystal over their whole
length with small grain boundaries predominantly in
a small first-to-freeze region and near the surface of
the ingots. With each circular disk so treated, the ex-
amination showed that more than 50% of its volume
was single crystal with no detectable grain boundary,
while the remaining volume had small angle grain
boundaries present, the angles varying from about 2°
to 5°. With ingots No. 6 and No. 8, x-ray back reflection
photographs were taken at 3 mm intervals across a
diameter of a face cut parallel to the long axis of the
ingot with normal incidence of the x-ray beam. These
x-ray photographs confirmed some of the above ob-
servations concerning the single crystal character and
the crystal perfection of the material.

The “as-grown” material was homogeneous. First,
metallographic examination showed no voids, no cracks,
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and no sign of metal precipitation. We believe that the
small growth rate (3.4 cm/day) and the steep tem-
perature gradient at the freezing interface (> 50°C/
cm) were responsible for the absence of metal precipi-
tation and cellular substructure frequently observed
in Pb;—.Sn,Te ingots (10). Second, x-ray diffraction
(Debye-Scherrer powder photographs) indicated that
the alloys were single phase and of good alloy homo-
geneity, in all cases the a3, a2 doublet being resolved
in the high angle lines. Third, resistivity measure-
ments taken at two different positions along the sam-
ples, indicated that the “as-grown” material was
homogeneous in carrier concentration. Several samples
were measured in this way at temperatures between
42°K and room, and, in all cases, the two resistivity
measurements agreed to better than 1% at every tem-
perature,

Values of Hall coefficient and Hall mobility are
plotted in Fig. 3 and 4. For comparison, the results of
Czockralski-grown (3) single crystals are also shown.
It is seen that the alloys grown by the Bridgman
method in this laboratory have fewer carriers and
higher mobilities. The higher mobility for a given alloy
composition is probably due to the corresponding lower
carrier concentration.

Isothermal Annealing

For the heat treatments, a constant temperature
furnace was needed. In order to satisfy this require-
ment for several temperatures, an annealing furnace
was constructed with two concentric furnace tubes,
each with a particular type of winding. The outer
heater consisted of a wire element very closely wound
near each end of the furnace, and gradually more
spaced towards the center of the furnace. The tem-
perature profile of this outer heater alone thus peaked
at each end and showed a minimum at the center. The
inner heater was wound with a constant spacing be-
tween the turns and hence its temperature profile
showed a broad maximum at the center of the furnace.
For all temperatures at which the furnace was used, it
was possible to find current settings on the two heaters
which gave a resultant temperature variation with
position of less than +1°C over at least 15 cm. The

104 — 77T
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O Step-freeze (This work)

103

HALL MOBILITY (77°K) [em?/V -sec.]
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PbTe ALLOY FRACTION x SnTe

Fig. 3. Hall mobility as a function of alloy composition in the
“as-grown’”” Pby—;Sn,Te alloys.
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isothermal annealing temperature for Pby—,Sn.Te alloys.

furnace temperature was maintained constant with
time by a proportional control acting on the outer
heater. For each annealing temperature, the appropriate
value of the current in the inner heater was found by
trial and error. The stability of the temperature over
long periods of time was +2°C.

The explanation of the method used to control the
deviation from stoichiometry in Pb;-,Sn,Te requires
a knowledge of the various phase diagrams used to
describe nonstoichiometry in MN systems. A general
review of this information has been given by Strauss
and Brebrick (1). These diagrams suggest several
methods by which nonstoichiometry (or carrier con-
centration) can be controlled. For example, the
carrier concentration can be controlled by fixing the
temperature and the partial vapor pressure Py, over
solid MN. However, this is a technique that requires
special furnaces to control the two variables Pn, and T.
Another more practical method was first used by Bre-
brick and Allgaier in PbTe (11). The technique in-
volved the equilibration under isothermal conditions of
a relatively large Pb-rich PbTe charge with a sample
of PbTe. The charge and the sample were enclosed in
a sealed quartz ampoule, the volume of which was
made small enough to prevent any change of composi-
tion of the sample by volatilization. When equilibrium
is reached, the PbTe sample lies on the Pb-rich solidus
line and is made to retain that phase by fast quenching
to room temperature. For alloys of the system Pb;_,-
Sn;Te, this technique would require the preparation
of metal rich charges having the same Pb-Sn ratios as
those of the samples to be annealed. Here a simplified
annealing technique has been used.

This technique is based on the same principle as that
of Brebrick and Allgaier (1, 11). If the MN system is
closed and contains all three phases (liquid, solid,
and vapor), it has only one degree of freedom, and
hence fixing the temperature fixes the equilibrium
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composition of each phase. Thus, if the composition of
the charge and sample combined lies in the liquid-solid
region, the solid composition and the liquid composi-
tion are fixed by the values of the solidus and liquidus
lines at the annealing temperature, and the partial
pressure Py, in equilibrium with the system is fixed
by that temperature. When the above condition is
satisfied, the composition of the sample changes by
solid-state diffusion until, at equilibrium, it reaches
the M-saturated or N-saturated solidus line depending
on whether the charge is M-rich or N-rich. By vary-
ing the annealing temperature, solid specimens can
be equilibrated to various nonstoichiometry values,
corresponding to various carrier concentrations or
compositions.

The simplification of the present annealing technique
over those used elsewhere (11, 12) is in the use of
minute charges of pure N or pure M only. Since the
only requirement is that the composition of the sam-
ple and charge combined lie between the solidus and
the liquidus curve at the annealing temperature, the
amount of M or N needed is given by

atoms of M or N > {p (sample)
—p (at the solidus line)} V/c [1]

in which p is the carrier concentration, V the volume
of the sample, and c¢ is the number of carriers per
vacancy, ¢ lying between 1 and 2. For example, con-
sider a PbTe sample, with 2 X 1019 holes cm—3 and
of dimensions 0.1 X 0.3 X 1.0 cm3, which is to be
equilibrated at a temperature for which the Pb-satu-
rated solidus line is at the stoichiometric composition.
The number of atoms of pure Pb required is given by
Eq. [1] and is > 6/c x 10!, Thus only a little over
0.2/c mg of pure lead, introduced in the quartz am-
poule with the PbTe sample, is necessary to equilibrate
the sample to the stoichiometric composition. The exact
amount is not critical and in general more than the
amount calculated from Eq. [1] can be used to allow
for the uncertainty in the exact value of ¢ and to en-
sure that the composition of the charge and the sample
together is well into the liquid-solid region. At the
start of the annealing, the Pb charge is liquid. The
excess tellurium in the sample is transferred (via
vapor phase) to the charge until the charge has col-
lected enough Te to cross the liquidus line. Then, the
charge will be partly liquid and partly solid until
equilibrium is reached. At equilibrium, the sample is
lead saturated and lies on the solidus line. If the
amount of pure lead used is so large as to prevent the
charge from reaching the liquidus line before the sam-
ple reaches the solidus line, then surface melting of
the sample will occur to provide the extra Te needed
by the charge to reach the liquidus line. Thus, in order
to prevent melting of the sample, an upper limit to
the amount of pure Pb used as a charge is determined
by the position of the liquidus line in the T-x projec-
tion [Fig. 1 of Ref. (1)]. This limit is given by

ApV 1—=2x
atoms of M < [2]
c "
ApV x
atoms of N < —— [3]
c l1—2x

in which ApV/c is the right hand side of Eq. [1] and
x is the composition of the appropriate liquidus at the
annealing temperature. For example, in PbTe x = 0.1
at 700°C for the Pb-rich liquidus. From Eq. [2], we
find 9(ApV/c) as the upper limit to the number of
atoms in the Pb charge.

For the Pb;—,Sn,Te alloy samples, the charges used
for N- and M-saturation were pure tellurium and a
mixture of lead with tin respectively. The mixtures of
lead with tin, at 5 atomic per cent (a/o) intervals,
were prepared by melting the elements together at a
high temperature and then quenching rapidly. For M-
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saturation, the mixture having the closest Pb-Sn ratio
to that of the Pb;—,Sn,Te sample to be equilibrated
was used. It was not necessary to have exactly the
same Pb-Sn ratio in both the charge and the sample
because the charge was minute and could not produce
an appreciable change in composition x of the much
larger Pb;-,Sn,Te sample. The charges were weighed
using a precision balance, and ranged in weight from
0.1 to 1.3 mg. Each sample and its charge were en-
capsulated in a small quartz ampoule, which was evac-
uated and backfilled with 1/3 atmosphere of argon to
minimize thermal etching of the specimens (12). After
the specimens had been equilibrated, the quartz am-
poules containing the samples were rapidly quenched
in water.

The main advantage of the present annealing tech-
nique are: (i) the preparation of the charge is simple
and the equality of its Pb-Sn ratio to that of the sam-
ple is not as critical a requirement as it was in previous
techniques (11, 12); (ii) the sample and the small
charge can easily be separated inside the quartz am-
poule and hence no complications such as a “tube
within a tube” (12) are necessary to keep them
separated; (iii) owing to the small size of the quartz
ampoules, it is easier to have the whole ampoule in
a region of constant temperature in the furnace. This
is desirable to prevent transport of the sample, through
the vapor phase, to colder regions of the ampoule;
(iv) the small size of the quartz ampoule permits
higher quenching rates. Fast quenching is desirable to
prevent internal precipitation (1).

The results of the annealing experiments using the
above technique are given in Table II for several com-
positions of Pby—,Sn,Te alloys. The first column gives
the sample number. The second column indicates the
nature of the charge (M for Pb-Sn mixture, and Te
for tellurium), the amount of which was determined
using Eq. [1-3] assuming a suitable value for c, and
which varied from 0.1 to 1.3 mg for a typical sample
volume of 0.15 X 0.3 X 1.0 cm3. The third, fourth, and
fifth column give the thickness in mm, the annealing
temperature in degrees centigrade, and the annealing
time in days, respectively.

The annealing times chosen should be sufficiently
long for equilibration. The values of interdiffusion co-
efficients necessary for the calculation of equilibration
times are not available for the various carrier con-
centrations, alloy compositions, and temperatures used
in the present work. However, if the smallest of the
two interdiffusion coefficients determined for PbTe

Table I1. Results of isothermal saturation annealing experiments
obtained from Pby—,Sn,Te alloys grown by the step-freeze
technique. All carrier concentrations are p-type unless
indicated (n) for n-type

Anneal- Hole carrier  Carrier

Thick- ing concen- mobility

Sample ness, Temp. time tration at77°K
No. Charge mm (°C) (days) at77°K, cm-3 cm2/V-sec.

(a) Composition x = 0.06

6-0 1.25 x

6-1 Te 1 771 4 3.20 x 101 860
6-6 M 1.56 869 4 6.41 x 108 4,670
6-5 M 1.3 845 8 3.33 x 1018 7,370
6-4 M 1.1 810 4 9.00 x 10V 12,870
6-3 M 1.4 800 6 5.06 x 107 14,300
6-2 M 1.42 71 4 1.56 x 1017 14,920

(b) Composition x = 0.21
8-1 None As grown 5.10 x 10 612
8-3 Te 1.6 842 2% 1.32 x 102 164
8-5 Te 1.34 771 4 1.17 x 102 188
8-6 Te 1.34 800 6 1.10 x 102 211
8-2 M 1.76 842 2% 2.14 x 10w 1,660
8-7 M 1.43 800 6 1.08 x 101® 3,270
8-4 M 1.68 771 4 7.11 x 108 4,750
8-8 M 1.5 680 30 2.88 x 108 9,550
(c) Composition x = 0.13

2-2 None As grown 2.00 x 10t 1,600
2-2.1 M 1.0 734 2 5.65 x 1017 15,000
2-2.4 M 1.0 712 3 7.9 x 108 16,000
2-2.3 M 1.0 667 7 3.9 x 10Ym) 40,600
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(13) is assumed to apply for the alloys, the annealing
times used here were more than sufficient for equilib-
rium to be reached in all cases. For example, the in-
terdiffusion coefficient for the annealing temperature
of sample 8-8 is 5 X 10~8 so that it would be equili-
brated after 1.1 day which is about 25 times less than
the annealing time used for that sample.

As with the “as-grown” material, the homogeneity
of the annealed samples were checked by measurement
of electrical resistivity and Hall effect. Since during
the finite quenching time following the annealing,
some diffusion may take place near the surface and
produce a change in carrier concentration in a thin
surface layer, the annealed samples were lapped on
all 6 faces to remove about 100x of material before
the Hall and conductivity measurements were made.
The homogeneity in carrier concentration, which in-
dicates whether or not equilibration was attained dur-
ing annealing, was checked by measuring the resistiv-
ity at two positions along each specimen. All samples
with 21% SnTe and 6% SnTe were measured in this
way at temperatures from 77°K to room and in every
case the agreement between the two measurements
was better than 1%. However at temperatures lower
than 77°K, samples No. 6-3 and No. 6-2 showed drastic
changes in resistivity and Hall coefficient. It should
be pointed out that for these samples with low car-
rier concentration and high mobility, large surface
effects are not unlikely and hence the observed re-
sistivity anomalies need not be due to bulk material
inhomogeneities. For all the annealed samples, includ-
ing No. 6-2, and No. 6-3, metallographic examination
revealed no sign of precipitation, supporting the as-
sumption that during quenching either no retrograde
solidus line was crossed, or, if such a line were crossed,
it was at too low a temperature for precipitation to
occur.

Values of carrier concentration (p = 1/R.e) and
Hall mobility (Ro,¢) determined at 77°K are given in
the sixth and seventh columns of Table II. The varia-
tion of p with annealing temperature is also shown in
Fig. 4. Similar curves were obtained by Calawa et al.
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(12) in Pb;-,Sn,Te and the general agreement be-
tween the two sets of results is good. However, our
13% SnTe curve shows a crossover temperature (from
p-type to n-type) significantly higher than that re-
ported by Calawa et al. (12) for the same composition.
This difference could be due to the presence of ionized
impurities, in addition to ionized vacancies, which
would be n-type in our material or p-type in the ma-
terial of Calawa et al.
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Technical Notes AR

Preparation and Properties of Hexaferrite Films

R. C. Taylor* and V. Sadagopan*
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

Polycrystalline hexaferrite films have been prepared
both by RF sputtering and chemical vapor deposition
(CVD) techniques for possible semi-transparent
photomask (STP) applications. Among the three hexa-
ferrite compositions investigated, the PbFe;20;9 films
prepared by the CVD technique appear particularly
interesting for STP applications in view of their satis-
factory combination of hardness, optical transmission
characteristics, and etchability Hexaferrite films also
have a potential application in the area of magnetic
bubble domain devices.

The fabrication and utilization of masks is a sig-
nificant aspect of the manufacture of integrated cir-

* Electrochemical Society Active Member.

Key words: chemical vapor deposition, magnetoplumbite, optical
transmission spectra.

cuits. It is recognized that the quality of the circuits
is largely dependent on the quality of the masks. The
lack of transparency of current materials used for
contact mask fabrication, such as chromium and photo-
graphic emulsions, makes it very difficult to visually
align the mask with the structures underneath it,
especially when the ratio of opaque to clear area is
large. Recently, a number of new materials that are
transparent in the visible region and opaque in the
ultraviolet around 4000A have been suggested for STP
applications (1, 2,3). The favorable optical character-
istics of these materials permit the accurate visual
alignment of the mask and make it possible to use
much finer structures for contact printing. The general
material requirements for STP applications are: (a)
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zero transmission in the region below 3500A to facil-
itate masking; (b) transmission of greater than 30%
at 5890A to permit visual alignment; (c) easy
etchability in solvents compatible with photoresist
processing; and (d) reasonable hardness to provide
durability. In the light of the above requirements, we
have examined a variety of transition metal oxides
in addition to those screened by Sinclair et al. (1).
Among these, thin films of GaFeO3;, prepared by sput-
tering techniques, and hexaferrite of the composition
PbFe;2019 (magnetoplumbite), prepared by the CVD
method, appear to be promising for STP applications.
We present here the details of the CVD method of
preparation of PbFe;2019 and its optical transmission
characteristics and compare the optical properties of
the latter with those of other hexaferrite films with
compositions such as BaFegGasO19 and BaFeg 5Al3,5019.

Polycrystalline films of magnetoplumbite have been
vapor deposited onto single crystal sapphire substrates
by pyrolysis of iron pentacarbonyl and tetraethyl lead
in the presence of oxygen. The structure of the films
was examined by standard x-ray diffraction tech-
niques.

The apparatus for the chemical vapor deposition of
magnetoplumbite is shown schematically in Fig. 1.
The reactants, tetraethyl lead and iron pentacarbonyl,
are contained in two quartz bubblers which are painted
black to prevent photodecomposition of the reactants
into free organic radicals and Fe(CO)y. Each source
bubbler is connected to two flowmeters, one for meter-
ing the transport argon flow and one for the argon
diluent flow. The reactant and oxygen vapors feed into
a vertical quartz reactor. The quartz liner inside of the
reactor is tapered at the top to support the substrate
and contains four slits below the substrate which
serve as gas exhaust ports. A stainless steel susceptor
is in contact with the upper surface of the substrate
and is RF heated. The thermocouple well goes almost
to the bottom of the susceptor to monitor the substrate
temperature. The substrate is mounted at the top of
the reactor to prevent wall deposits from falling onto
it. In a typical deposition of PbFe;20;9 onto a C-axis
sapphire substrate, the reactant bubblers are kept at
room temperature and the substrate is heated to 400°C.
Argon flow is regulated to 50 cm3/min through the
tetraethyl lead bubbler, and 7 cm3/min through the
iron pentacarbonyl bubbler, resulting in transport
rates of 6 X 105 moles/hr Pb(C2Hs)4 and 7 x 10—4
moles/hr Fe(CO)s. The oxygen flow rate is 50 cm3/min.
Under these conditions, a film of approximately 10004
thickness is deposited in 3-4 hr. The films are poly-
crystalline with the standard hexaferrite structure.
Attempts at film orientation by post-deposition anneal-
ing at 1000°C resulted in decomposition with the loss
of PbO and a residual deposit of Fe;O3 on the substrate.

The effect of substrate temperature on the rate of
PbO deposition by the oxidation of Pb(C:Hs)s has
been studied. The results are shown in Fig. 2. The
shape of the curve shows the usual effects of kinetic
control at low temperature, diffusion limitation at
intermediate temperature, and gas-phase reactant de-
pletion at higher temperature. These results were
combined with those of MacChesney (2) and Carlton
(4) for Fe(CO)s to arrive at the approximate deposi-
tion conditions.

Thin films of other hexaferrite compositions
(BaFesGasO19 and BaFegsAls5019) for possible STP
applications have been prepared by standard RF sput-
tering techniques starting from either a powder target
or a bulk pressed disk. The films were prepared both
in argon and in oxygen atmospheres. The details of the
sputtering parameters and their effect on the structure,
orientation, deposition rate, and composition of the
films will be presented elsewhere.
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were prepared in argon atmosphere in contrast to the 2100A
BaFesGa4O19 film which was prepared in oxygen atmosphere. A
2800A argon-sputtered BaFes 5Al3.5019 film had transmission fea-
tures similar to the data presented in this figure.

All the deposited films adhered well to the substrates
and could not be scratched by a stainless steel needle.
Their durability is thus satisfactory although no quan-
titative measurement of their abrasion resistance was
made. The films with thickness greater than 2000A
were free from pinholes. The optical transmission
characteristics of the different hexaferrite compositions
are presented in Fig. 3. The data shows that the hexa-
ferrite films sputtered in argon ambient have a broad
absorption edge in contrast to the sharp absorption
edge exhibited by films sputtered in oxygen ambient.
The broad absorption edge of argon-sputtered films
is interpreted to arise from oxygen nonstoichiometry
in such films. Among the three hexaferrite composi-
tions investigated, BaFes sAlssO19 films are not trans-

June 1972

parent in the 5890A (see-through) region (Fig. 3) and,
hence, are not considered useful for STP applications.
On basis of their favorable optical spectra, the vapor
deposited PbFe;2019 and sputtered BaFegGasO,9 films
qualify for use in STP technology. The sputtered films,
however, are remarkably resistant to chemical attack
by acids that are compatible with photolithographic
processing. On the other hand, vapor deposited
PbFe; 2059 films are readily and uniformly etched by
dilute HC1 (9%) at room temperature at the rate of
300 A/min. The observed differences in the etching be-
havior of sputtered and vapor deposited hexaferrite
films are attributed to differences in morphology of
the deposits unique to the individual film fabrication
techniques (2). The ease with which vapor deposited
PbFe 2019 films dissolve in dilute HCI is, however, not
an adequate criterion for its selection as a STP mask.
An etched pattern could still be ragged if the rate of
etching were distinctly different in different crystal-
lographic directions. Etched test patterns have been
obtained with satisfactory resolution. It is believed
that the slow rate of deposition of PbFe;20;9 is par-
tially responsible for the uniform etching. Thus, slow
deposition might be an advantage rather than a handi-
cap for this material.

In summary, on the basis of their adequate hardness,
favorable optical absorption characteristics, satisfac-
tory etchability, and ease of fabrication, the vapor
deposited films of PbFe ;20,9 are considered to be of
particular interest for STP applications in the manu-
facture of semiconductor integrated circuits. Further,
the optical and etching characteristics of PbFe 2019
films compare favorably with those of vapor deposited
films of Fe;O3, the only other material that, so far,
has met the stringent criteria for masks capable of
real time visual alignment. In addition to their poten-
tial usefulness for STP applications, the hexaferrites
would be of considerable interest in the area of mag-
netic bubble domain devices if deposition conditions
and substrate materials were modified in order to give
single crystal films.

Acknowledgments

The authors are indebted to W. J. Haag for tech-
nical assistance in film growth and to E. A. Giess for
fabrication of hexaferrite targets used in the sputter-
ing part of the study.

Manuscript submitted Sept. 21, 1971; revised manu-
script received Feb. 14, 1972.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL.
REFERENCES

1. W. R. Sinclair, M. V. Sullivan, and R. A. Fastnacht,
This Journal, 118, 341 (1971).

2. J. B. MacChesney, P. B. O’Connor, and M. V. Sulli-
van, ibid., 118, 776 (1971).

3. V. Sadagopan et al., Unpublished results.

4. H. El C(alrglégn and W. M. Goldberger, J. Metals, 17,

1 ).



The Detection of Silicon-Oxynitride Layers
on the Surfaces of Silicon-Nitride Films by
Auger Electron Emission

H. G. Maguire and P. D. Augustus
Allen Clark Research Centre, The Plessey Company Limited, Caswell, Towcester, Northants., England

Considerable attention has been paid recently to the
properties of silicon nitride films as the diffusion mask
and gate dielectric since the advent of the insulated-
gate field-effect transistor, and a great amount of effort
directed toward the investigation of these films for
semiconductor device applications. There are many
purposes for which dielectric films may be used in
devices but for most practical device applications it is
normally desirable to achieve a single-phase film in
order to avoid possible inhomogeneous properties as-
sociated with mixtures. In order to possess uniform
properties, these films should be amorphous in struc-
ture, impervious to contaminants to reduce instability
effects, and be compatible with the substrate for ac-
ceptable mechanical and electrical characteristics. Pre-
vious work (1) concerning films intermediate in com-
position between silicon nitride and silicon dioxide has
not been clear in distinguishing between the solid
solution and mixture possibilities. Recent work, how-
ever, using electron diffraction (2) indicates that the
silicon nitride and silicon dioxide end members form
a continuous series of solid solutions rather than mix-
tures. Generally, a variation in the gas composition
during deposition (3, 4) influences the stoichiometry
of the nitride layers which will cause the electrical
and optical properties to vary.

Apart from the electron diffraction work mentioned
above, there does not appear to have been any investi-
gation using microscopic techniques on these films.
However, recently, backscattering and channeling ef-
fect measurements with MeV 4He ions have been used
to analyze the composition as a function of depth of
oxide and nitride layers on silicon (5). The composi-
tion was determined to be stoichiometric for high
ratios of NH; to SiH4 used in the deposition reaction
but, for lower ratios, departures from this were found.
Previously these techniques had been used to analyze
ion implanted layers (6-8) and surface contamination
(9), and a-particle backscattering from a radioactive
source such as 242 Cm has also been used in chemical
analyses of surfaces (10).

In view of the importance of nitride films in MNS
and MNOS device fabrication, the present investiga-
tion of the surfaces onto which metal electrodes, nor-
mally aluminum, are to be deposited was undertaken
using the techniques of Auger emission spectroscopy
and low-energy electron diffraction. Using Auger
electron emission, the surface of the sample to be
studied is bombarded by primary electrons of several
keV of energy while the energy distribution of the
secondary and backscattered electrons is observed.
Within this energy distribution, Auger electrons are
observed with energies characteristic of the atoms
from which they arise (11, 12). The low energies of
the Auger electrons (below 1 keV) ensure that the
observed effects arise from atoms very near the sur-
face and the Auger method is particularly sensitive for
the detection of the lighter elements on solid surfaces.

Experimental
The variables of importance which affect the deposi-
tion rate of SigN4 and its subsequent properties are the
composition and flow rate of the reactant mixture and
the substrate temperature. In this work all deposi-

Key words: Auger, LEED, plasmon, ellipsometry.
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tions were carried out on Si substrates at a tempera-
ture of 900°C with ammonia as the major constituent
in the reaction mixture. The flow rate of silane was
5 ml/min, while that of ammonia was 500 ml/min. The
flow rate of the nitrogen carrier gas was 30 liter/min.
Using these mixtures, the reaction kinetics taking
place during the pyrolytic formation of SizNy4 films is
quite complicated and the possible reactions that may
occur have already been considered in some detail (1).

Of the many films of varying thicknesses that were
grown under identical conditions, two were selected,
one having a growth time of 1.5 min and the other 2.5
min, giving films of thicknesses 610 and 1010A, and
refractive indices of 1.88 and 1.95, respectively. These
quantities were determined using ellipsometry.

The Auger spectrometer used, which was modified
from a LEED system (13-15), consisted of three-grid
electron optics constructed in these laboratories, with
the electron gun producing a beam current of about
1 wA at normal incidence to the specimen. The speci-
mens used were typically 1 cm X 5 mm X 0.2 mm
thick and were resistively heated while held in tanta-
lum clips. A modulating frequency of 2 kHz was used
throughout, and detection of the Auger signal was car-
ried out by recording the second harmonic which
yielded the derivative of the energy distribution,
dN (E)/dE. Peak-to-peak modulation varied from 15V
for detection in the higher energy range down to 3V
in the lower energy range. All the observations de-
scribed here were made using incident beam energies
of not more than 1.5 keV.

After initial pumpdown from atmospheric pressure
and overnight bakeout, a working pressure of 5 X
1010 Torr was achieved which never exceeded 2 X
10—8 Torr during initial outgassing of the specimen.
Temperatures were measured using an optical pyrome-
ter with appropriate corrections made for emissivity
and transmission through the viewport.

Both sides of the specimen were subjected to exam-
ination, and for comparison the first derivative of the
energy distribution of secondary electrons from SizNj
and Si is shown in Fig. 1. The peaks at 522 and 495 eV
are due to oxygen and are attributed to the KLy 3logs
and KL;L; transitions, respectively (16). The peaks
occurring at 389 and at 362 eV are the KLg3Lo3 transi-
tion of nitrogen and its associated plasmon. The peak
at 270 eV is the KLy 3Ly 3 transition of carbon which is
found on most samples freshly inserted into the UHV
chamber and is increased by contamination from re-
sidual hydrocarbons during bakeout.

The remaining peaks below 100 eV from both sides
of the specimen are due to silicon and reflect the effect
of chemical binding. The spectrum from clean silicon
which has been adequately discussed elsewhere (17-
19) and will not be considered further, is shown in the
upper trace of Fig. 2.

Heating the specimen at 1140°C for 5 min was suffi-
cient to remove the oxygen from the silicon side of
the specimen, but only a slight reduction in the oxygen
peak was detectable on the nitride side from which
practically all the carbon had desorbed. The same heat
treatment for a further 20 min followed by argon ion
bombardment (1 xA at 500V for 30 min) removed the
nitrogen and remaining carbon from the silicon side,
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Fig. 2. The same specimen as in Fig. 1 but showing clearly the
effect of the desorbtion of C and O from both sides of the specimen.

and was accompanied on the nitride side by an in-
crease in the nitrogen peak.

Further heating for up to 2 hr was necessary in
order to dislodge the remaining oxygen with an in-
crease in the magnitude of the nitrogen peak to a final
steady value. The silicon spectrum from the silicon
side (Fig. 2) now has the character normally associ-
ated with “clean” silicon while that from the nitride
has changed with the desorption of carbon and oxygen,
and reflects the effect of chemical binding in the
nitride.

Measurements of the thickness of the layers by
ellipsometry after removal from the UHV chamber
showed that they had decreased by about 304, and
that the refractive index had increased to just over 2.0.
This may be compared to a value of about 1.99 ob-
tained with a reactant molar ratio Oy/SiHy; = 0 (4).

Both specimens were scanned on a Perkin-Elmer
337 infrared spectrometer at room temperature, be-
fore and after the above-mentioned heat-treatment in
UHV. No shift was found for either of the samples
in the broad absorbtion band characteristic of the
stretching of the Si-N bond. However, the absorbtion
peaks differed for the two films; that for the thinner
film occurring at about 870 cm-! and that of the
thicker film at about 840 cm—!. Evidently the small
amount of oxygen we are dealing with here limits
severely any useful comparison using infrared tech-
niques.

We have at all stages monitored the surfaces for
LEED patterns and after the initial heat-treatment ob-
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tained a good, clear (7 X 7) pattern on the silicon
side. No patterns were obtained at any time from the
nitride layer.

Summary and Conclusions

Amorphous layers of silicon nitride of varying thick-
ness have been deposited on silicon substrates by the
pyrolysis of silane with ammonija. Care was taken
to exclude likely sources of oxygen contamination.
Using Auger emission spectroscopy, we have examined
the surface of these layers and of silicon on the re-
verse side for comparison.

Initial heating of the specimen at 1080°C for about
40 sec was sufficient to desorb the oxygen from the
silicon surface but only produced a slight reduction
in the size of the oxygen peak from the nitride. Fur-
ther heating at 1140°C did not result in a decrease
in the oxygen signal. This then would suggest that
on top of the silicon nitride layer is another layer con-
sisting of silicon oxynitride, Si;OyN., and further that
it is about 30A thick, as deduced by ellipsometry, It is
possible that this film is more common than had been
previously realized in which case one would not have
a strictly metal-nitride interface but a metal (Si;OyN.-
nitride) interface. The effect of this on film character-
istics is noticeable. One notices immediately a rise in
the refractive index once all the oxynitride layer has
been removed by prolonged heating in ultrahigh vac-
uum. The differing values reported in the literature
for the refractive index for zero oxygen to silane ratios
may in fact be due to the presence of just such a layer.
It is expected that the presence of an oxynitride layer
on the nitride will influence the value of the dielectric
constant but it would appear that here it is the ratio
of ammonia to silane in the formation of the nitride
layer that is more important. It would also be of in-
terest to investigate the effect of these films on the
I-V and C-V characteristics bearing in mind the
stronger polarity dependence of the oxynitride over
the nitride.

Though every precaution was taken to ensure an
oxygen free system, the only plausible explanation
for the presence of oxygen is as an impurity in one
of the reactor gases. The fact that oxygen occurs only
in the top 30A would suggest possible contamination
of the nitrogen carrier gas with water and/or oxygen,
remembering, of course, that after the flow of the
silane and ammonia is stopped, the specimen is left
to cool with the nitrogen still on, during which time
the surface of the layer remains at a sufficiently ele-
vated temperature to react with the oxygen to form
an oxynitride. Under these circumstances it would be
difficult to avoid formation of such a layer at all.

In conclusion we may consider the mechanism by
which the oxygen is desorbed. Assuming that oxygen
on the surface from the interior is not an important
factor since oxygen exchange between the surface and
the bulk at temperatures below 1000°C is an exceed-
ingly slow process (20), then removal of oxygen from
the silicon is facilitated by evaporation of silicon
monoxide which does not form associated molecules
(21). As far as removal of oxygen from the nitride by
total depletion of the oxynitride is concerned, we
would tentatively suggest that silicon released from
the rapid pyrolysis of silane results in a nitride layer
containing excess silicon. Formation of the oxynitride
then proceeds as suggested above, with the subsequent
removal of oxygen by evaporation of silicon monoxide
formed by the reaction of this excess silicon with the
oxygen in the oxynitride layer. This process would
require diffusion of the excess silicon from the nitride
to react with oxygen to form volatile silicon monoxide
but at a much slower rate than happens on the reverse
side where silicon is readily available; hence the ex-
tended period of heating necessary to bring about re-
moval of oxygen.



Vol. 119, No. 6

Acknowledgments

Thanks are due to The Plessey Company Limited
for permission to publish these findings and to R.
Oakley who prepared the specimens and carried out
the ellipsometric measurements.

Manuscript submitted March 29, 1971; revised manu-
script received Oct. 25, 1971.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the December 1972

JOURNAL,
REFERENCES

1. D. M. Brown, P. V. Gray, F. K. Jeumann, H. R.
Philipp, and E. A. Taft, This Journal, 115, 311
(1968).
2. N. C. Tombs, F. A. Sewell, and J. J. Cromer, ibid.,
116, 862 (1969).
. A. Brown, W. C. Robinette, and H. G. Carlson,
ibid., 115, 949 (1968).

T. L. Chu, J. R. Szedon, and C. H. Lee, This Journal,
115, 318 (1968).

J. Gyulai, O. Meyer, J. W. Mayer, and V. Rodriguez,
Appl. Phys. Letters, 16, 232 (1969).

L. Erikson, J. A. Davies, N. G. Johansson, and R. W.

C

DISCUSSION

DETECTION OF SILICON-OXYNITRIDE LAYERS 793

Mayer, J. Appl. Phys., 842 (1969).

7. J.W. Mayer and O. J. March, “Applied Solid State
Science,” Vol 1, p. 239, Academic Press Inc., New
York (1969

8. E. Bggh, Can. J. Phys., 46, 653 (1968).

9. D. A. Thompson, H. D. Barber, and W. D. Macln-
tosh, Appl. Phys. Letters, 14, 102 (1969).

10. J. H. Patterson, A. L. Turkevich, and E. Franzgrote,
J. Geophys. Res., 10, 1311 (1965).

11. J. J. Lander, Phys. Rev., 91, 1382 (1953).

12. L. A. Harris, J. Appl. Phys., 39, 1419 (1968).

13. R. E. Weber and W. T. Peria, ibid., 39, 2425 (1968).

14. P. (Wg.sgalmberg and T. N. Rhodin, ibid., 39, 2425
1 .
15. E. J. Scheibner and L. N. Tharp, Surface Sci., 8,
247 (1967).
16. J. A. Beardon and A. F. Burr, Rev. Mod. Phys., 39,
125 (1967).

17. N. J. Taylor, Surface Sci., 15, 169 (1969).

18. H. E. Bishop and J. C. R1v1ere, ibid., 17, 462 (1969).

19. H. G. Maguire and P. D. Augustus, J. Phys C. Solid
State Phys., 4, 174 (1971).

20. J. J. Lander and J. Morrison, J. Appl. Phys., 33,
2089 (1962).

21. W. Brewer and F. T. Greene, J. Phys. Chem. Solids,
2,286 (1957).

SECTION

This Di ini Sastion fadudes di
the Journal of The Electrochemical Soc:ety Vol 118,
12; February, ber, and D« 1971

of papers appearing in
No. 2, 9, and

Observation of Mixed Thermoelectric Power in ThO;
N. M. Tallan and 1. Bransky (pp. 345-349, Vol. 118, No. 2)

D. S. Tannhauser!: In the paper by Tallan and Bran-
sky, and in a previous one by Ruka, Bauerle, and
Dykstra,2 the change of thermoelectric power of an
ionically conducting oxide is measured when the atmo-
sphere surrounding the sample is changed. The mate-
rials are ThO; in the paper being discussed, and
(Zr02) 0.85(Ca0)p.15 in the paper by Ruka et al.2 The
atmosphere varies from pure oxygen through mechan-
ically diluted oxygen to mixtures of CO2/CO and
H;0/H;. The change of thermoelectric power, referred
to that measured in an arbitrary standard atmosphere,
is then plotted against the difference between physical
quantities, which are called in these papers the partial
molar entropies of oxygen, and which are calculated
for the atmospheres involved. Agreement between ex-
periment and theory is good.

It is the purpose of this note to point out that the
use of the term “partial molar entropy” in these papers
is wrong. This does not affect the validity of the papers
but we believe it is worthwhile to point this out since
the use of thermodynamic concepts in an incorrect way
can be misleading and has often led to the wrong
results.

According to Darken and Gurry3 the definition of
the partial molar entropy of component j in a multi-
component mixture is

—= as’
S = (—) [
oy /T,pa oy

Here §’ is the total entropy of the mixture, n; is the

1 Department of Physics, Technion—Israel Institute of Technology,
Haifa, Israel.
(l%%)ly Ruka, J. E. Bauerle, and L. Dykstra, This Journal, 115, 497
2L. S. Darken and R. W. Gurry, “Physical Chemistry of Metals,”
p. 238, McGaw Hill Book Co., New York (1853).

molar fraction of component j, and T and P are tem-
perature and pressure of the mixture.

Darken and Gurry? then derive the following rela-
tion (their Eq. [10-23]) between the chemical poten-
tial and the partial molar entropy

oy ) —
—_ =-S5 [2]
( oT P,nj !

In Eq. [2] the derivative with respect to temperature
is calculated with all n; as well as P constant. This
derivative has a real physical meaning for a mechan-
ical mixture of components, i.e., components which
do not react with each other, since there one can
actually vary the temperature while keeping P and
all n; constant.

For a chemical mixture in equilibrium this deriva-
tive does not have a physical meaning. It implies
clamping of the composition of the mixture (e.g.,
CO,, CO, and O;) while the temperature is varied at
constant pressure; and this clamping is not compatible
with chemical equilibrium. However, the definition of
Eq. [1] as well as the relation given in Eq. [2] still
holds.

Tallan and Bransky show that the heterogeneous
part apet of the thermoelectric power o = anet + ahom
of an oxide conducting by O= ion diffusion can be ex-
pressed as

1 [_1 91 (O1=) oxide

Bl AP aT
1 9u(O02) gas (e )pe ] 3]
4 oT oT

They then calculate the change with oxygen partial
pressure of o, after assuming that apom is independent
of oxygen partial pressure and that the only term in
anet that depends on oxygen partial pressure is the sec-
ond term on the right of Eq. [3]. This gives the equa-
tion

1 a#(Oz)ml 1 3#(02)5382

Qgas 1 — &gas 2 — — e [4]

49 oT 49 aT
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Equation [4] is verified by plotting experimental val-
ues for Aa against calculated values of A9, (Os2)gas/0T.
The latter are calculated by the use of the equation

_ 0 g [E“(COz) — 5 (co)
oT

O
R P(C 2)] (5]

n ——m—m e ———
P(CO)

which is valid for a chemical gas mixture in which the
ratio P(CO3) /P (CO) is independent of temperature.

Tallan and Bransky as well as Ruka, who apparently
did the same calculation, call the derivative in Eq. [5]
the partial molar entropy and denote it by S(O:)gas.
This, as stated above, is not correct, since the deriva-
tive is calculated for conditions in which the partial
pressure, and, therefore, the molar fraction of oxygen,
is a function of temperature.

The original theory of the thermopower of chemical
cells was developed by Holtan, Mazur and de Groot.!
After Eq. [38] of their paper, they introduce AS as the
change of entropy due to the heterogeneous electrode
reaction, but they do not call this term the partial
molar entropy. We repeat again that the calculations
in the paper discussed here and in the paper by Ruka
et al.2 are correct, but the use of the expression “par-
tial molar entropy” is misleading.

Equation [4] can, incidentally, be interpreted in a
manner which is more familiar to electrochemists: we
can write

1 a#(02)gns

Qgag — —4' aT
and after multiplying by dT this equation gives

= constant

3
Va—Vp= T [£(O2)a — #(02)p] + constant

which, except for the constant term, is the equation of
an electrochemical cell with different oxygen activity
on its two sides a and b. The constant nonzero term,
generated by the temperature gradient, comes from
the entropies of transport of ions in the electrolyte
and electrons in the platinum electrode which are as-
sumed in Tallan and Bransky’s paper and in the paper
by Ruka et al.,2 to be independent of oxygen pressure.

Phosphorescence Decay of Calcium Oxide Activated
by Yttrium

L. M. Schwarz, J. M. Voutay-Poncet, and J. Janin
(pp. 1512-1514, Vol. 118, No. 9)

W. Lehmann5; This paper is misleading as it implies
luminescence in calcium oxide due to “activation” by
yttrium, i.e., to traces of yttrium dissolved in the CaO
lattice. We have looked into this system as well as into
many other combinations of CaO with various other
impurities. To set the matter clear, neither we nor the
authors of this paper® have observed any luminescence
in CaO clearly attributable to yttrium. Yttrium may
possibly have an influence on the trap distribution in
CaO and, thus, on the decay characteristic of phos-
phorescence of CaO activated by whatever else it
might be. However, yttrium is no activator of lumi-
nescence in calcium oxide in the commonly used sense.

L. M. Schwarz: Dr. Lehmann’s comment is right. The
choice of the word “activated” is wrong. The system
CaO(Y) has no fluorescence. Nevertheless the CaO
samples we have examined are very phosphorescent
and thermoluminescent at all temperatures. The addi-
tion of small quantities of certain elements like Ga,
Y, Hf, etc., increases the phosphorescence and then

4 H. Holtan, Jr., P. Mazur, and S. R. De Groot, Physica, 19, 1109

(1953).
lsﬁzzygestinghouse Research Laboratories, Pittsburgh, Pennsylvania

® Personal communication by L. M. Schwarz.

June 1972

allows the study of its decay during a very long period.
That is the only purpose of this paper.

Dielectric Breakdown in Electrolytic Capacitors
F. J. Burger and J. C. Wu (pp. 2039-2042, Vol. 118, No. 12)

S. E. Libby?: Determination of the breakdown volt-
age of tantalum samples, when anodized in simple
aqueous electrolytes at room temperature, was carried
out. Several series of electrolytes were used. In each
electrolyte series, the anion and its concentration was
held constant and the cation species was varied,
thereby varying the resistivity of the electrolyte solu-
tions.

Tantalum samples were 2 X 2 cm flags with an
integral tab 0.5 X 2 cm. The samples were cut from
capacitor grade foil 0.001 in. thick. The samples were
prepared for anodization by vapor degreasing tri-
chloroethylene, washing in warm detergent solution,
and rinsing in deionized water. Anodization was car-
ried out using a constant current of 0.005 A/cm?2. The
electrolyte was controlled at 25° + 1°C and strongly
stirred to avoid local heating effects.

Breakdown voltage was defined as the voltage at
which the first observable deviation from linearity oc-
curred in the voltage-time plot as recorded by a chart
recorder with 10 V/in. scale factor. A VIVM with 11
megohm input impedance was used as a preamplifier
to reduce loading effects. The measured breakdown
voltage was corrected for IR drop in essentially the
same manner as that used by Burger and Wu.

The following summary of an electrolyte series using
acetate as the anion (Table I) serves to indicate the
nature of the results obtained. Each electrolyte in the
series was prepared in such a manner that the con-
centration of the acetate ion was 0.010M. Seven to ten
determinations of breakdown voltage were carried out
in each electrolyte.

Other series having different anions (Cl— and NO3~)
and different anion concentrations (0.01 to 0.5M) were
also used and the results were consistent: for a given
anion and anion concentration, the breakdown voltage
was constant and not dependent on the electrolyte
resistivities.

It is obvious that these results do not remotely re-
semble those reported by Messrs. Burger and Wu. I
can in no way account for the disagreement unless it
is due to my use of electrolytes which are simple com-
pared to those which they employed.

F. J. Burger and J. C. Wu: There are major differ-
ences in experimental technique which may account
for discrepancies between our results and those of
S. E. Libby. For example, he uses a current density ten
times our own which was 0.5 mA/cm?, also his tem-
perature is 25°C, compared to our 85°C, his choice of
acetate as the electrolyte bears a likely responsibility.
Not all of our electrolytes are complicated, indeed
electrolytes K, M, and O, as described in our paper,
are quite simply dilute aqueous solutions containing
0.1, 0.03, and 0.01 parts by weight of phosphoric acid,
respectively.

The conclusion at this stage must, therefore, be that
some anomalies occurred in Mr. Libby’s formation
experiments which prevented the full potential of
breakdown voltages from being attained. His voltages
are from about 120 to 160V below what might have

7 Pownal Center, Vermont 05261.

Table I.
Resistivity Mean break- Standard
Electrolyte at 25°C down voltage deviation
HC:Hi0: 705 ohm-cm 343V 7.0V
KC:H;0: 1020 ohm-cm 350V 4.2V
Cu(C:H30z) 1800 ohm-cm 345V 5.5V
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been predicted from electrolyte resistivities as sup-
plied by him, in accordance with our experience.

The empirical linear relationship between break-
down voltage and log of electrolyte resistivity, as
described by us, should be looked upon as a limiting
relationship in the sense that the observed breakdown
voltages have been found to be the highest attainable,
provided no side reactions occur that interfere with
the formation process. In the case of aluminum, we
have singled out certain corrosion reactions as exam-
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ples of the interference mechanisms. Anomalies of a
different kind are known to occur in the tantalum sys-
tem, e.g., characterized by the production of the so
called “gray” oxide. Whereas in the case of tantalum it
has been found relatively easy to develop electrolyte
systems and discover conditions that ensure trouble
free anodization, this has been much less successful
in the case of metals such as Nb and Zr; this latter
point was briefly mentioned in our paper.
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213RNP
Influence of AsHgz, PH3, and B,Hg on the
Growth Rate and Resistivity of
Polycrystalline Silicon Films Deposited
from a SiH,-H; Mixture

F. C. Eversteijn and B. H. Put, Philips
Research Laboratories, Eindhoven,
Netherlands

The deposition rate of polycrystalline sili-
con from a SiHs«-Ha mixture is substantially
influenced by the addition of AsHs, PHs, and
B:Hs. At a deposition temperature of 680°C
AsHs; causes a decrease by a factor of 7,
PHs a decrease by a factor of 2,5, while a
two times higher deposition rate is obtained
with B:Hs addition. B:Ha also affects the
activation energy of the deposition reaction.
The resistivity of the doped polycrystalline
silicon films can be explained in terms of
solid solubility and carrier mobility. Electron
micrograohs of the mirror-like silicon sur-
faces, obtained with and without dopapt
addition during growth, show a characteris-
tic surface texture for each dopant.

214RNP

An Indirect Method for Determining the
Metallurgical Layer Thickness of

Epitaxially Deposited Silicon from SiH,

F. C. Eversteijn and G. J. P. M. v.d.
Heuvel, Philips Research Laboratories,
Eindhoven, Netherlands

The metallurgical layer thickness of epi-
taxially deposited silicon (dmet s1) from SiH.
corresponds to the thickness of polycrystal-
line silicon (dpoiy-s:) simultaneously de-
posited on silicon covered with silicon ni-
tride (SisNs) by means of the simple experi-
mental relation: dmet s1 = dpoly-s1 — 0.10 um.
The experimental error amounts to =+0.02
um for epitaxial layers up to 4 um and
+0.5% in the thickness region of 4 um and
higher. This method can be used down to
0.5 um.

215RNP
Whisker-Free Growth of Polycrystalline
Silicon

F. C. Eversteijn and B. H. Put, Philips
Research Laboratories, Eindhoven,
Netherlands

The growth of whiskers on silicon and
silicon oxide, during deposition of polycrys-
talline silicon from_a SiHs+H: mixture at
temperatures below 700°C, is highly affected
by the surface quality of the substrate. It
has been found that heating the substrates
prior to deposition in a hydrogen chloride-
hydrogen mixture, at 750°C for 15 min, com-

pletely prevents the formation of whiskers
during subsequent film growth. Details on
substrate cleaning and on the mechanism
of both formation and prevention of whis-
kers are presented.

216RNP
Silicon Schottky Barrier FET's Prepared
by lon Implant-Diffusion

A. E. Feuersanger, GTE Laboratories,
Bayside Research Center, Bayside, N. Y.

Enhancement- and depletion-type Schottky
barrier FET’s have been fabricated on high
resistivity silicon. The n-type channel was
formed by implantation of phosphorus ions
followed by diffusion. This technique pro-
vides The required degree of cantrol over
the channel dimensions and doping level.
The fabrication process includes oxide
growth during diffusion, n+ source-drain
implantation, and a single self-aligned alu-
minum deposition, The characteristics of
both enhancement and depletion devices
fabricated by this process agree with JFET
theory. Device parameters and low power
switching circuit applications are discussed.

217RNP
Silicon Lattice Constant Precision
Measurements after High-Energy lon
Bombardment

C. F. Pihl and G. H. Schwuttke,
IBM Corporation, East Fishkill Facility,
Hopewell Junction, N. Y.

Precision lattice parameter measurements
on silicon crystals, after 1 MeV N+ bombard-
ment, are reported. The measurements are
based on Bond's method using an automated
Apex diffractometer. Up to one million dig-
jtal count data are taken at each position
in the reflection curve, collected on magnetic
tape, and computer analyzed. Thus a pre-
cision of 1 in 10¢ is obtained. Measurements
are made at a number of positions across
the wafer surface to include reference
regions not subjected to ion implantation.
Results confirm the previously proposed
model of radiation damage in silicon after
high-energy ion implantation.

218RNP
Basic Distortion and Noise Mechanisms
in Charge-Coupled Devices

D. F. Barbe, U. S. Naval Research
Laboratory, Washington, D. C.

An analysis of the basic mechanisms
causing distortion and noise in charge-

165C

coupled devices is presented. The imaging
application of charge coupling is empha-
sized. The fundamental sources of distor-
tion are transfer inefficiency and leakage
current. The fundamental sources of noise
are interface-state noise, shot noise in the
leakage current, and thermal noise during
the formation of the potential wells. The
over-all noise-equivalent-irradiance for a 100
element charge-coupled imager is presented.

219RNP
Effects of Natural Convection and
Forced Convection in Vapor Phase
Growth Systems

J. P. Dismukes, RCA Laboratories,
Princeton, N. J. and B. J. Curtis,
RCA Laboratories Ltd., Zurich,
Switzerland

The occurrence and possible effects of
natural convection, in vapor phase crystal
growth other than mixing, have largely been
overlooked up to this time, although the
phenomenon is known to introduce inhomo-
geneities in melt-grown crystals. Natural
convection has become relatively well under-
stood for air at room temperature. However,
effects in gases at elevated temperatures
have received little study. Convection in
gases is reviewed in systems, with either a
vertical or a horizontal temperature gradient,
with emphasis on the effects of mixing
motion and temperature oscillations on the
grown crystal. Convection in gases is de-
termined by the Rayleigh number, Prandti
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number, boundary conditions, and the molec-
ular weight and size of the gas. Our cal-
culations indicate that the Rayleigh number
!or gases varies as Rvec T-», where n =

4.6*.4 for an open flow system at constant
pressure, and n = 2.6*.4 for a closed
system. For fixed temperature difference
and geometry, the Rayleigh number in-
creases in the series of gases, He, Hz Na,
Ar, Cl: Br: and |la

Literature on vapor phase crystal growth
is reviewed; and it is found that, based on
calculations, convection is present in some
systems while absent in others. Only small
convective mixing effects occur in resist-
ance-heated vapor growth systems employ-
ing H: or He. However, pronounced tem-
perature oscil:aticns can occur in rf heated
systems with cold walls. Temperature oscil-
lation can occur in closed tube chemical
transport employing halogens even for tem-
perature differences as small as 10°C. New
measurements are reported on horizontal
and vertical flow-through vapor growth sys-
tems for both resistance heating and simu-
lated rf heating using Ar, He, and Ar-He
mixtures. In the resistance heated case the
effects are small, but large convective
effects and regular sinusoidal temperature
oscillations have been observed in simulated
rf heated systems.

220RNP
Operating Conditions for the Use of
Dichlorosilane to Deposit Silicon
Nitride Films

D. J. Delong, A. E. Ozias, and
W. C. Benzing, Union Carbide
Corporation, Sistersville, W. Va.

A developmental study was made of the
use of dichlorosilane to produce silicon
nitride films. This paper summarizes the
operating techniques and optimum condi-
tions for the preparation of high quality
silicon nitride. The major advantages of
dichlorosilane are improved reproducibility
and lower capital investment compared to
silicon tetrachloride, higher operating tem-
peratures, and reduced ooerating costs
compared to the use of silane.

221RNP
Gas Phase Etching of Sapphire:
111, Chlorotrifluoromethane

H. M. Manasevit, North American
Rockwell Electronics Group,
Anaheim, Calif.

The ever increasing interest in the use
of sapphire (a-Al:Os) as a substrate for the
heteroepitaxial growth of various materials
has prompted a reexamination of gas-phase
etching as an effective means for improving
the surface of Al.Os. Based on a previous
investigation, in which several fluorinated
hydrocarbons were found effective as etch-
ants for Al:0s, chlorotrifluoromethane was
selected for further study as an etch-
polishing agent for several Al.Os orienta-
tions. The results of these studies are
presented.

222RNP
Lead Salt Double Heterostructure Laser

K. J. Sleger and G. F. McLane,
Naval Research Laboratory,
Washington, D. C.

A PbS-PbSa-x)Sex-PbS double heterostruc-
ture laser capable of emitting in the 4-8
wavelength range has been considered. In
this wavelength range the PbS:Se alloy sys-
tem should be inherently more attractive for
a double heterostructure laser device than
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would be a IlI-V alloy such as In Asu-xSby.
The results of some preliminary theoretical
studies for the PbS-PbSa-vwSex-PbS structure
are discussed.

223RNP
Annealing of Beta Thin Film Silicon
Carbide

I. Berman, Air Force Cambridge
Research Laboratories, L. G. Hanscom
Field, Bedford, Mass.

The stability of some of the silicon carbide
polytypes has been examined by various
peopie. The phase transitions and habit
change investigations were made by observ-
ing the influence of annealing time and tem-
perature from 1400°C to 2830°C on whiskers
or needles of silicon carbide.

In this experiment thin films of beta sili-
con carbide were subjected to annealing
temperatures from 1400°C to 2000°C. Unlike
needles or whiskers, no transformation to 6H
« was observed. Electron diffraction patterns
of the thin film surface were used to show
the stability of 3C silicon carbide after each
four-hour annealing step.

224RNP
The Use of an lonic Microprobe
Analyzer for SiC Film Studies

J. B. Quoirin, B. Blanchard, and
J. Mercier, C.N.R.S. Laboratoire de
Magnetisme, Grenoble-Gare, France

An ionic microprobe analyzer allows the
qualitative determination of the carbon and
silicon distribution along the depth of thin
SiC films grown either on or from silicon
substrates. The secondary negative ions cur-
rents are measured with a good sensitivity.
However, the resolution in depth is bad due
to the shape of the craters. On the contrary,
the secondary positive ions current (C*) is
weak; but it corresponds to a well defined
depth. at each instant, because the bottom
of the crater is flat. In this case, the current-
sensitivity is increased, sputtering the sam-
ple under oxygen. Noticeable differences con-
cerning the distribution and the stoichiom-
etry are observed with various fabrication
procedures.

225RNP
Efficient Mn(IV) Emission in Fluorine
Coordination

A. G. Paulusz, Osram (GEC) Research
Laboratories, The General Electric
Company Ltd., Hirst Research Centre,
Wembley, England

The efficiency and temperature character-
istics of Mn!+ activated phosphors are dis-
cussed in terms of the chemical bonding at
the manganese center. The excitation and
emission spectra of MnFg-groups in silico-
fluorides are presented and compared with
data for some other new Mn'+ activated
phosphors.

226RNP
Efficiencies of Anti-Stokes Phosphors

S. Nathansohn, General Telephone and
Electronics Laboratories, Bayside, N. Y.

There was a round table discussion of the
efficiencies of anti-Stokes phosphors, for in-
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frared - visible conversion, measured at a
number of cooperating laboratories.

227RNP
A Telefocus lon Gun with Variable Beam
Profile

K. Wittmaack and F. Schulz,
Gesellschaft fur Strahlen- und
Umweltforschung mbH Munchen
Physikalisch-Technische Abteilung,
8042 Neuherberg, Germany

The influence of extraction geometry, ex-
traction potential, and beam current on the
shape of the beam profile has been studied
in a telefocus ion gun of triode type. The
gun consists of hot cathode PIG ion source,
a moveable extraction cup electrode of vari-
able length, and an acceleration tube elec-
trode (up to 50 kV). The beam profile was
monitored far outside the acceleration field
with a thin wire which could be moved per-
pendicular behind a slit mask. Several modi-
fications of the extraction geometry were
investigated by varying the extraction gap,
the shape of the ion source front plate, and
the diameter of the circular aperture in the
extraction electrode. The extraction potential
could be changed through more than one
order of magnitude at a fixed final accelera-
tion potential by slightly varying the length
of the extraction electrode.

Beam formation and focusing at a given
target position was found to be possible in
nearly all cases. Distortion-free beam profiles,
however, could only be obtained by suitably
adjusting the relevant gun parameters. Under
very well-defined conditions, it was possible
to produce ion beams with constant current
density over more than 50% of the total
beam diameter. The ion gun has been used
successfully for large area sputtering and
ion implantation.

228RNP
Fabrication of Micron-Sized Permalloy
Circuit Elements Suitable for Magnetic
“Bubble” Propagation Using Electron
Beam Lithography

R. C. Henderson, W. B. Suiter, and
T. A. Weber, Bell Telephone
Laboratories, Murray Hill, N. J.

The propagation of 2-4 um cylindrical mag-
netic domains (*bubbles”) in garnet platiets
requires correspondingly sized permalloy cir-
cuit elements such as T-bars or chevrons. An
electron beam lithography technique termed
“lift-off” has been used to make these cir-
cuits with permalloy elements 1-1.2 um in
width, separated by 0.7-1 um, and with an
8-10 um periodicity. These structures have
shown successful bubble propagation up to
100 kHz at threshold fields of 30 Oe.

While the desired patterns were, in fact,
successfully made, it became clear during
the work that the lift-off technique, which
has been extensively used in the past, has
a number of drawbacks. Poor adherence of
the resulting metallization was frequently
encountered, as well as remaining pieces
of excess metal.

229RNP

Electron Irradiation of MIS Capacitors—

Annealing and Bias-Temperature Stress
Studies

K. A. Pickar and L. R. Thibault,
Bell Telephone Laboratories,
Murray Hill, N. J.

When fabricating microelectronic circuit
patterns, using electron beam lithography,
damage to MIS systems from incident ener-
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getic electrons can be expected. We exam-
ine here the annealing behavior and bias-
temperature stress stability of the flatband
voltage (Vrs), and surface-state density (Nss)
of irradiated capacitors using quasi-static
high frequency C-V techniques. The results
indicate that,” in all cases, the large in-
creases in Nss seen after irradiation can be
annealed with low temperature (< 450°C)
heat treatments. Bias-temperature stressing
with negative-field-plate bias produces only
negligible differences in surface-state density
between irradiated and unirradiated capaci-
tors. Latent damage is revealed by the Ven
shift in Al.0s-SiO: double-insulator capacitors.
The flatband voltages of single oxide sam-
ples are stable under B-T stress. Samples
made using lift-off techniques (metal evap-
oration on developed e-beam resist patterns)
were comparable in B-T stress behavior with
conventionally fabricated capacitors.

230RNP
Current Voltage Characteristics of
AI-Si0,-Si Structures

M. Av-Ron and M. Shatzkes,
IBM Corporation, East Fishkill
Facility, Hopewell Junction, N. Y.

Experimental results are presented con-
cerning conduction, breakdown, and switch-
ing in Al-SiO=-Si MOS dots. Transitions from
the low conduction state are found to termi-
nate in self-healing breakdowns. There also
exists a higher conduction state in which
destructive breakdowns do not occur.

PEOPLE

Theodore R. Beck, new Society
Vice-President, joined Flow Research,
Inc., Kent, Washington, on May 1, 1972.
Flow Research, founded and incor-
porated in 1970, is expanding experi-
mental and theoretical contract re-
search activities in fluid mechanics and
related interdisciplinary areas. Dr.
Beck will conduct electrochemical and
corrosion research, and consult and
collaborate on a corporate develop-
ment of a high-pressure water-jet rock
cutter. He has a contract with the Air
Force Office of Scientific Research to
study reactions and electrochemical
kinetics of newly generated metal sur-
faces.

Dr. Beck has also been appointed
Affiliate Professor, Department of
Chemical Engineering, University of
Washington, Seattle, where he will con-
duct studies on measurement and in-
terpretation of surface stress of solid
metal electrodes on a grant from NSF.

James M. Booe, director of the
Chemical Laboratories of the Mallory
Capacitor Company, a division of P. R.
Mallory and Company, Inc., has re-
tired from the organization after 42
years of service.

A nationally recognized research sci-
entist, Mr. Booe is a member of sev-
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eral professional societies including
The Electrochemical Society. He is a
fellow in the American Institute of
Chemists and holds the B.S. degree
from Butler University. Mr. Booe holds
more than 30 U.S. patents and more
than 100 foreign patents, mostly in the
field of electrochemistry.

SECTION NEWS

Detroit Section

The Detroit Section held its monthly
meeting on April 13, 1972, at Green-
field's Northland Restaurant. Mr. Stan-
ford R. Ovshinsky, founder and chair-
man of the board of Energy Conver-
sion Devices, Inc., was the speaker.

Mr. Ovshinsky described some of
the properties and demonstrated a few
useful devices that could be made us-
ing amorphous semiconductors. Struc-
tural changes between a disordered
and a more ordered state with the
concomitant large change in many ma-
terial properties are the basis for
amorphous semiconductor operation.
The structural changes can be initiated
by various forms of energy such as an
electrical pulse, light pulse, or light
exposure. Many materials show good
structural reversibility.

Amorphous semiconductor devices
demonstrating high speed switching,
high density information storage, and
high resolution display were demon-
strated.

NEWS ITEMS

Characterization of Corrosion
Products
1973 Symposium

A symposium on the Characteriza-
tion of Corrosion Products is sched-
uled for the 1973 annual meeting of
the National Association of Corrosion
Engineers in Anaheim, California, dur-
ing the week of March 19-23, 1973.
The symposium is sponsored by the
NACE Unit Committee T-3B on Corro-
sion Products.

Papers concerned with all phases of
the collection, handling, and charac-
terization of corrosion products are
solicited. For example, areas of inter-
est include: the techniques for analy-
sis and identification of corrosion prod-

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

ucts; and the contribution of corro-
sion product characterization to the
solution of corrosion problems with
specific metals and alloys. It is an-
ticipated that accepted papers, along
with invited papers, could be the basis
for a proceedings volume.

Offers of papers, with a title and
some indication of the content, should
be submitted prior to June 15, 1972 to
the Symposium Chairman. An abstract
will be required by September 1, 1972,
with the final manuscript due on De-
cember 1, 1972. For further informa-
tion contact the Symposium Chairman:
Dr. W. D. France, Jr., General Motors
Research Laboratories, General Motors
Technical Center, Warren, Mich. 48090.

Electrochemical Machining
Conference

An international conference on elec-
trochemical machining will be held for
two days, Easter 1973, at the Univer-
sity of Leicester, Leicester, England.
The conference will be organized un-
der the joint cooperation of the (UK)
Society for Electrochemistry and the
(UK) ECM Coordinating Committee. A
high standard is expected and topics
will center around new industrial ap-
plications and developments. Con-
tributions from industry will be particu-
larly welcome, although a balance will
be preserved with an appropriate rep-
resentation of theoretical and research
aspects.

The two-day meeting will cost about
£10 ($24.00-$30.00). Those who pro-
pose to present a paper please enclose
title and abstract. All those interested
in taking part should contact Dr. David
G. Lovering, the City University, De-
partment of Chemistry, St. John Street,
London ECIV 4PB, England.

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
April 1972.

Active Members

Casey, H. C., Jr., Murray Hill, N. J.
Cliborn, J. H., Woodland Hills, Ca.
Kienholz, P. J., Pittsburgh, Pa.
Kuwana, T., Columbus, Oh.
Levinson, . R., Chicago, II.

Palz, W., Paris, France

Sato, K., Tokyo, Japan

Stoneham, T. A, Cold Spring, N. Y.
Tsai, K-C., Santa Clara, Ca.

Voss, E., Liederbach, Germany

Student
Choi, C. Y., New York, N. Y.
Huang, J. C-j., Cleveland, Oh.
Morrow, A. J., Cambridge, Ma.
Reinstatement
Patrie, J., Voreppe, France

June 1972

BOOK REVIEWS

“Physics of Electronic Ceramics,” Part
A, edited by L. L. Hench and D. B.
Dove. Published by Marcel Dekker,
Inc.,, New York, N. Y. (1971). 564
pages; $29.50.

“Physics of Electronic Ceramics,
Part A" is the poorly edited and prolix
proceedings of a conference that was
held at the University of Florida in
1969 to assess the current status of
understanding of electronic ceramics
and to discuss applications of these
materials.  Semiconducting  ceramic
compounds, glasses, and amorphous
thin films, as well as ceramic dielectrics
and insulators, are treated in a series of
review articles in this volume. A second
volume (Part B, not reviewed) is to
treat magnetic and electro-optic ap-
plications of ceramic materials.

Many of the articles are thorough
and carefully written summaries that
offer good introductions to various as-
pects of the field. For example, the
papers by Chopra and by Davis on
electrical properties of amorphous
semiconductors, and the works by Ad-
ler and by Patterson on crystalline
ceramics, are well worth reading. The
two-year delay between the con-
ference and the publication of the pro-
ceedings has outdated some of this
material, although several authors have
conscientiously supplied notes in proof
directing the reader to more recent
information.

An unfortunate proportion of the pa-
pers in this volume are irrelevant to
the subject of the conference, tech-
nically inadequate, or are of limited
intelligibility. There is, for example, a
straightforward discussion of various
applications of insulating films to sili-
con integrated circuits, e.g., as diffu-
sion masks, MISFET gates, etc. It is
not at all clear why this paper appears
in a section otherwise devoted to the
structural and electrical characteriza-
tion of amorphous semiconducting
films. In a review of methods of study-
ing surface defects, two authors men-
tion several techniques in passing and
then devote the bulk of their article to
a discussion of the application of
field-ion microscopy to the observation
of surface defects in refractory metals.
It is not clear why this paper appeared
in a book on ceramics. There are also
several papers that are so poorly
structured and so badly written as to
be virtually unintelligible. It is not clear
why these papers appeared.

The editors’ contention that this vol-
ume is suitable for use as a text in a
graduate level course does not bear
scrutiny. The only step that appears to
have been taken in this direction is the
inclusion of somewhat more material
in the introduction sections of many
papers than one would normally expect
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to find in review articles. In addition to
the inclusion of irrelevant and inade-
quate material, the presentation is re-
dundant, incomplete, and of an uneven
level of sophistication. There are, for
example, at least seven different, over-
lapping introductions to the transport
properties of ceramics. Certainly one
comprehensive treatment would have
been preferable for a textbook.

Many of the shortcomings of this
book are traceable to poor editing. This
is surprising in view of the long list of
editors associated with the work. Two
men are directly responsible for this
volume, but it is only one of a series
of monographs (“Ceramics and Glass:
Science and Technology”, M. Dekker,
Inc.) which is nominally supervised by
a series editor and a fourteen-member
editorial board.

Had this book appeared more
promptly at a third its present length
and price, and had it been presented
simply as the proceedings of a review
conference, it might have been a
worthwhile addition to a scientific li-
brary’s holdings. As it is, | would ad-
vise no one to buy this book.

D. A. Kiewit
Hughes Research Laboratories
Malibu, Calif. 90265

“Modern Aspects of Electrochemistry
No. 6,” edited by J. O'M. Bockris
and B. E. Conway. Published by
Plenum Press, New York (1971). 373
pages; $19.50.

This volume is the sixth in the ex-
cellent series on “Modern Aspects of
Electrochemistry”. The emphasis is on
“modern” and the influence of the
senior editor is evident throughout the
series with the unmistakable emphasis,
quite justifiable in this reviewer's
opinion, on electrodics as opposed to
ionics. The contributors represent an
international selection of electrochem-
istry laboratories: Universidad Nacional
de La Plata, Argentina (A. J. Arvia and
S. L. Marchiano); University of Penn-
sylvania (Bockris); State University of
New York at Stony Brook (H. L. Fried-
man); The University of Liverpool (A.
Hickling); Instituto de Quimica Fisica
“Rocasolano”, Madrid, Spain (J.
Llopis); and Union Carbide, Australia
(D. B. Matthews). The book is divided
into five chapters.

In the chapter entitled Computed
Thermodynamic Properties and Dis-
tribution Functions for Simple Models
of lonic Solutions, Friedman reviews
the advances in the theory of the equi-
librium properties of electrolytes which
have occurred subsequent to a similar
review by Falkenhagen and Kelbg in
Volume 2 of this series (1959). Llopis
discusses the experimental determina-
tion of interface potentials in Surface
Potentials at Liquid Interfaces. Arvia
and Marchiano review Transport Phe-
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1973 Palladium Medal Award, ECS

The eleventh Palladium Medal of The Electrochemical Society will be
awarded at the Fall Meeting of the Society to be held in Boston, Massa-
chusetts, October 7-11, 1973. The medal was established in 1951 by the
Corrosion Division.

The recipient shall be distinguished for contributions to the field of
Electrochemical Science and Corrosion. The recipient need not be a
member of the Society, nor shall there be any restrictions or reservations
regarding age, sex, race, citizenship, or place of origin or residence.

The award consists of a Palladium medal and a nickel replica thereof,
both bearing the recipient’s name, and the sum of one thousand five
hundred dollars.

The recipient shall receive the award in person at the designated meet-
ing of the Society and shall at that meeting deliver a general address to
the Society on a subject related to the contributions for which the award
is being presented. Expenses involved in the acceptance of the award
shall be assumed by the recipient.

In addition to the above, with regard to the selection, the rules have
the following provisos:

1. The selection of the recipient is the responsibility of the Palladium
Medal Award Subcommittee of the Honors and Awards Committee con-
sisting of six members of the Society who shall be knowledgeable in the
field of the award and, ex officio, the Chairman of the Honors and Awards
Committee. After due deliberations the Subcommittee shall determine
whether the list of nominees includes any suitably qualified candidates
for the award and, from those so qualified, shall select one candidate to
be recommended to the Honors and Awards Committee as the award
recipient. The Honors and Awards Committee will then make its recom-
mendation to the Board of Directors. On approval of the recommendation
for the granting of the award by the Board of Directors, the President of
the Society shall inform the intended recipient of the action and shall
determine whether the requirements governing acceptance of the award
will be met. If there is agreement by the intended recipient with the re-
quirements governing acceptance, the recipient of the award shall be
announced in the Journal.

2. Nominations for the award shall be solicited by the Chairman of the
Award Subcommittee by announcement in the Journal of The Electro-
chemical Society and communications to the Officers, and Division and
Local Section Chairmen of the Society. Nominations shall be considered
closed at the beginning of the Fall Meeting of the Society (Miami Beach,
Florida, 1972) but nominations once made, shall be considered in effect
for two consecutive award periods.

3. All nominations, whether made by a member of the Subcommittee or
by any other member of the Society, must be accompanied by a full
record of qualifications of the nominee for the award.

4, The nominator must assume the responsibility of providing the Chair-
man with six copies of the supporting documents. If the nominator does
not have facilities to readily provide the Chairman with the six copies,
the material shall be supplied to the National Office of the Society, which
shall then prepare the necessary six copies for the Chairman. These
copies must be in the hands of the Chairman no later than October 6,
1972.

Previous medalists have been:

Carl Wagner—1951
Nathaniel H. Furman—1953
Ulick R. Evans—1955

Karl F. Bonhoeffer—1957 Thomas P. Hoar—1969
Aleksandr N. Frumkin—1959 Leo Brewer—1971

Please address all nominations to the Chairman of the Palladium Medal
Award Subcommittee, Dr. Manfred Breiter, General Electric R & D Center,
P.O. Box 8, Schenectady, New York 12301.

Herbert H. Uhlig—1961
Norman Hackerman—1965
Paul Delahay—1967

nomena in Electrochemical Kinetics

area which has been domi-
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Perhaps the most interesting section
of this volume is chapter 4, The Mech-

nated by the Russians) in chapter 3.
[The classic text in the field is Lev-
ich's ‘Physicochemical Hydrodynamics”
(1962)]. Their chapter serves as an
excellent introduction to the hydrody-
namical behavior near a variety of
electrodes and discusses quite lucidly
the possible applications to kinetic
studies.

anism of Charge Transfer from Metal
Electrodes to lons in Solution, by
Matthews and Bockris. As they point
out, “no process demands a more ex-
clusively quantal discussion than does
electron transfer.” Three quantum ap-
proaches to charge transfer have been
developed, which originate with Gur-
ney, Libby, Topley, and Eyring (ab-
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v Lo
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(Book Reviews Cont.)

solute rate theory). Matthews and
Bockris present, with considerable in-
sight, the similarities and differences in
the treatments, review the most recent
work, and indicate the fruitful direc-
tions for further study. Future results
should be of particular interest to semi-
conductor electrochemistry and hetero-
geneous catalysis. This appears to be
a subject ripe for considerable expan-
sion; and we may expect, and hope, to
soon see entire volumes devoted to
the quantum theory aspects of charge
transfer processes. The book con-
cludes with a chapter entitled Electro-
chemical Processes in Glow Dis-
charges at the Gas—Solution Inter-
face, by Hickling.

In all, this volume would be a valu-
able addition to the library of any seri-
ous electrochemist and should be of
interest to many in related fields.

Ronald L. Meek
Bell Laboratories
Murray Hill, N. J. 07974
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“Separation Processes,” by C. Judson
King. Published by McGraw-Hill
Book Co., New York, N. Y. (1971).
809 & xviii pages; $19.50.

One of the less welcome by-products
of the intrusion of engineering science
into chemical engineering curricula
has been the falling out of favor of
macrosystem or process-oriented ap-
proaches in chemical engineering
courses. Analysis, both engineering
and mathematical, is but a tool for the
engineer, an elegant and indispensable
tool, but a tool nevertheless, to enable
him to synthesize individual operations
and functional units into a total proc-
ess which produces something useful.
Happily, Dr. King's book is one more
signal of the return of perspective to
the teaching of engineering. That is,
chapters are devoted to the discussion
of topics such as factors influencing
product purities, capacity and effi-
ciency of contacting devices, and en-
ergy requirements of separation proc-
esses, as well as the more traditional
ones of multistage separation and vari-
ous computation methods.

Although the author states that the
book is intended to complement one

on transport phenomena, the treatment
is quantitative where appropriate.
There are a sufficient number of
worked-out examples in the text, and
problems for student exercises are
available at the end of each chapter.
Although aimost ali topics are treated
quantitatively, there is an extensive de-
scriptive treatment of topics such as
mass or energy separating agents,
“Patterns of Change and Computa-
tional Approaches” (a discussion of
phase flows, concentration, and tem-
perature profiles in processing equip-
ment and general conceptual ap-
proaches to their mathematical calcu-
lation), “Selection of Separation Proc-
esses”, and so on.

Principles of the hydrodynamic and
mechanical design and evaluation of
contacting equipment are treated in a
chapter entitled Capacity and Effi-
ciency of Contacting Devices. Dy-
namics, control schemes, and optimal
operation and design are also dis-
cussed although mostly qualitatively.
There are a large number of photo-
graphs of process plants, equipment,
and constructional details of equip-
ment throughout the book; there are
also graphs, diagrams, a number of
tables, and good bibliographies (after
each chapter).
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Call for Recent News Papers
Miami Beach, Florida Meeting
October 8-13, 1972

Triplicate copies of a 75-word ab-
stract of Recent News Papers must
be received by the Symposium
Chairman (as indicated below) not
later than September 1, 1972, to be
considered for inclusion in the Re-
cent News Papers Session.

Electronics Division

Semiconductor
General Session

Recent News Papers for the Semi-
conductor General Session are in-
vited in the following areas:

1. Elemental, Compound, and Al-
loy Semiconductors

2. Device Technology

3. Thin Film Technology; Metals
and Dielectrics

4, Passivation and
Technology

5. Radiation Effects

6. Reliability Physics

The abstracts should be sent for
receipt before September 1, 1972, to
the Recent News Papers Session
Chairman: Elliott Philofsky, Motorola
Inc., Semiconductor Products Divi-
sion, 5005 E. McDowell Road,
Phoenix, Arizona 85008.

Packaging

(Book Reviews Cont.)

To point out some minor deficiencies
of the book, this reviewer finds some
chapter and topical headings less than
descriptive of the material contained
therein. For example, the chapter,
Group Methods, deals with the simul-
taneous solution of multistage conser-
vation equations in contrast to the
stage-to-stage computation; the chap-
ter entitled Additional Factors Influenc-
ing Product Purities includes the dis-
cussion of Rayleigh distillation, the def-
inition of single phase and interphase
mass transfer coefficients, and the
breakthrough analysis of fixed-bed
processes. The symbol (/a)n is used to
denote the recovery fraction for com-
ponent A in the distillate, a usage in
variance with the convention of using
Latin or Greek letters, especially let-
ters descriptive of the concept or term
in question. The book is, perhaps, too
long and some topics are too frag-
mented for easy reference. All these
considerations, however, are secondary
to the clear writing and the sound and
lucid exposition of separation proc-
esses to be found in the book.

“Separation Processes” is suitable
as an advanced textbook or as a
fundamental and comprehensive treat-
ment of the principles and processes
of separation of mixtures.

Arvo Lannus
The Cooper Union
New York, N. Y. 10003

POSITION AVAILABLE

POSITIONS WANTED

Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., P. 0. Box 2071, Prince-
ton, N. J. 08540.

Electr ists/Physi Appli-
cations are invited for post-doctoral appoint-
ments in_the area of electrode kinetics/cor-
rosion. Candidates should possess both
training and experience in electrode kinetics
with special emphasis on modern experi-
mental techniques and applications to cor-
rosion and other metal surface reactions.

Salary, depending upon qualifications and
experience, starts at $10,000/year. Contact:
Professor Norbert D. Greene, Institute of
Materials Science U-136, University of Con-
necticut, Storrs, Conn. 06268.

Positions Wanted

Society members of any class may, at
no cost and for the purposes of pro-
fessional employment, place not more
than three identical insertions per
calendar year, not to exceed 8 lines
each. Count 43 characters per line,
including box number, which the So-
ciety will assign.

Certificates, Pins, and Keys
Now Available

The Society announces the

availability of the following

items:

Membership Certificates $ 5.00
Gold Membership Pin $ 7.50
Gold Membership Key $15.00

Those interested should send
their order accompanied by
check to The Electrochemical
Society, Inc., P.O. Box 2071,
Princeton, N. J. 08540
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Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., P. O. Box 2071, Prince-
ton, N. J. 08540.

Staff Technologist—Ph.D. Inorganic chem-
ist with industrial experience in electrochem-
istry, electrodeposition, metal reduction,
alloy formation, coatings, and refractory ma-
terials synthesis. Highly competent in tech-
nical communications, both written and oral.
Seeking industrial R&D position. Some liai-
son with production, marketing, and man-
agement desired. Reply Box C-98.

Materials Engineer—B.Sc. Experience in
design and development of electrochemical
equipment and instrumentation used in syn-
thesis and evaluation of novel electronic
materials such as phosphors, liquid crystals,
and other electro-optic materials. Performed
growth of single crystals. Familiar with high
temperature and vacuum technology of re-
fractory metals and ceramics. Interested in
R&D or production. Reply Box C-99.

Inorganic Chemist—M.S. Research in lead-
acid battery production has lead to improved
understanding of plate composition and bat-
tery life. Also background in areas of electro-
analysis and instrumentation. Productive,
enterprising, and communicative. Seek re-
sponsible position in Engineering or R&D
related to inorganic and electrochemistry.
No agencies. Reply Box C-100.

Electrochemist—B.S. and M.A. Chemistry.
Twelve years electrochemical experience.
Research on battery technology and plating
processes. Process control continuous plat-
ing line. Two years adjunct college instruc-
tor. Seeking challenging and rewarding po-
sition with industrial firm or educational
institution. Reply Box C-101.

Solid-State Chemist—Ph.D. 1971, M.S. 1952.
19 yrs. exp. all aspects solid-state; R&D,
pilot plant, & prod. background; inorganic,
analytical & phys. chem. Synthesis of ma-
terials & phosphors my specialty. 36 new
products and processes developed for light-
ing industry. 41 patents issued, 38 papers.
Supervisory, management exp. Economic
evaluation from conception to plant con-
struction. Reply Box C-102.

Electrochemist—Ph.D. 1944, Seeks chal-
lenging industrial research or development
position or academic position. R&D back-
ground includes electrode kinetics, batteries,
electrodeposition, corrosion, and stress cor-
rosion. 47 publications, administrative ex-
perience. Location open. Reply Box C-103.

Physical Chemist—Ph.D. 1961. 9 years ex-
perience in industrial R&D. Surface chem-
istry, electrochemistry, corrosion, electro-
plating. Instrument development and appli-
cations for process control. Publications and
patents. Some teaching experience. Seeks
industrial or academic opportunity. Will re-
locate. Reply Box C-104.

Materials  Science/Corrosion—Ph.D., '57
(inorg. chem.). Extensive experience in in-
dustrial research, govt. science administra-
tion, and university teaching (met. engr.).
Desires position in xtal growth, ceramics,
corrosion, or related areas involving ad-
ministrative responsibilities. Honors incl.
Fellow, Washington Acad. Sci.; Amer. Inst.
Chemists; and Research Award, NACE. Reply
Box C-105.
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To the Board of Directors of The Electrochemical Society, Inc.:

Full Name

(please print)

residing at
(please print)
and at present associated with

as

hereby makes application for admission to The Electrochemical Society, Inc., as a member,
and encloses check in amount of § ................. covering first year's dues.  (See reverse side for proper class of membership
and dues applying thereto.)

1. Date, and Place of Birth: 2. Citizen or Subject of: ......cccccociccninesaiainnsens
3. Education: Institution Dates Attended Major Subject Degree Earned
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application form; if not convenient, please list their names and addresses.
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EXTRACTS FROM THE CONSTITUTION AND BYLAWS

CONSTITUTION - Article II
Membership

Section 1. The individual membership shall consist of
Active, Honorary, and Emecritus Members. The Board of
Directors may from time to time authorize other classifi-
cations of membership as defined in the By-laws of the
Society.

(Active Member — Annual Dues $25.00)

Section 2. An active Member shall: be interested in
electrochemistry or allied subjects; possess a Bachelor's
degree, or its equivalent; and have three or more years of
post-graduate experience in the natural sciences. The
degree of Master of Science (or of Engineering) shall be
equivalent to one year of experience, and the Doctor’s
degree in Science (or in Engineering) shall be equivalent to
three years of experience. In lieu of a scholastic degree, ten
years of responsible professional experience in electro-
chemistry or allied subjects shall be required. One year of
college work in natural science shall be deemed the equiva-
lent of one year of experience. Election to Active Member-
ship shall require the recommendation of two Active Members
in good standing.

BYLAWS — Article Il
Non-Voting Memberships
(Student Member — Annual Dues $3.00)

Section 1. Student Member. A Student Member shall be a
full-time undergraduate or graduate student registered for
a degree in natural science or engineering. The applicant
for Student Membership shall be recommended by two Active
Members of the Society in good standing, and by a member
of the senior staff of the college of his attendance. The
Student Member shall submit suitable evidence of gradua-
tion to the Fxecutive Secretary’s office upon request. Upon
graduation from college, unless he enters graduate school,
the Student Member shall automatically become an Associate
Member at the beginning of the next calendar year. He shall
remain an Associate Member for three years and then auto-
matically become an Active Member. If he enters graduate
school as a full-time student he shall remain a Student
Member as long as he remains in school. When he dis-
continues graduate studies, if he has completed three
years of full-time graduate study he shall automatically
become an Active Member at the beginning of the next
calendar year. If he has completed less than three years of
graduate study, he shall automatically become an Associate
Member at the beginning of the next calendar year; then an
Active Member after the equivalent of three years as Asso-
ciate Member. each year of graduate study as a Student
Member being credited as a substitute for one year as an
Associate Member.

(Associate Member — Annual Dues $18.00)

Section 2. Associate Member. An Associate Member shall
have received an Engineering or Bachelor’s degree with a
major in natural science, but not yet have completed the
requirement of three years of experience for Active Member-
ship. In lieu of a scholastic degree, seven years of re-
sponsible professional experience in electrochemistry or
allied subjects shall be required. An Associate Member
shall automatically become an Active Member at the be-
ginning of the next calendar year after he shall have acquired
three years of professional experience in electrochemistry,
or allied subjects. The applicant for Associate Membership
shall be recommended by two Active Members of the So-
ciety in good standing.

BYLAWS — Article XX
Dues

Section 1. The annual dues for Active Members shall be
twenty-five dollars. The annual dues for Student Members
shall be three dollars, and for Associate Members, eighteen
dollars. Each member shall receive the JOURNAL OF THE
ELECTROCHEMICAL SOCIETY.

Section 2. When individuals are elected to membership,
they must elect to initiate their membership as of January 1
or July 1 of the year of election; or, if elected 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 indicated in the following table in
accordance with his or her age at the time of payment shall
be exempt from the payment of any further dues and shall
be considered an Active Member during the remainder of his
or her life.

Age Amount
Through Age 35 8400
36-40 350
41-45 300
46-50 250
51-55 200
56-60 150
Above 60 100

Section 5. Emeritus Members shall be exempt from the
payment of annual dues and shall have all the rights and
privileges of an Active Member.

CONSTITUTION — Article HI
Admission and Dismissal of Members
Section 2. Application for individual membership shall be
in writing on a form adopted by the Board of Directors.

Section 3. The Admissions Committee shall be a rotating
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 re-
place the outgoing member. This Committee shall receive
from the Secretary all properly executed and properly rec-
ommended applications for admission which he has received
from persons desirous of becoming members of the Society.
It shall be the duty of this Committee, after examining the
credentials 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 candidate’s name
may be submitted to the Board of Directors 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 application 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 member-
ship. The names of those elected shall be announced to the
Society. Duly elected candidates shall have all the rights
and ptivilegea of membcrship as soon as their entrance fee,
if any, and dues for the current year have been paid.

Section 4. A member desiring to resign shall send a
written resignation to the Office of the Society.

Section 5. Upon the written request of ten or more Active
Members that, for cause stated therein, a member be dis-
missed, 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 9. 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 status and can be reinstated only by
action of the Board of Directors.



NEW SYMPOSIA VOLUMES

ELECTROCHEMICAL CONTRIBUTIONS
TO ENVIRONMENTAL PROTECTION

The New Technology Committee with the Electrothermics and Metallurgy, Industrial
Electrolytic, and Physical Electrochemistry Divisions of The Electrochemical Society,
sponsored a symposium on Electrochemical Contributions to Environmental Protection
during the Houston, Texas Meeting of the Society, May 7-11, 1972.

With emphasis on a timely and relevant new technology area, and electrochemical
and solid-state processes and devices for solving pollution problems, papers on the
following subjects were presented: Electrochemical Devices and Techniques for Pollu-
tion Monitoring; Solid-State and Optical Pollution Monitoring Devices; Electrochemi-
cal Processes for Pollution Control; Industrial Requirements for Effective Pollution
Control.

The edited papers will be published in a soft bound volume in 1972. To obtain your copy,
use the appropriate order form on the next page; please include payment.

FIFTH INTERNATIONAL CONFERENCE
ON ELECTRON AND ION BEAM SCIENCE AND TECHNOLOGY

The Electrothermics and Metallurgy Division of The Electrochemical Society spon-
sored the 5th International Conference on Electron and lon Beam Science and Tech-
nology at the Houston, Texas Meeting of the Society, May 7-11, 1972.

The following topics were among those covered at the symposium: Physics of Electron
and lon Beams—advances in theory and interaction with materials, particularly in
terms of mechanism; Advanced Electron and lon Beam Processing Systems; Electron
Beam Welding, Machining, and Cutting; Electron Beam Smelting, Refining, and Evap-
oration; Application of Electron Beams in Polymerization and Information Storage
and Retrieval; lon Implantation Sources and their Application in Solid-State Devices
as well as Utilization of Electron and lon Beams in Manufacturing, Monitoring and
Failure Analysis of Integrated Circuitry.

The edited papers will be published in a soft bound volume in 1972. To obtain your
copy, use the appropriate order form on the next page; please include payment.
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