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FUTURE MEETINGS

CINCINNATI, OHIO—MAY 6-11, 1984—HEADQUARTERS AT STOUFFERS CINCINNATI TOWERS

The detailed Call for Papers published in the July-November 1983 issues of This Journal. Final program published in the
March 1984 issue of This Journal.

Planned symposia for the Cincinnati Meeting include the following Divisions, Groups, Subcommittees, and subjects:
Corrosion—General Session; Corrosion/High Temperature Materials/Energy Technology—Fundamental Aspects of High
Temperature Corrosion; Dielectrics and Insulation/Electrodeposition/Electronics—Electrophoretic Deposition; Dielectrics
and Insulation/Electronics—Thin Films of Tunneling Dimensions; Electronics/Dielectrics and Insulation—Second Interna-
tional Symposium on VLSI Science and Technology: Materials for High Speed/High Density Applications, Joint General Ses-
sion, Joint Recent News Papers Session; Energy Technology—General Session; High Temperature Materials/Dielectrics and
Insulation/Electronics—Ninth International Conference on Chemical Vapor Deposition; Industrial Electrolytic—Advances in
the Chlor-Alkali and Chlorate Industry, General Session; Industrial Electrolytic/Energy Technology—Electrochemistry in Min-
eral and Metal Processing; Luminescence and Display Materials—General Session; Organic and Biological
Electrochemistry—Biomass Electrochemistry, Electro-Organic Synthesis, Redox Mechanisms and Interfacial Properties of
Molecules of Biological Importance. Il, General Session; Physical Electrochemistry—Ultramicroelectrodes, General Session;
Physical Electrochemistry/Battery/Industrial Electrolytic—Separators and Membranes; Physical Electrochem-
istry/Corrosion/Battery/Energy Technology/High Temperature Materials—/n Situ Nonelectrochemical Techniques for the
Study of Electrode Reactions; New Technology/Electrodeposition/Industrial Electrolytic—Advances in Pollution Monitoring,
Pollution Control, and Metal Abatement in Waste Streams; Lumi ence and Display Materials—Luminescence in Biological
and Biomedical Applications, Phosphor Screening.

NEW ORLEANS, LOUISIANA—OCTOBER 7-12, 1984—HEADQUARTERS AT SHERATON HOTEL

The detailed Call for Papers published in the December 1983-May 1984 issues of This Journal. Final program published in the
August 1984 issue of This Journal.

Planned symposia for the New Orleans Meeting include the following Divisions, Groups, Subcommittee, and subjects:
Battery—High Temperature Fuel Cells, New Developments in Lead-Acid Batteries, Manganese Dioxide Electrode, General Ses-
sion; Battery/Physical Electrochemistry—Solid Electrolyte Materials and Films: Fundamentals and Applications, Lithium
Batteries and Nonaqueous Electrolytes; Battery/High Temperature Materials—High Temperature Batteries and Materials;
Corrosion—Transient Techniques in Corrosion Research, Computerized Collection and Analysis of Corrosion Data, Localized
Corrosion, General Session; Corrosion/New Technology—Corrosion of Nuclear Waste Containers; Dielectrics and
Insulation/Electronics—Plasma Processing, Multilevel Metal and Insulator Technology for Devices and Packaging, Glass Appli-
cations in Electronics; Dielectrics and Insulation/Corrosion/Electronics/Energy Technology/High Temperature
Materials—Materials and New Processing Technologies for Photovoltaics; Electrodeposition—Alloy Deposition, Electrochem-
ical Coatings for Solar Cells, Analytical Techniques for lnvesngatlng Electrodeposition Procedures, Surfaces, and Resulting
Materials; Electrodeposition/New Technology Sub ittee—Electroless (Autocatalytic) Deposition of Metals;
Electronics—III-V Semiconductors for High Speed Applications; Electronics/Dielectrics and Insulation—Process and Device
Modeling, Defect/Contamination Control for VLSI, Measurement and Control of Micrometer and Smaller Dimension Structures,
Joint General Session, Joint Recent Newspapers; Energy Technology—General Session; Energy Technology/Cor-
rosion/Dielectrics and Insul —Reliability and Failure Analysis of Energy Conversion and Storage Devices; Energy
Technology/Organic and Biological—Electrochemical Aspects of Biological Energy Conversion Processes; High Tempera-
ture Materials/Physical Electrochemistry—Electronics and lonic Grain Boundary Transport; High Temperature
Materials/Dielectrics and Insulation/Electronics—Electromigration of Metals; Industrial Electrolytic—Inorganic Synthesis
Other than Chlor-Alkali, General Session; Luminescence and Display Materials—Electroluminescent Materials and Devices
for Display Applications; Physical Electrochemistry—Polymeric and Modified Electrodes, Physical Chemistry of Electrolyte
Solutions Especially Concentrated Electrolytes, General Session; New Technology Subcommittee/Corrosion—Materials Con-
siderations in Prosthetics and Other Implantable Devices; New Technology Subcommittee/Battery/Energy
Technology/Industrial Electrolytic—High Rate High Power Electrochemical Systems.

TORONTO, ONTARIO, CANADA—MAY 12-17, 1985—HEADQUARTERS AT THE ROYAL HOTEL YORK

The detailed Call for Papers published in the July-November 1984 issues of This Journal. Final program published in the
March 1985 issue of This Journal.

Planned symposia for the Toronto Meeting include the following Divisions, Groups, Subcommittees, and subjects:
Corrosion—General Session; Dielectrics and Insulation/Electronics—Adhesion, Electronic Processes and Defects in Insula-
tors; Dielectrics and Insulation/Corrosion—Anodic Oxidation; Dielectrics and Insulation/Battery/New Technology
Subcommittee—Conducting Organic Polymers; Electronics—On-Line Sensors for Process Monitoring, Advances in
Packaging for VLSI; Electronics/Dielectrics and Insulation—Third International Symposium on VLSI Science and Technol-
ogy: Processing, Joint General Session, Joint Recent News Papers Session; Electronics/New Technology
Subcommittee—Robotics for Use in Manufacture of Electronic Devices; Energy Technology—Hydrogen Production Storage
and Utilization, General Session; Energy Technology/Battery—Requirements of Components and Systems for Energy Con-
version and Storage Applications; High Temperature Materials—Metal Halide Lamp Science and Technology, Ceramics and
Turbines; High Temperature Materials/Corrosion/Dielectrics and Insulation—Protective Coatings; High Temperature
Materials/Industrial Electrolytic/Energy Technology—Electrolytic Preduction of Hydrogen; Industrial Elec-
trolytic—Industrial Electrolytic Processes with Fused Salts, Electrochemica! Zngineering, Advances in Electrodes; Lumines-
cence and Display Materials—Luminescence in Amorphous Materiais, General Session, Recent News Papers Session; Phys-
ical Electrochemistry—Electrochemical Techniques for Thermadynamics and Kinetic Measurement, Includes Irreversible
Thermodynamics, Physiochemical Hydrodynamics, Generai Sessiori; Physical Electrochemistry/Battery—Electrocatalytic
Systems, Methods of Characterization of Battery Electrodes; Physical Electrochemistry/Energy Technol-
ogy—Photoelectrochemical Systems; Phwsical Electrochemistry/Organic and Biological Electrochemistry—Elec-
troanalytical and Spectroelectrochemical Research; Nev; Techroiogy Subcommittee--Application of Information Theory to
Electrochemical Experimentation.




EDITORIAL

DISCUSSION COMMENTS

When the Transactions of The Electrochemical Society was transformed
into the Journal of The Electrochemical Society in 1950, one bit of the former
was carried over, the Discussion Section. As a transaction of a meeting, the
discussion was a large and important part of the publication. True enough, it
was not a verbatim record of the discussion at the time of the presentation of
the paper. It was, in fact, an edited and spruced up version much as that in the
Congressional Record. Also, because many listeners thought of what to say
only after leaving the meeting, there was opportunity for contributions written
at home at leisure—but of course within a specified time limit.

It was the latter aspect which carried over to The Journal. It has been possi-
ble to provide written comment on any paper published in The Journal by
submitting short written pieces by a specified date. Material so provided was
collected and published in the June and December issues. Prior to publication,
authors of the paper being discussed had opportunity to read the comments
and respond in print if they wished.

There has been a continuous stream of these contributions over the years.
Most have been critical of method, deduction, or originality. The procedure of
collecting and holding them, sometimes until a year had elapsed, reduced
their topical nature. Over the years the section seems to have become less than
vital and certainly has lost the flavor of the discussions in the Transactions.

Considering the desirability of maintaining some means of providing a fo-
rum, it has been decided to have a section in each issue of The Journal labeled
“Comments’’. In this section, we intend to provide readers a means via short
pieces, i.e., a column or less, to applaud or dispute or scoff at the papers pub-
lished in The Journal. Space will be provided for one response to each by the
author(s). More general, but Journal-pertinent, comments may also be ac-
cepted for that space.

The portion of each issue to be used will be limited so it is important to be
concise, i.e., make the point and stop. Elaboration interferes with the thought
processes so brevity with clarity will be appreciated and applauded. Please no
polemics, no feuds, no outcry atlong held-in anger at the stupidity of others, or
the like.

The editorial group hopes this innovation will prove useful and needed and
provide a stimulating diversion from our sometimes stilted, formal but most
effective, style of writing papers on new forays into our ignorance about nature
and its ways.

Norman Hackerman
Editor
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Thermal Energy Generation of LiAl/FeS Cells

D. M. Chen and H. F. Gibbard*
Gould Incorporated, Gould Research Center, Rolling Meadows, Illinois 60008

ABSTRACT

Two independent methods were employed to determine the rate of thermal energy generation in 200 A-hr lithium-
aluminum/iron sulfide cells. The first is an indirect method using thermodynamic calculations based on precise measure-
ments of the cell potential as a function of temperature and state of charge, combined with measurements of the
overpotential during discharge. The second is the direct measurement of the cell heat generation using a new high tempera-
ture battery calorimeter. The results obtained by these two methods are in excellent agreement. The rate of heat generation
is 40-50W per cell during the last 30% of discharge at 100A. Under certain conditions the cell reaction, initially exothermic,
becomes endothermic and then exothermic again during discharge. This unusual behavior is caused by the formation of
intermediate J-phase (LiK¢Fe,,S;,C1) and X-phase (Li,FeS,) compounds during the course of discharge.

High temperature lithium-aluminum/iron sulfide
batteries are under development for vehicle propul-
sion, off-peak energy storage, and satellite power ap-
plications. Thermal management is an important
aspect of design of these batteries because of their
high specific energy of more than 100 W-hr/kg and
operating temperature of 400°-500°C. From the view-
point of thermal management, the most important
property of a battery is the variation of tempera-
ture with position and time, which is caused primarily
by the generation of thermal energy within the cells.

The objective of the present work was to determine
the rate of thermal energy generation in LiAl/FeS
cells as a function of current and depth of discharge.
The ultimate goal of this research is to establish a
thermal model to predict the temperature at all points
within a battery, given the current and terminal volt-
age of each cell and known initial and boundary con-
ditions. Values of the rate of thermal energy genera-
tion are essential to this thermal modeling.

Two independent methods were used to find the rate
of thermal energy generation q. The first, indirect,
method was to measure the cell potential E as a func-
tion of temperature, and the total overpotential v, and
to compute g using the thermodynamic equation (1)

q =I[—T(3E/3T) p,¢ + n] [1]

where I is current, taken as positive for discharge; P
is pressure; and t represents the progress of the cell
reaction. Several studies of the temperature coefficient
of the cell potential have been published (2-4).
However, none of these covers the desired range of
temperature and state of charge with sufficient pre-
cision for our purpose.

The use of Eq. [1] for calculating the rate of ther-
mal energy generation is valid only if the cell is ther-
modynamically reversible, as defined by Gibbs (5).
This has not been shown previously for LiAl/FeS
cells. Thus, we have also directly measured the heat
flow from isothermal cycling cells, using a high tem-
perature calorimeter (6) specially designed for this
purpose. Equation [1] is strictly applicable only for
isothermal operation. This condition is closely met for
all of the calorimetric results reported here. Thermal

¢ Electrochemical Society Active Member.
Key words: cell, emf, electrolyte, thermodynamics.

1975

modeling and experimental measurements of internal
cell temperature have shown maximum internal tem-
perature differences of less than 1°C for cells operated
at the currents used in our calorimetric work, i.e.,
40A or less.

Experimental

200 A-hr lithium-aluminum/iron sulfide cells.—The
cells used in the present study were five-plate, pris-
matic cells. They contained three lithium-aluminum
alloy negative electrodes, two iron sulfide positive
electrodes, boron nitride nonwoven separators, and
molten LiCl-KCI-LiF (62.7, 28.2, 9.1 mol percent, re-
spectively; melting point, 397°C) electrolyte. Figure 1
shows details of the cell construction. The cells
weighed approximately 2.5 kg and had exterior dimen-
sions of 21 x 13.3 x 3.2 cm; their theoretical capacity
based on FeS content was 200 A-hr. The amounts of
the electrode materials and electrolyte in the cells are
given in Table 1.

Apparatus.—A  cylindrical constant-temperature
furnace was built to house the LiAl/FeS cell under
test. The furnace core was a 304 stainless steel can
(height, 46 cm; diameter, 20 cm) surrounded by

POSITIVE FEED THROUGH

ELECTRODES

NEGATIVE —-
DISTRIBUTOR

Fig. 1.

Five-plate cell construction.
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Table I. Masses of components of a 200 A-hr LiAl/FeS cell

Component Weight, g
Positive electrode
FeS 185.35
LisS 96.74
Fe 129.94
Mo 15.46
C 6.88
LiCl/KCI (eutectic) 134.03
Total positive material 568.40
Negative electrode
LiAl (18 w/o Li) 237.20
Al 124.80
LiCI/KCl (eutectic) 40.86
Total negative material 402.86
Electrolyte
LiCl/KCI/LiF 536.90

(62.7, 28.2, 9.1 mol percent)

three electrical mica band heaters (Tempco Electric
Heater Corporation, Schiller Park, Illinois). This
inner container was centered in a cylindrical vessel
(height, 112 cm; diameter, 56 cm) filled with thermal
insulation material (Fiberfrax Blankets and Fiberfrax
Hot Boards, products of Carborundum Company,
Niagara Falls, New York). In steady-state operation,
this furnace without cell connections, lost to the sur-
roundings the following heats: 195, 182, and 160W at
temperatures of 490°, 470°, and 440°C, respectively.

Figure 2 shows schematically the apparatus for the
measurement of cell potential. An LiAl/FeS cell was
clamped by two constraint plates to eliminate possible
shape change of the electrodes and was placed into the
furnace. Power cables connected the cell terminals to
the battery charge-discharge cycler (Model CDC-
50-10, Propel Incorporated, South Plainfield, New
Jersey). Two smaller gauge wires were also connected
to the cell terminals for potential measurements.
Argon gas was passed at a low rate into the furnace to
protect the cell terminals from oxidation. The supply
of constant power to the heaters through a variable
transformer gave a highly stable steady-state tem-
perature, and this method of temperature control was
used during measurements of cell potential.

The cell temperature was measured using a cali-
brated type K thermocouple located at the center of
the surface of one of the constraint plates. The cell
potential was measured using a Guildline seven-and-
one-half-digit multimeter. The precision of the mea-
surements of temperature and cell potential was 0.1°C
and 0.01 mV. The criterion of equilibrium was taken
as constancy of the cell potential to within 0.01 mV
for 1 hr. The time required for attainment of equi-
librium after a change of temperature or state of
charge was typically 14-18 hr but occasionally reached
several days. Changes in state of charge were always
carried out at 475°C by 50A constant current charge
or discharge. The cell was assumed to be fullv charged
when its terminal voltage reached 1.55V during

5% DIGIT

[ MULTIMETER BATYERY
CHARGE—
DISCHARGE
CYCLER

K-TYPE ARGON
CONSTANT

TANK
TEMPERATURE | I
COUPLE ALE

THERMO-
FU

3
[*= PoinT

7% DIGIT
TEMPERATURE
CONYROLLER

MULTIMETER
LiAl/Fes L ot
CELL

s

st
L RECORDER Omm{ VARIAC

CELL
VOLTAGE

AC.
POWER

f

Fig. 2. Block diagram of apparatus used for cell potential mea-
surement.
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charge and completely discharged on reaching 1.00V
during discharge. The relatively high current used to
change the state of charge has little effect on cell
capacity: for discharge at 50A the capacity was 188
A-hr; for 20A discharge it was 194 A-hr; and the
theoretical capacity based on the sulfur content of the
positive electrode was 200 A-hr. This relatively high
current may, however, introduce some uncertainty as
to the phases present in the FeS electrode, since no
analysis of the electrode was performed. At each
depth of discharge, the cell potential was measured
from higher temperature to lower temperature and
back again.

A high temperature battery calorimeter (Hart Sci-
entific, Provo, Utah) was designed and constructed
for measurement of the rate of thermal energy gen-
eration of LiAl/FeS cells, The calorimeter was de-
signed with a temperature range of 400°-500°C, a
sensitivity of 1 mW, and an upper limit of heat flow
of 50W. The details of its construction and principles
of operation are presented in Ref. (6).

During early testing of the calorimeter, it was noted
that some of the nickel-foil heaters and their power
leads oxidized and failed in 15 days of operation. Ac-
cordingly, the temperature range of the calorimeter
was limited to 410°-435°C. Within these limits the
calorimeter functioned as designed. Design changes to
remedy its flaws are also presented in Ref. (6).

Results and Discussion

Table II gives the values of the cell potential at
various temperatures and depths of discharge. The re-
producibility of these results was excellent. For ex-
ample, at 23% depth of discharge (see Table II), the
cell potential was 1.33705V at 476.8°C; after five days
at lower temperatures, the cell potential was measured
again as 1.33702V at 476.4°C.

The measured cell potentials are plotted in Fig. 3.
As can be seen, the temperature derivative of the cell

Table I1. Emf of LiAl/FeS cell

Depth of discharge (%) Temperature (°C) Emf (V)
0 479.1 1.40476
464.6 1.40743
447.2 1.41106
433.3 1.41398
417.9 1.41766
12 494.0 1.34681
471.6 1.34261
462.4 1.34083
447.7 1.33796
416.4 1.33096
422.8 1.33232
23 476.8 1.33705
459.9 1.33483
445.2 1.32276
415.3 1.33254
417.5 1.33254
422.3 1.33190
428.5 1.33106
1.33294
480.1 1.33773
488.0 1.33916
476.4 1.33702
37 474.1 1.33362
444.0 1.32895
412.7 1.33267
418.6 1.33181
425.4 .33073
439.2 .328

483.2 .33477
476.0 .33375
51 485.2 1.32180
.6 1.32456
414.0 .33284
430.0 .33000
3 .32748
477.6 .32270
7 475.3 1.32273
493.0 .32011
439. .32840
407.5 .33356
478.0 .32204
100 483.2 .32023
455.7 1.32649

428. 133
417.0 1.33357
470.7 1.32292

474.0 1.32:
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Fig. 3. Cell potential of an LiAl/FeS cell as a function of tem-
perature and depth of discharge.

potential varies strongly with temperature and depth
of discharge. For fully charged or discharged cells the
temperature coefficient of the emf is negative. How-
ever, for partially discharged (23-37% depth of dis-
charge) cells, two linear portions are noted; over
the lower portion of the temperature range the tem-
perature coefficient is negative, and at higher tem-
peratures it is positive. The cause of this unusual be-
havior is believed to be transitions between J-phase
(LiKgFe24S26Cl) and X-phase (LizFeSy) materials
identified by workers at Argonne National Labora-
tories (7, 8). For cells discharged 50% or more, only
negative slopes were found over the temperature
range of 400°-500°C.

Values of the temperature derivatives at 475° and
420°C, obtained by linear least squares analysis are
given in Table III, along with 95% confidence in-
tervals. Figure 4 shows the same results in graphical
form.

In addition to the cell potential and its temperature
derivative, values of the terminal voltage as a func-
tion of current and depth of discharge are required
to compute the rate of thermal energy generation.
Figure 5 shows the cell voltage during constant-cur-
rent discharges of 40-100A to a cutoff voltage of 1.00V
at 475°C. From these measurements and the cell po-
tentials taken from Fig. 3, the overpotential was cal-
culated, and the rate of thermal energy generation
was computed using Eq. [1]. The results are pre-
sented in Fig. 6.

The rates of thermal energy generation shown in
Fig. 6 are relatively small, even negative (i.e., endo-
thermic), during the first 50% of discharge at 475°C.
The reason for this is the positive value of 9E/3T (see
Fig. 4), which offsets the polarization heat In. Toward
the end of discharge, two phenomena contribute to a
substantial rise in §. The thermodynamic contribution

Table 111. The emf temperature coefficients of LiAl/FeS cells
at various depths of discharge and operating temperatures

Depth of Temperature coefficient 95% Confidence interval
discharge (mV/K) (= mV/K)
(%) 475°C 420°C 475°C 420°C
0 —-0.210 —0.120 0.023 0.023
12 +0.206 +0.206 0.019 0.019
23 +0.147 —0.126 0.020 0.032
37 +0.150 —0.149 0.016 0.008
51 -0.155 —0.155 0.013 0.013
77 —0.159 —0.159 0.012 0.012
100 -0.202 —0.202 0.007 0.007
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Fig. 4. Temperature derivative of cell potential of a 200 A-hr
LiAl/FeS cell.
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Fig. 6. Thermal energy generation rate of an LiAl/FeS cell dur-
ing discharge at 475°C.

to q changes sign and becomes exothermic, and the
cell overvoltage increases rapidly (see Fig. 5). As a
result, the rate of thermal energy generation reaches
40 W/cell for a 100A discharge, or 4 kW for a 100-cell
battery, such as might be used to power an electric
vehicle, for example.

The rates of thermal energy generation measured
calorimetrically and computed from Eq. [1] are com-
pared for a 40A discharge at 430°C in Fig. 7. The
agreement between the calorimetric (squares, full
curve) and the predicted (circles, dotted curve)
values of heat flow is seen to be excellent. The polar-
ization heat is also shown: over most of the discharge
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Fig. 7. Thermal energy generation rate and cell terminal voltage
of an LiAl/FeS cell at 40A discharge at 430°C.
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it lies below and nearly parallel to the curve for the
total heat.

Discharge of the cell at a lower rate shows more of
the details of the changes in cell thermodynamics.
Figure 8 shows the heat flow during a 10A discharge
at 435°C. The transition from exothermic to endother-
mic and back again, which is predicted thermodynam-
ically, is clearly shown by the calorimetric measure-
ments. The agreement between the two methods is not
good during the first quarter of the discharge; the
calorimetric values are believed more reliable owing
to the rapid change of the absolute value of the cell
potential with state of charge, which decreased the
accuracy of determinations of 9E/9T for high states of
charge.

Figures 9 and 10 show the heat flows measured at the
lower temperature of 410°C during a 10A discharge.
Two points are particularly significant. First, the en-
dothermic effect during discharge was not observed at
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Fig. 8. Thermal energy generation rate and cell terminal voltage
of an LiAl/FeS cell during 10A discharge at 435°C.
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410°C, in contrast to the case at 435°C (Fig. 8). This
result, which is consistent with the emf measure-
ments, indicates that the phase transition of J to X
did not occur during discharge at 410°C. Second, at the
beginning of discharge, two difterent heat generation
rates were observed (Fig. 9 and 10) because the initial
state of the cell was slightly different in each case.
For the results in Fig. 9 the cell discharge was begun
when the open-circuit voltage was 1.540V. For the re-
sults shown in Fig. 10 the cell was allowed to stand
at open circuit for several days after a charge to
1.550V; at the beginning of discharge its open-circuit
voltage was 1.375V. The exothermic peak during the
first 10% of discharge as shown in Fig. 8 and 9 is
believed to be associated with the phase transforma-
tion of FeS to J (8). Moreover, the absence of this
exothermic peak in Fig. 10 indicates that the FeS-to-J
transition in a cell charged to 1.55V may take place
gradually during open-circuit stand. The cell reaction
in the case illustrated by Fig. 10 is believed to be
due primarily to the reaction of J to Li»S.

Figure 11 shows the terminal voltages of an old
cell which was overcharged deliberately to 1.98V and
subsequently to 1.94V at 420°C at 40A and was then
placed on open circuit. The cell voltage dropped
during open-circuit stand, underwent a point of in-
flection in the vicinity of 1.50V, and then leveled off
at 1.35V. The transition of FeS to J is thought to be
responsible for the inflection.

The entropic contribution to thermal energy gen-
eration can be expressed as

s = —IT(3E/aT)pe = q — I (21

At a particular temperature and state of charge, the
temperature derivative is constant. The relationship
between §s and I is thus expected to be linear. Figure
12 shows §s for various charge/discharge currents at
50% capacity and a temperature of 420°C. The circles
represent the entropic heat, which was obtained by
subtracting the polarization heat from the total mea-
sured calorimetric heat flow. The solid lines in Fig. 12
indicate the values of gs calculated from the value of
0E/9T derived from emf measurements, —0.155 mV/K.
The agreement is excellent for both charge and dis-
charge.

The calorimetric measurements and indirect ther-
modynamic calculations of thermal energy generation
yielded substantially identical results for the types
of cells studied in this work. However, battery calo-
rimetry has several advantages over the measurements
of cell potentials at open circuit and during current
flow.

1. The calorimetric measurement of heat flow is
direct and absolute; it requires no assumptions as to
the thermodynamic reversibility of the cell.

2. Calorimetry gives precise values for heat flow
and does not require differentiation of the results with
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Fig. 11. Cell voltage during overcharge and open circuit
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respect to temperature, as does the measurement of
emf.

3. Calorimetric measurements are rapid. For the
LiAl/FeS cells studied in this work the amount of in-
formation collected by calorimetry in one day required
more than two weeks to obtain in measurements of
cell potentials.

4. The rapidity of calorimetric measurements per-
mits the study of cells in which the state of charge
is changing because of a finite rate of self-discharge.

In summary, the precision, speed, and absolute na-
ture of the results of battery calorimetry tend to off-
set the cost of the instrument, which is higher than
that required for precise emf measurements.

Conclusions

The rate of thermal energy generation has been de-
termined for the high temperature lithium-aluminum/
iron sulfide cell with boron nitride separator and
molten LiCl-KCI1-LiF electrolyte by two independent
methods. The cell thermal energy generation calcu-
lated from a thermodynamic equation is in good
agreement with the heat flow measured with an iso-
thermal conduction .calorimeter. The results of cell
heat generation are valuable for thermal modeling

THERMAL ENERGY GENERATION
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and the temperature control of batteries containing
large numbers of cells.

The temperature derivative of the cell potential of
the LiAl/FeS cell is a complicated function of tem-
perature and state of charge. The cell reaction for
fully charged and fully discharged cells is exothermic;
above 430°C, a part of the discharge process is endo-
thermic.

In the calorimetric measurements, cell reactions at-
tributed to the conversions of FeS to J-phase and J-
to X-phase during discharge were observed and dis-
cussed in this paper. The entropic heat generation of
a cell was obtained by subtracting the pola:ization
heat from the total cell heat generation measured by a
calorimeter. Although the calculated entropic heat
at 50% of capacity is consistent with thermodynamic
reversibility, the cell reaction at higher states of
charge showed evidence of irreversibility.
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The Effect of Additives on Current Distribution in Pasted Zinc
Electrodes

J. McBreen* and E. Gannon

Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973

ABSTRACT

The effect of additives on current distribution during formation of a pasted zinc electrode was investigated in a two-
electrode zinc-nickel oxide cell with a sectioned nickel oxide electrode. The zinc electrodes consisted of zinc oxide, a PTFE
binder, and small weight percentage additions of the oxides of high hydrogen overvoltage metals. The square nickel oxide
electrode was divided into sixteen square sections, consisting of four center and twelve edge sections. It was assumed that
the current to each section was an exact measure of the current to that section of the zinc electrode that was in register with
the section. In the case of zinc electrodes with no additive, the average current density at the edge sections was about twice
that found at the center sections. Additions of Bi,O,, Ga,0;, CdO, and HgO had little effect on the current distribution. Addi-
tions of T1,0, and In(OH), resulted in very even current distribution over the electrode area. Anomalous effects were found
with PbO additions because of leaching of the additive into the electrolyte at the electrode edges.

The principal mode of failure in zinc-silver oxide
and zinc-nickel oxide cells with pasted zinc electrodes
is shape change. This is a redistribution of the zinc
active material that occurs on cycling. When shape
change occurs zinc is eroded from the electrode edges
and the zinc agglomerates toward the electrode center.
Proposed mechanisms for shape change either at-
tribute it to nonuniform current distribution (1) or
to separator related electro-osmotic effects which are
coupled with electrode reactions to cause nonuniform
mass transport (2, 3). Since shape change occurs in
cells with microporous separators, which presumably
do not give electro-osmotic effects, and is accelerated
by membranes which display electro-osmosis, both
mechanisms may be operative. Electro-osmosis cannot
explain the dramatic effects of substitution of other
additives for HgO (4-6), or the incorporation of
Fe (OH). at the electrode edges (7, 8).

In previous work on the addition of oxides of high
hydrogen overvoltage metals to zinc electrodes, it was
found that many of these additives were reduced to
metal prior to zinc deposition (9). It was also found
that some metal oxide additives greatly affect the elec-
trode polarizability and the zinc morphology. It was
speculated that the beneficial effects of additives
might be due to an improvement in current distribu-
tion. The present study was an investigation of cur-
rent distribution during formation of zinc electrodes
with various additives.

Experimental
Cell.—The current distribution cell was very similar
in many respects to that described previously (1).
The test cell consisted of a standard pasted zinc elec-
trode, a separator system, and a sectioned nickel oxide
counterelectrode. A cross section drawing of the cell
is shown in Fig. 1. Current distribution was deter-
mined by monitoring the current to the various sec-

tions of the nickel oxide electrode.

Zinc electrode.—The zinc electrodes consisted of a
ZnO/PTFE (polytetrafluoroethylene) mix with the
various additives on an expanded silver current col-
lector (Exmet Corporation, 5 Agl2.5-2/0). The method
of preparation of the ZnO/PTFE mix (98% ZnO +
2% PTFE) is described elsewhere (9). The ZnO/PTFE
mix and the additives were blended in a Waring
blender in 120 ml of isopropanol. The suspension was
poured over the current collector onto a vacuum table
and the liquid drawn off. After that, the electrodes
were pressed wet, dried in an oven at 50°C, and given a
final dry pressing to the final dimensions (10.52 x 10.52
X 0.073 cm). The vacuum table technique has been de-

* Electrochemical Society Active Member.
Key words: battery, cell, electrodeposition.

scribed in detail elsewhere (10). Each electrode con-
tained 16.3g of ZnO. Electrodes of the following com-
positions were evaluated: 98% ZnO + 2% PTFE (con-
trol), 89% ZnO + 9.2% Bi;O3; + 1.8% PTFE, 96%
ZnO + 2% Gas0; + 2% PTFE, 96% ZnO + 2% CdO
+ 2% PTFE, 96% ZnO + 2% HgO + 2% PTFE, 96%
ZnO + 2% PbO + 2% PTFE, 96% ZnO 4+ 2% TI1,03
+ 2% PTFE, 96% ZnO + 2% In(OH)3 + 2% PTFE,
91% ZnO + 2% PbO + 5% Zn + 2% PTFE, 93% ZnO
+ 5% Zn + 2% PTFE, and 91% ZnO + 5% Zn + 2%
HgO + 2% PTFE.

Nickel oxide electrode.—The nickel oxide electrode
was prepared by sectioning a nickel plaque into 16
sections (2.54 X 2.54 X 0.13 cm). The sections were
then welded on to an array of machined nickel current
collectors that were countersunk in an acrylic block
(Fig. 1). The spaces between each section and the
edges were masked with epoxy. The finished electrode
is shown in Fig. 2. The space between each section
was 0.12 cm. Except for the coined indentations at the
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Fig. 1. Schematic of current distribution cell
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Fig. 2. The sectioned nickel oxide electrode for current distribu-
tion measurements.

center welds on each section, the electrode was per-
fectly flat. The sectioned nickel electrode was impreg-
nated with Ni(OH); + 8% Co(OH): to a theoretical
capacity of 2.87 A-hr using the standard impregnation
method (11). The electrode was then given three
formation cycles in a 6M KOH 4 0.5M LiOH elec-
trolyte.

Cell assembly.—The cell was assembled as follows.
A sheet of nonwoven polypropylene (11.0 x 11.0 X
0.013 cm, Pellon Corporation, 2504K4) was placed over
the sectioned nickel oxide electrode. The zinc elec-
trode was wrapped in two turns of a microporous
separator (Celanese Corporation, Celgard 3501) and
then centered over the nonwoven separator, in register
with the sectioned nickel oxide electrode. The zinc
electrode was placed in such a way that the expanded
metal current collector was on the side of the zinc
electrode remote from the nickel oxide electrode. The
rest of the cell was assembled, as shown in Fig. 1,
and bolted together. Provisions were made to ensure
an even distribution of thickness in the cell cavity
(£0.006 mm). The cell was then wetted down with
20 ml of electrolyte (8.4M KOH 4 0.5M LiOH + 0.74M
ZnO) and soaked for at least 16 hr prior to the start
of the experiment. The cells were operated in the
flooded mode with electrolyte extending 2 cm above
the top of the zinc electrode.

Experimental procedure.—The cell was first vacuum
treated to remove gas bubbles and then connected to
the electrical circuitry for measuring the current dis-
tribution. This is described in detail elsewhere (1).
The cell was charged at 200 mA (1.82 mA/cm2) for 18
hr. The current to the various sections was continu-
ously monitored. After each test the cells were taken
apart and the zinc electrodes were visually examined.
The nickel oxide electrode was discharged against a
nickel sheet electrode, washed three times in hot
(60°C) KOH to remove soluble additives, rinsed with
distilled water, and allowed to dry overnight at 25°C,
prior to the next run.

Results and Discussion
Metal oxide additives and the initial stages of elec-
trode formation.—Depending on the additive, it took
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up to 20 min for the zinc electrode to reach the zinc
deposition potential, during formation. This was true
for additions of T1,03, CdO, HgO, and Bi;0O3. This was
similar to what was observed before (9) and was due
to the reduction of the additive oxide to the metal.
During this time there were rapid fluctuations in the
current distribution. Initially edge sections had a
higher current than center sections. However, the cur-
rent at the edges decreased rapidly as the oxide was
consumed and the current to the center sections in-
creased. On reaching the zinc deposition potential, the
current distribution reverted to a condition where
edge sections had a higher current than center sec-
tions. The current distribution became somewhat more
even after the first hour of charge and thereafter re-
mained relatively constant. The distribution shown in
Fig. 3 is representative of that found for the last 17
hr of charge. In the case of electrodes with no additive
and electrodes with additions of Ga:03 and In(OH)j;
the zinc deposition potential was reached within sec-
onds. The current to the edge seconds was higher than
that to the center sections. The current distribution
became more even after about 1 hr and once again
the current distribution at the end of charge (Fig. 3)
is representative of the current distribution for the
last 17 hr of charge. Some of these experiments were
repeated several times and the reproducibility was
good. The experiments with no additives and with
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Fig. 3. Current distribution at the end of an 18 hr charge (1.82
mA/cm2) for zinc electrodes with various additives. The currents
to the 16 sections are presented as four averages of four sections
each. The symbols for the section averages (e.g., A = corner sec-
tions and @ = center sections) are indicated in the inset. The
numbers to the right of each line are the ratios of the average edge
section current density to the average center section current
density.
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Gaz03 were repeated several times over the course of
these experiments to ensure that changes in current
distribution from experiment to experiment were not
due to some artifact due to aging of the nickel oxide
electrode.

The special case of PbO additions.—In the case of
the cells with PbO additions, there were rapid fluctua-
tions in the current distribution during the first 10
min of charge. However, the current to the center
sections was higher than that to the edge sections. On
reaching the zinc deposition potential the current dis-
tribution was very uneven with the current density
at the electrode edges being as much as eight times
higher than that found at the center sections. The cur-
rent distribution became more even after about 5 hr.
The results in Fig. 3 are representative of the current
distribution obtained in the last 12 hr of charge.
However, the current to the top four sections of the
electrode remained abnormally high. The average
current to the top four sections was about twice that
to the bottom four sections of the electrode. This ex-
periment was repeated several times with similar re-
sults. It was observed after the overnight soak that
the top edge sections of the zinc electrode (~2 cm
wide) were white while the center part of the elec-
trode had the yellowish tinge of PbO. Thus it became
evident that the PbO was being leached from the elec-
trode into the electrolyte at electrode edges. The
anomalies in the current distribution are attributed to
the fact that there was much less additive at the elec-
trode edges. In one test it was found, if the cell was
charged for 1 hr and allowed to stand overnight, that
on resumption of the charge the current distribution
was much more even. This was due to the displace-
ment of soluble lead from the excess electrolyte onto
the electrode edge according to

HPbO;~ + OH~ + Hy0 + Zn- Pb 4+ Zn(OH) 4=

It was then decided to try an electrode formulation
consisting of 91% ZnO + 2% PbO + 2% PTFE + 5%
Zn (—325 mesh) where the soluble lead would be dis-
placed from the electrolyte by metallic zinc.

Electrode with PbO and Zn additions.—In the case
of electrodes with PbO and Zn additions, the zinc dep-
osition potential was immediately established on turn-
ing on the charging current. The current distribution
was very even throughout charge. A blank run with a
5% Zn addition and one with a 5% Zn + 2% HgO
addition gave respective results that were similar to
those found for the control and the cell with a 2%
HgO addition. The Zn powder displaces the PbO by
cementation. The resultant gray Pb could be seen as
the electrode was wetted in from the edges, on addi-
tion of electrolyte. This result strongly indicates once
again that the effect of these additives is related to
some substrate effect and is not a codeposition effect
(9, 12).

Metal oxide additives and current distribution.—
Additives such as Tlx03, PbO, and In(OH),, which
were shown to increase the electrode polarizability
(9), result in more even current distribution during
electrode formation. However, additives that reduce
the polarizability of the electrode do not result in any
significant disparity in the measured current distribu-
tion over that found for electrodes with no additives.
There are at least two possible reasons for this. One,
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is that the edge sections are large (2.54 X 2.54 cm)
and the current is an average over this and does not
reflect the true current density at the edge. The other
is that the condition here is a current distribution case,
wherein both the interelectrode spacing and the po-
larizability are small. For such a case, it has been
shown that even for vanishing polarization the high
current density point is very close to the electrode
edge (13). Thus there is a limit to the unevenness in
current distribution to be expected.

There was qualitative evidence that additives also
affect the current distribution within the pores of the
zinc electrode. In cells with GapO; additives all of the
zinc deposit appeared to be in abuttal with the sepa-
rator. The area around the expanded metal current
collector was still white zinc oxide. However, in cells
with In(OH) 3 and PbO additives most of the zinc de-
posit was in the vicinity of the current collector. The
front of the electrode in abuttal with the separator
was largely white zinc oxide. In previous work (9)
it was found that additions of Ga;O3 yielded electrodes
with minimum polarizability and additions of PbO
and In(OH)3 gave electrodes with maximum polariz-
ability. The observed distribution of zinc is consistent
with this.

Conclusions

1. It has been shown that metal oxide additives can
affect the current distribution during formation of
pasted zinc battery electrodes.

2. Additives such as Tl;03 and In(OH)j3; that in-
crease electrode polarizability improve the current
distribution.

3. Leaching effects of soluble additives such as PbO
at electrode edges can lead to very uneven current dis-
tribution during electrode formation.

4. Results in electrodes with a combination of a
PbO/Zn powder additive indicate that the beneficial
effect of lead additives is related to a substrate effect
and not to a codeposition effect.

Manuscript submitted March 17, 1983; revised man-
uscript received May 25, 1983.
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REFERENCES

. J. McBreen, This Journal, 119, 1620 (1972).

. K. W. Choi, D. N. Bennion, and J. Newman, ibid.,
123, 1616 (1976).

. K. W. Choi, D. Hamby, D. N. Bennion, and J. New-
man, ibid., 123, 1628 (1976).

. A. Himy and O. C. Wagner, U.S. Pat. 4,084,047.

. O. C. Wagner, A. Almerine, and R. Smith, Proceed-
ings 29th Power Sources Conference, Atlantic
City, NJ, June 9-12, 1980. The Electrochemical
Society Inc., p. 237 (1981).

6. S-P. Poa, G-M. C. Chiang, and T-C. Lin, Science
Development Monthly (Taiwan), 6, 1013 (1978).

7. J.McBreen, U.S. Pat. 3,876,470.

8. S-P. Poa and C. H. Wu, J. Appl. Electrochem., 8,
427 (1978).

9. J. McBreen and E. Gannon, Electrochim. Acta, 26,
1439 (1981).

10. J. McBreen, U.S. Pat. 4,000,005.

11. A. Fleischer, J. (and Trans.) Electrochem Soc., 94,
289 (1948).

12. J. McBreen, M. G. Chu, and G. Adzic, This Journal,
128, 2287 (1981).

13. C. Wagner, ibid., 98, 116 (1951).

(SN w [ Rt



Chloride Accumulation on Indoor Zinc and Aluminum Surfaces

G. B. Munier, L. A, Psota-Kelty, and J. D. Sinclair*
Bell Laboratories, Holmdel, New Jersey 07733

ABSTRACT

The long-term accumulation of chloride and other ions on indoor zinc and aluminum surfaces in 15 U.S. cities has been
measured. For most ionic contaminants, the accumulation on zinc and aluminum surfaces is similar, suggesting that partic-
ulate deposition is the most likely mode of accumulation. Chloride accumulation on aluminum occurs by particulate depo-
sition, but on zinc surfaces, attack by reactive chlorine containing gases also contributes to accumulation. In New York City
and Philadelphia, chloride accumulation is very rapid on all zinc surfaces but not on aluminum surfaces. Volatilization of
chloride, probably as HCl or NH,Cl], seems to contribute to the low chloride concentrations observed on aluminum surfaces
in these cities. In Wichita and Houston, deposition of coarse chloride containing particulates produces rapid accumulation
of chloride on horizontal zinc and aluminum surfaces while chloride accumulation on vertical surfaces is slow.

As part of a broad study to determine the amounts
and effects of major inorganic pollutants in indoor
environments (1, 2), the long-term accumulation of
chloride on indoor zinc and aluminum surfaces at tele-
phone company switching centers in 15 U.S. cities has
been measured (3). In the previous reports (1, 2) on
this study, the accumulation of chloride, nitrate, sul-
fate, sodium, ammonium, potassium, calcium, and mag-
nesium at seven cities was documented. The highly
complex nature of the accumulation process and the
many indoor, outdoor, and human factors that bear on
the accumulation process were discussed, including
aerosol size distribution, air flow patterns, temperature
and humidity gradients, air filtration systems, air leak-
age pathways, and concentrations of ammonia, acidic
aerosols, and other substances that could interact with
surface species to produce volatile products. The sul-
fate accumulation on zinc and aluminum surfaces was
shown to correlate well with sulfate concentrations in
the local troposphere but not with SO, concentrations,
indicating that the primary accumulation process for
sulfate is particulate deposition rather than a corrosion
reaction with SO,. Hermance et al. (4) have demon-
strated that airborne nitrates in the Los Angeles area
correlate with nitrate concentrations on surfaces and
with the incidence of electrolytic stress corrosion
cracking of nickel brass.

For the initial seven cities, the behavior of chloride
was highly irregular. In New York City and Council
Bluffs (Iowa), chloride accumulation on zinc was rapid,
but on aluminum the chloride accumulation was low.
In Houston and Cleveland, accumulation on zinc was
similar to that on aluminum. It was suggested in the
previous reports that preferential volatilization of
chloride species from aluminum surfaces might con-
tribute to the lower amounts of chloride at some loca-
tions by a process similar to the sulfuric acid aerosol-
induced depletion of chloride from sea salt aerosol that
has been documented by Hitchcock et al. (5). For the
sea salt aerosol, the volatile chloride was HCIL In a
paper on aerosol chemistry, Weschler and Graedel (6)
have discussed evidence that species with saturation
vapor pressures >10-7 Torr will exist in the vapor
phase at remote locations where there are few, if any,
local sources, while species with saturation vapor pres-
sures in the 10~-7-10-8 Torr range will be partitioned
between the gas phase and a condensed phase within
aerosols. For some indoor surfaces containing chloride,
interaction with ammonia or acid ammonium sulfate
aerosol could produce NH4Cl, which has a saturation
vapor pressure of 2.4 X 105 Torr. Thus, depending on
the gas phase concentrations of HCI and NHj, either
HCI or NH4CI1 could volatilize and thereby remove
chloride from indoor surfaces.

In this report all the completed field data on
chloride and sulfate accumulation are given, as are
additional laboratory studies that were intended to

* Electrochemical Society Active Member.
Key words: corrosion, chloride, aluminum, zinc.
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further elucidate the cause of the difference in accu-
mulation of chloride on zinc and aluminum.

Experimental

The zinc and aluminum suri.~es examined in this
study were structural surfaces associated with tele-
phone company switching equipment frames. The zinc
surfaces were electroplated steel sheets while the
aluminum surfaces were 2000 series low copper alloys.
These surfaces were not cleaned or disturbed during
the aceumulation period, which was determined by
subtracting the year of manufacture stamped on
equipment surfaces from the year in which the equip-
ment was sampled. The sampling was accomplished
between October 1978 and October 1982, and most of
the equipment was 8-15 yr old. The air exchange rate
at these locations was typically in the range of 0.10-0.25
per min. The direction of air flow relative to equip-
ment orientation was variable. The air processing fans
were run continuously (except for power outages or
servicing). The air filtration systems were equipped to
remove most of the large particles (>5 um aerody-
namic diam) from the air intake stream but only
about 10% of the fine particles (<2 um).

Except as noted in previous reports (1, 2), surface
extractions were accomplished with moistened pieces
(square sections 1.27 cm on a side) of pre-cut What-
man 542 filter paper. The papers were cleaned before
placement on a surface by washing them three times
with boiling distilled water, and this was followed by
oven drying. The volume of water in each paper was
determined to be approximately 0.03 ml. The papers
were placed on flat surfaces in either a horizontal or a
vertical plane and were removed from the surfaces
after drying. The sampling interval for each paper was
approximately 30 min but was somewhat dependent on
the ambient relative humidity. The procedure was
carried out three times on each sampled area to insure
complete removal of water-soluble contaminants (7).
Between 50 and 120 samples were collected from each
location. The samples were stored and transported to
the laboratory in disposable polystyrene test tubes. In
the laboratory, the paper samples were extracted with
10 ml of water, and the extracts were then split for
separate cation and anion analysis. All samples were
analyzed by ion chromatography. Standard ion ex-
change pre-columns, separator columns, and suppres-
sor columns were used for the ion analyses. Appropri-
ate blank corrections for the sampling and analytical
procedure were made when converting the solution
concentrations to surface concentrations. The details
and validation of the sampling and analytical proce-
dures are described elsewhere (7).

An adjustment in the total surface concentration of
each ion was made to take into account any accumula-
tion that occurred prior to uncrating the equipment at
its permanent location. These initial concentrations
were estimated by sampling new equipment shortly
after uncrating at one location in New York City and
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one in New Jersey. A total of 60 samples each on zinc
and aluminum surfaces were taken at both locations.
The average concentrations of chloride on zinc and
aluminum surfaces were 0.04 and 0.24 ug/cm?, respec-
tively, while those of sulfate were 0.13 and 0.21 xg/cm?2,
For surface acidity measurements, at least 60 single
paper extracts from a location were jointly extracted
in the minimum volume of water necessary to permit
measuring the solution pH (on the order of 20 ml). The
relative acidities of the surfaces were calculated on an
aliquot basis using a water volume of 0.03 ml/paper.

Results and Discussion

Accumulation data.—The accumulation data can be
presented either as total surface concentration or as an
average annual accumulation based on surface age.
Neither method is entirely satisfactory for the purpose
of comparing locations or comparing zinc and alumi-
num surfaces. Clearly, total surface concentrations
should not be used to compare surfaces that range
from 8 to 15 yr in age. Both total concentration and
average annual accumulation are deficient in represent-
ing cases in which a species may accumulate to a nearly
limiting concentration in the early stages of exposure
While it would have been desirable to measure accu-
mulation on a periodic basis and thereby obtain kinetic
information, such a study on realistic field surfaces is
not practical. In the authors’ opinion, the accumulation
of chloride and sulfate ions measured in this and the
previous work has, except for chloride on aluminum
surfaces at some locations, probably occurred at a
roughly linear rate. However, presentation of the data
as an average annual accumulation in ug/cm? does not
imply linearity, Surface passivation could lead to a
cessation of accumulation in the case of attack by a
corrosive gas. A chemical or physical loss process could
also compete equally with accumulation after some ex-
posure interval, halting further apparent accumulation.
Both of these possibilities will be considered with
regard to the accumulation of chloride on aluminum.

The specific characteristics of the accumulation rate
over the exposure period and the units of measure
selected for presenting the data will not influence the
conclusions of this study. Over short time intervals
(hours to weeks), the accumulation rates of particles
and gases are likely to vary significantly with outdoor
meteorological conditions, indoor RH, loading of the
air filters, changes in ambient concentrations, altera-
tion of surface characteristics with time, and numerous
other factors. These factors will probably not result in
substantial variation in the annual accumulations from
year to year.

The average annual accumulations of sulfate on zinc
and aluminum surfaces for the cities studied to date
are shown in Fig. 1. The data are somewhat scattered,
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as expected for the highly nonuniform contamination
levels typical of field surfaces, but demonstrate a
roughly 1:1 correspondence between the accumulation
of sulfate on zinc and that on aluminum surfaces. For
the limited data presented previously (1, 2) on nitrate,
sodium, potassium, calcium, and magnesium, the same
type of correspondence was generally evident, though
in the case of calcium and magnesium there was a
modest preference for zinc surfaces at a few locations.

For the chloride data, as shown in Fig. 2, the ac-
cumulation on zinc is roughly similar to that on alu-
minum in Houston, Wichita, and Orlando. In New
York, Philadelphia, Northern New Jersey (Newark and
Jersey City), and Council Bluffs, the accumulation on
zinc is roughly six to ten times larger than that on
aluminum.

These indoor average annual accumulations for
chloride and sulfate are about one order of magnitude
lower than typical outdoor accumulation rates (8). In-
door and outdoor concentrations of fine particles (<2
um aerodynamic diam) are usually in the same range,
while concentrations of large particles (>2 um) are
usually a factor of 5-10 higher outdoors than indoors
(9). In view of the much larger air currents typically
present outdoors, an order of magnitude difference in
the surface accumulation indoors and outdoors ap-
pears reasonable.

The accumulation of chloride, as will be explained,
seems to result from three major sources: (a) corro-
sive gases (primarily HCl); (b) large particulates
(primarily crustal materials of aerodynamic diameter
>2um); and (c) accumulation mode aerosols (primar-
ily of anthropogenic origin with aerodynamic diam-
eters of 0.1-2 yum) (10). In general, the chloride con-
taining gases would be expected to attack horizontal
and vertical surfaces with equal efficiency but could
attack zinc and aluminum at different rates. The large
particulates will accumulate efficiently on horizontal
surfaces but usually will not collect on vertical sur-
faces. The aerodynamic characteristics of the accumu-
lation mode aerosols are expected to produce nearly
equal accumulation (assuming all other factors includ-
ing air flow patterns are identical) on horizontal and
vertical surfaces (10). In Table I, the average chloride
accumulation on zinc and aluminum surfaces is sepa-
rated into horizont:l and vertical planes. For Houston
and Wichita, the accumulation is similarly high on
zinc and aluminum horizontal surfaces and consider-
ably lower on the vertical surfaces. Deposition of
large particulates is clearly the dominant accumulation
process. This result may be related to the dry nature
of the crustal materials in these areas. In New York
City and Philadelphia, very rapid accumulation takes
place on horizontal and vertical zinc surfaces but not
on aluminum surfaces. The corrosive gas source most
plausibly explains the data, though it is perhaps sur-
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Table I. Chloride average annual accumulation (ug/cm2)

Zinc Aluminum

City or State Horizomtal Vertical Horizontal Vertical

Houston (2)* 0.22 0.03 0.17 0.10
Wichita (1) 0.23 0.02 0.15 0.03
Council Bluffs (1) 0.30 0.33 0.03 0.08
Chicago (2) 0.28 0.09 0.06 0
Seattle (2) 0.19 0.11 0.04 0
North Jersey (2) 0.16 0.09 0.01 0
Minneapolis (2) 0.10 0.09 0 0
Colorado (3) 0.13 0.13 0.04 0.03
Indianapolis (2) 0.13 0.03 0.02 0
Cleveland (2) 0.13 0.13 0.06 0.05
Orlando (2) 0.09 0.05 0.10 0.01
New York City (4) 0.49 0.60 0.08 0.05
Philadelphia (2) 0.56 0.37 0.06 0.01

* Number in parentheses is the number of locations sampled.

prising that the chloride accumulation is a factor of
ten greater on zinc than on aluminum. Very little use-
ful data is available on the atmospheric concentrations
of corrosive chlorine containing gases in major U.S.
cities. Incineration and chemical manufacturing are
known to be major sources of HCIl that might be ex-
pected to produce high concentrations in the Philadel-
phia and New York City areas. In the majority of
cities, combinations of the three chloride sources seem
to be responsible for the observed rates.

Accumulation model.—If it is assumed that: (i)
large particulates accumulate exclusively on horizontal
surfaces; (ii) small particulates collect at equal rates
on horizontal and vertical surfaces; and (iit) the ac-
cumulation rate on zinc due to corrosive gases at nor-
mal ambient concentrations is ten times the rate on
aluminum, then

Zny = Gzn + L + S

Zny = Gzn + S
Al =Ga+ L+ S
Aly = Ga + S

where Zny, Zny, Aly, and Aly are the observed rates
on zinc and aluminum horizontal and vertical surfaces,
Gzn and Ga) are the corrosive gas accumulation rates
on zinc and aluminum (Gz, = 10 Gay), L is the accu-
mulation rate of large particulates, and S is the accu-
mulation rate of small particulates.

The above system of equations was solved simul-
taneously using a least squares fit to the observed data.
The results are shown in Table II. The negative values
in Table II may result, in part, from the approximation
Gzn = 10 Ga. All but one of the negative values are
for the fine particulate contribution, S. If Gzn/Gar >
10, the magnitudes of the negative S values will be 1e-
duced. The normal scatter in the data and the limited
number of observations also undoubtedly contribute
to the negative values. The tabulated values are a
quantitative estimate of the qualitative conclusions
that have been discussed above.

Explanation of low chloride on aluminum.—Four
possible causes for the substantially higher accumula-
tion at some locations of chloride on zinc, under the
influence of a corrosive gas, were considered: (i) the
reaction with aluminum was blocked by the passive
oxide film or an unknown environmentally dependent
factor; (ii) chloride products more readily flake off
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Table II. Derived average annual chloride accumulation for the
three source categories (ug/cm?)

Gzn L S

New York City 0.53 —0.04 0.04
Philadelphia 0.47 0.12 —-0.07
Council Bluffs 0.29 0.04 —0.04
Chicago 0.16 0.12 —-0.04
Seattle 0.16 0.06 —0.04
North Jersey 0.14 0.04 —0.03
Minneapolis- 0.10 0.01

Colorado 0.11 0.01 0.02
Indianapolis 0.08 0.06 -0.03
Cleveland. 0.09 0.01 0.04
Orlando 0.02 0.06 0.02
Wichita -0.03 0.16 0.01
Houston 0 0.13 0.07

aluminum surfaces; (iii) chloride products were not
extractable from aluminum (perhaps due to entrap-
ment in the oxide, the formation of an unknown com-
plex oxychloride, or the existence of an organic film
that rendered the surface unwettable); and (iv) chlo-
ride products on aluminum preferentially volatilize.
The oxide film on aluminum is well known to be pro-
tective and explanation (i) has been assumed to be
important. As will be discussed, evidence gathered in
this work suggests that explanation (iv) is also im-
portant at some locations.

Explanation (ii) was considered unlikely since the
accumulation on vertical surfaces is comparable to that
on horizontal surfaces for both zinc and aluminum in
the clear-cut cases where a corrosive gas was the
major source (New York City and Philadelphia) and
in the cases where the corrosive gas and fine particu-
late sources appear important (Colorado and Cleve-
land). Gravity effects should produce much lower
concentrations on aluminum vertical surfaces if flak-
ing is important. Air currents could influence hori-
zontal and vertical surfaces, though gravity effects
would still be expected to yield increased losses from
vertical surfaces. Further, gravity and air currents
should have roughly the same effect on aluminum
surfaces at all locations.

Results pertinent to explanation (iii) are shown in
Table III. The residues remaining after evaporation of
the aqueous extractions of the sampling papers were
examined by EDXA. The x-ray intensities are refer-
enced to calcium, which was determined quantitatively
in previous work (2) by ion chromatography. Zinc is
clearly a significant contributor to the anion-cation
balance on zinc surfaces at many locations. The other
metal ions observed are present only in trace amounts.
On aluminum surfaces, very low contributions to the
anion-cation balance were observed for all four metal
ions. Thus, very little of the chloride that might have
been present on aluminum surfaces in these cities was
present as the normally soluble aluminum chloride. If
chloride was present, it must have been trapped within
the oxide or have formed a considerably less soluble
complex salt of unknown composition and structure.
EDXA analysis of surfaces removed from normal in-
door sites in New York City for subsequent laboratory
analysis detected significant amounts of chloride on
zinc surfaces but none on aluminum surfaces. While
EDXA is not a highly sensitive technique, if chloride
in an unextractable form was present on aluminum
to the same extent as the extractable chloride on zinc,
the chloride should have been detectable by EDXA.

Table I11. Relative x-ray intensities of metal ians extracted from surfaces

Ions
Metal surface Calcium Zinc Copper Aluminum Iron
Zinc 1.0 0.080-0.978 0.017-0.041 0.000-0.073 0.000-0.095
Aluminum 1.0 0.029-0.077 0.020-0.059 0.000-0.008 0.007-0.052
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This result demonstrates that chloride is not present,
but it does not allow a distinction between passivation
effects and volatilization of chloride.

A major fire that occurred at a telephone company
switching center in Manhattan in 1975 provided an op-
portunity to study the volatility of chloride products
on aluminum [explanation (iv)]. Severe chloride cor-
rosion occurred on both zinc and aluminum surfaces,
due to the release of significant amounts of HCI during
thermal degradation of wire insulation. These surfaces
were sampled by paper extraction during the first 3
months after the fire and then again in 1980. The re-
sults are shown in Table IV. The higher chloride con-
centration on zinc surfaces in 1975 should not be taken
as an indication that zinc is more reactive even under
the extreme conditions of the fire because: (i) normal
indoor zinc surfaces of comparable service life in New
York City had, on the average, 27 ug/cm?2 of chloride
in 1975 while aluminum surfaces had <2 pg/cm?; and
(i1) the source of the smoke from the fire was closer
on the average to the zinc surfaces sampled than to the
aluminum surfaces. Five years after the fire, the
amount of extractable chloride on aluminum dropped
by a factor of five, while that on zinc decreased only
slightly. The x-ray spectra in Fig. 3 were taken of
heavily corroded aluminum surfaces from the fire lo-
cation. The spectra show that chloride observed in the
pits in 1975 remains present at a high level in 1981.
However, in the area adjacent to the pits, appreciable
amounts of chloride were detected in 1975 but not in
1981. Presuming that the chloride products did not
flake off, it seems very likely from the data in Fig. 3
and Table IV that most of the chloride products from
the fire volatilized from the surface between 1975 and
1981 except in the area of the pits. The formation of
insoluble complex chlorine containing salts or the
trapping of chloride in the surface oxide is not the
major cause of the low chloride concentrations that
were observed in the extractions of these aluminum
surfaces in 1981.

The observations that if indoor HCl concentrations
are high enough, aluminum will severely pit and cor-
rode, but when conditions return to normal, that
chloride products appear to volatilize, suggest that
volatilization may also be significant for normal indoor
surfaces.

Volatility of chloride products.—Two cations readily
available from sulfate aerosols, hydronium and am-
monium, when coupled with chloride yield significantly
volatile species. Ammonium is also available from
numerous potential indoor sources, including floor and
window cleaners, air handling systems, volatile prod-
ucts from construction materials or electronic equip-
ment, and humans. Considering HC1 and NH;Cl, the
least volatile is NH4Cl (as NH3 and HCI). The Jost
cylindrical diffusion model (11) was used to determine
if 40 ug/cm? of chloride could be reasonably expected
to volatilize in 5 yr from the fire contaminated surfaces,
presuming NH;Cl1 is the surface specie. In the field en-
vironments under study, air convection is clearly im-
portant and a diffusion model should substantially
underestimate the actual volatilization rate. The model
gives V/t = DqC/l, where V is the quantity of vapor
leaving the top of an assumed evaporation cylinder in
time t, D is the diffusivity of the vapor in air, q is the
cross-sectional area, C is the equilibrium concentra-
tion of the vapor immediately above the solid, and 1 is

Table IV. Average chloride concentrations of fire-contaminated
surfaces from New York City (ug/cm?)

Surface 1975 1980

Zince 114 99
Aluminum 49 10

October 1983

1975 1981

CENTER OF FIT

Fig. 3. EDXA analysis of chloride attacked aluminum surfaces
from the New York City fire location.

the height of the cylinder above which the pressure of
the vapor is assumed to be effectively zero. The model
substantially oversimplifies the field situation but is
adequate for a crude estimation. A reasonable value
for | was determined by gravimetrically monitoring
the loss of a sample of ammonium carbonate, which is
quite volatile (C = 1 Torr). The circular sample pan
area was 0.28 cm2 For I = 1 cm, V/t (observed) was
1.2 mg/hr while V/t (calculated) was 0.94 mg/hr. Us-
ingl = 1cm, and C = 24 X 10~5 Torr, V/t (calcu-
lated) for NH4Cl was 1.4 X 10~5 mg/hr, which yields
a maximum possible loss of chloride in 5 yr of 1460 g/
cm?. The observed chloride loss is a factor of 36 smaller
than the calculated maximum loss, indicating that
volatilization of NH,Cl (as NH3 and HCl), which could
be formed by combination of chloride with deposited
ammonia, (NH4)2SO,;, or (NH;)HSO,, is plausible.
Since HC1 is more volatile than NH4CI, either could
reasonably explain the 40 ug/cm? chloride loss.

The much greater tendency for apparent volatiliza-
tion of chloride species from aluminum than from zinc
surfaces will require further study to be clearly un-
derstood. If aluminum surfaces are more acidic than
zine, volatilization of HCl would more readily occur.
From Table V, the average relative surface pH’s of
aluminum surfaces were found to be lower than for
zinc surfaces. Complicating the interpretation, though,
is the result that the zinec vertical and aluminum
horizontal surfaces have similar acidities, yet the aver-
age accumulation rate of chloride on zinc is twice that
on aluminum. Either the average surface acidity is not
the dominant factor or horizontal and vertical surfaces
should not be compared because of the coarse particle
influence on the former. These acidities, of course, are
from macroscopic measurements. There could well be
microscopic areas on aluminum surfaces that are con-

Table V. Acidity and average annual chloride accumulation
for all locations

Chloride
Surface pH (ng/cm?)
Zine
Horizontal 5.0 0.26
Vertical 4.6 0.20
Aluminum
Horizontal 4.7 0.09
Vertical 4.0 0.09
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siderably more acidic, due to ongoing pitting or the
influence of local atmospheric factors.

The authors have made comparisons of the surface
pH and surface chloride concentrations reported here
with pH and ammonium concentrations in rainfall as
reported by the National Atmospheric Deposition Pro-
gram (12). No meaningful correlations were found.
Unfortunately, insufficient data on gaseous ammonia
concentrations and the acidity and ammonium con-
centrations of aerosols in these cities are available for
comparisons. As further atmospheric data become
available these comparisons should be made.

Concluding remarks.—The previously reported ob-
servation that chloride accumulation on indoor zinc
surfaces is considerably greater than on aluminum
surfaces at some field locations has been supported by
further data from additional cities. The contributions
of large particulates, fine particulates, and gaseous
substances to the accumulated chloride on these sur-
faces have been estimated by a simple model for the
15 cities studied to date. The lower chloride concentra-
tions on some aluminum surfaces seems to be best ex-
plained by a combination of the passive nature of the
oxide film and the volatilization of chloride species.
Evidence has been offered that aluminum surfaces are
slightly more acidic than zinc surfaces, thereby possi-
bly enhancing HC1 evolution, and that NH4CI, if it can
be formed, is sufficiently volatile to remove large
amounts of chloride. The specific nature of the vola-
tilization, if it occurs, remains uncertain.
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Electroplating of Cyclic Multilayered Alloy (CMA) Coatings

U. Cohen,*? F. B. Koch,* and R. Sard*-2
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

A new technique has been developed for producing laminated composites of cyclic multilayered alloy (CMA) electrode-
posits. The thickness and composition of the individual layers of the CMA deposits are altered precisely and conveniently
by cyclic modulation of the cathodic current or potential during electrodeposition. It is thus possible to modify the structure
to obtain laminated composite coatings which may have desirable engineering properties. Wear and corrosion resistances,
mechanical hardness and strength, as well as certain magnetic, optic, and electronic properties of the plated composite alloys
should be, in principle, straightforward to design and fabricate. The CMA technique was demonstrated by plating a wide
variety of Ag-Pd CMA structures. Fine structures, with repeat distances as small as 0.05 um, were obtained. Both square and
triangular waveforms were applied to produce sharp or gradual composition variations, respectively. The resulting deposits
were found to correspond closely to the intended structures with respect to thickness and composition, when the individual
layers were thicker than about 1000A. The amplitude of the composition modulation diminished rapidly for layer thick-
nesses below this limit. For the prospective application of Ag-Pd alloys as a contact finish, CMA structures composed of
relatively thin Pd-rich layers alternating with thick Ag-rich layers would offer the high corrosion resistance of Pd combined
with the low electrical resistance and low cost of Ag. An initial comparison of the CMA deposits with uniform, d-c plated,
Ag-Pd alloys did not show any clear difference in contact properties. However, both types of deposit proved satisfactory in
the tests which were made.

Lamellar or banded plating structures obtained with
direct current have often been observed in both alloy
coatings (1-7) and single metals deposited from addi-
tive containing baths (7-11). Such structures are
largely due to nonequilibrium or dynamic effects and
are usually unintentional. In general, they arise due
to periodic fluctuations in the electrocrystallization
process accompanied by periodic fluctuations of the

* Electrochemical Society Active Member.
1 Present address: MPI, Santa Clara, California 95051. i
48(-”)£)resent address: Oxy Metal Industries, Warren, Michigan
'tlx(e& words: alloys, laminated composites, contacts, electrodepo-
sition.

cathodic polarization (1, 12). Periodic potential fluctua-
tions were also reported in the deposition of banded Cu
alloys (13), Fe-Ni (14), Cd-Zn (15), and Nb-Ge (12).

Vacuum evaporation of composition modulated films
was introduced by DuMond and Youtz (16). The
technique consisted of evaporating alternate layers of
the components onto a commen substrate. Utilizing a
similar technique, Hilliard et al. (17, 18) obtained
composition-modulated films with short wavelengths
for diffusion studies. They used a rotating pinwheel
shutter with radial cutouts to facilitate alternate dep-
osition of the two components, which were simultane-
ously evaporated from separate crucibles. The tech-



1988

nique was further used to obtain composition-modu-
lated films with enhanced elastic modulus (19), mag-
netization (20-24), and superconductivity (25). Simi-
larly, molecular beam epitaxy (MBE) was used to ob-
tain fine structures of alternating epitaxial layers of
GaAs and Ga;-;Al;As (26-28). Electroplated struc-
tures of alternating layers were described by Blum
(29) as early as 1921. They were obtained by plating
alternately from separate electrolytes of the two com-
ponents. Brenner (1) mentioned (without details) the
electrodeposition of Cu-Bi alloy with alternating
layers of different compositions from a single electro-
lyte. They were obtained by automatic switching of
the current density between two widely separated
values. The deposit was cross sectioned and etched to
form a small diffraction grating.

In alloy electrodeposition, the current density gen-
erally has pronounced effects upon the deposit com-
position, structure, and properties (1). Usually, an in-
crease of the current density (or the cathode polariza-
tion) causes an increase in the relative amount of the
less noble metal in the plated alloy. With such alloys,
it is possible to control the composition by changes in
the plating current. Regularly modulated structures of
a plated alloy, made in this way, offer the promise of
new types of materials. The wide versatility of this
method is due to the following reasons: (i) It should
be applicable to most alloy systems that can be elec-
troplated. (ii) Potential engineering applications for
plated alloy films with tailored layer thicknesses and
composition modulations should span a wide spectrum.
Material properties which might be enhanced by such
structures include mechanical strength, wear resist-
ance, corrosion resistance, superconductivity and mag-
netic properties. (iii) For a given plating system the
thickness of each individual layer is determined by
the time integrated current (charge), and the current
efficiency. Its composition is determined by the cur-
rent amplitude and other plating conditions. (iv) Con-
trol of the charge can be achieved with a program-
mable power supply, completely external to the plat-
ing cell. (v) The concentration profile within each
cycle can also be tailored, up to a point, by changing
the plating current waveform, e.g., by changing the
amplitude and frequency and by utilizing either tri-
angular or square wave signals to obtain gradual or
abrupt variations, respectively.

Limitations of the CMA technique include the lim-
ited choice of metal pairs capable of alloy plating
and the relatively small magnitude of the composition
modulation (usually' no more than about 20-30%).
With very short spacings (~20A), limitation on the
modulation might involve mass transfer effects and
epitaxial and pseudoepitaxial phenomena in the solid,
in addition to relaxation times of solutes’ redistribu-
tion in the diffusion layer in the electrolyte. The
plated CMA coatings were characterized by Auger
emission spectroscopy (AES) with sputter depth pro-
filing and also by scanning electron microscopy (SEM)
on etched cross sections. The latter technigue relied on
the preferential etching rate of the deposit layers.
This rate is sensitive to composition and probably also
to the microstructure. It increases with the content of
Ag in the alloy.

This paper describes experimental results demon-
strating the feasibility of electroplating CMA struc-
tures of Ag-Pd alloy coatings from a concentrated
chloride bath. This alloy was chosen because it is a po-
tential substitute for hard gold plating on electrical
contacts (30). CMA structures of the Ag-Pd alloy
coatings may exhibit certain desirable properties in
such applications. For example, to minimize cost, re-
duce electrical resistivity, and increase corrosion-re-
sistance, one could conceivably produce a layered
structure composed of relatively thick layers of an
alloy rich in Ag, alternating with thin layers rich in
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Pd. To minimize the formation of tarnish films, the
outer surface layer would be Pd-rich. A preliminary
comparison is made of contact properties of CMA
deposits versus those of uniform Ag-Pd alloys plated
with direct current. This comparison is based on sev-
eral tests relevant to contact finishes (e.g., contact
resistance stability and contact wear).

Experimental

Plating Procedure
The Ag-Pd plating bath (with total volume of
1300 ml) consisted of:

LiCl 500g
AgCl 12g
PdCl, 3g
HCI 20 ml
H0 1000 ml

It was operated at 85° = 0.5°C with moderate stir-
ring (about 10 cm/sec flow rate). The experimental
plating apparatus and the bath preparation are de-
scribed in detail elsewhere (30). The electroplating
cell consisted of a closed vessel fitted with five ground
joint openings for thermometer, stirrer, and three
electroaes. The counterelectrode was made of a silver
sheet with a surface area of about 15 cm2, An internal
reference electrode was made by immersing a Pd wire
(0.050 in. diam) in the plating bath. This electrode had a
static potential of about —258 mV ws. the Ag/AgCl
(sat. KCI) reference electrode and was used to fol-
low the cathode polarization, n, in response to the cur-
rent modulation. The cathodes, or substrates, consisted
of strips masked on their edges and back side so that
the exposed area was about 2.5-3.0 cm2. Some sub-
strates consisted of pure silver, while others were
CDA 1725 copper alloy (89% Cu-9% Ni-2% Sn) pro-
tected with a soft gold undercoating (0.2-0.4 um
thick). For more details of the substrate preparation
see Ref. (30).

The applied electric signal was produced and con-
trolled by a combination of a potentiostat/galvanostat
(PAR 173) and a signal programmer (PAR 175). The
time traces of the current, cell voltage, and cathode
potential (ws. the Pd wire reference) were monitored
by a chart recorder and by an X-Y recorder (HP
7004B).

CMA coatings were prepared with two modes of
current modulation; square (or stepped), and tri-
angular (or swept) current waves. CMA structures
with palladium-rich last layers and with silver-rich
last layers were produced by stopping the plating at
the appropriate half-cycle in order to study the effect
of having the more corrosion resistant Pd-rich layer
at the surface.

Microscopic Analysis

Metallographic cross sections were mechanically
polished using alumina powder (0.05x) and etched for
30 sec in a freshly prepared solution of 5g KCN,
5g (NH;) 28205, and 200 ml of deionized water. The
mounted cross sections were then coated with ~200A
of gold, by sputtering, to improve their electric conduc-
tion for SEM examination.

Auger Analysis

The Auger measurements were made with a scan-
ning Auger microprobe (SAM, PHI Model 650) em-
ploying a double pass cylindrical mirror analyzer with
a concentric 5 kV gun. Composition-depth profiles
were obtained with Ar sputtering. Derivative spectra
were taken with 5 kV primary energy, ~10 x 10-7A
beam current, 3V peak to peak modulation, scan
rate 3 eV/sec, time constant 0.03 sec, and sputter rate—
either ~250 or 60A/min at 3 kV in 5 x 10~5 Torr of
argon.

The primary information was obtained from the
principal MNN lines of Pd and Ag (located at 330
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and 351 eV, respectively). The relative sensitivity
factor for these lines, Sag/Spq, Was taken as 1.28 based
on the determination by Schwartz (31) for a wrought
R156 alloy (60% Pd/40% Ag) and the bulk alloy mea-
surement described below. The composition was then
determined from the formula Cag/Cpq = (Iag/Ipa)/
1.28 where Cag and Cpq are in atomic percent (a/o) and
Iag and Ipq are peak to peak intensities of the 351 and
330 eV lines, respectively. The increase in Pd surface
concentration (relative to the bulk concentration) pro-
duced by sputtering, introduced some error into the de-
termination of the bulk concentrations, as described by
Schwartz (31). To estimate this effect, a sample of R156
alloy was sputtered for 40 min. After the surface films
were removed in the first minute of sputtering, a con-
stant intensity ratio, Iag/Ipq = 0.92, was obtained
This ratio, together with a sensitivity ratio of 1.28,
indicated a composition of 42% Ag and 58% Pd, in
close agreement with the nominal bulk composition of
R156. The Pd enhancement effect from sputtering
thus was small in this case. The indicated compositions
of the electrodeposited alloys were within about 5 a/o
of the values obtained by x-ray analysis in the
SEM. The error in the Auger measurement of absolute
composition is not a serious problem in the present
application where the change in the relative amounts
of Ag and Pd as a function of depth is of more in-
terest.

Results
Etffect of Current Waveform on Structure

In this section, we compare the intended structures,
as determined by the current waveform used, with the
results obtained by AES and SEM analysis. The effects
of substrate roughness and the displacement reaction
of Ag from the substrate or the deposit by Pd are also
demonstrated.

Square CMA with modulation =10004A.—Figure
1 depicts the time traces of an applied square current
wave, and the corresponding cathode polarization
(n vs. t). These were obtained during a plating ex-
periment designed to produce a structure of alternat-
ing thick (1000A) Ag-rich layers and thin (1004)
Pd-rich layers. Figure 2 shows SEM photographs of an
etched cross section of the resulting deposit. A com-
parison to the 0.1 um (1000A) scale marker indicates
that the total cycle thickness is very close to the
nominal value of 1100A. This deposit was plated onto
a silver strip substrate which had been chemically
etched (in NH4OH/H20: 1:1), and immersed (with no
applied current) for 2 min in the Ag-Pd plating bath
prior to the CMA plating. It was also left in this bath
(with no applied current) for 1 min following the
termination of the CMA plating. Pd-rich layers pro-
duced by displacement plating can be seen at the
boundary between the Ag substrate and the CMA
structure, and also on the outer surface. (The etching
procedures make the Pd-rich layers appear white in

SQUARE CMA (1000/100;\) PLATING TRACES

— I - APPLIED CURRENT
---= 7 - CATHODE POTENTIAL

- f~ 10 SEC

TIME (SEC) ——

Fig. 1. Time traces of the impressed plating current, /, and the
cathodic polarization, m (vs. Pd-wire reference electrode), for a
square waveform designed to produce alternating 1000A Ag-rich
layers and 100A Pd-rich layers.
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Fig. 2. SEM of an etched cross section of the CMA structure cor-
responding to Fig. 1. Notice (from left to right) the Ag-substrate,
a Pd-enriched displacement layer (white), the 34 cycles of CMA
structure, and another Pd-rich displacement layer.

these SEM photographs.) For more details regarding
the displacement reactions, see Ref. (30).

The composition modulation and the Pd surface en-
hancement of this sample are immediately apparent
in the Auger depth profiles shown in Fig. 3. The indi-
cated variation of Pd in the bulk of the sample is be-
tween 34 and 37 a/o while corresponding variation
in the Ag/Pd ratio is 1.94 to 1.70. The gradual decrease
in the amplitude of composition modulation with sput-
tering time does not represent a real effect in the
sample. It results from the gradual loss of depth
resolution associated with the analysis technique. This
effect is further discussed later. Minor amounts of Cl
and S were also detected at about the 1% level. The S
was a surface contaminant (presumably a sulfide)
which disappears after a sputtering time of less than
1 min. Interestingly, the Cl signal in Fig. 3 shows
a moderate peak coinciding with the Pd-rich dis-
placement layer, and very small peaks occur thereafter
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Fig. 3. Auger depth profiles for Ag, Pd, and ClI obtained with the
deposit corresponding to Fig. 1 and 2. Notice the Pd-rich outer
layer produced by displacement and 3-4 cycles of CMA. Also notice
that Cl peaks coincide with Pd peaks.
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at depths corresponding to maxima in Pd concentra-
tion. When the sputter beam was turned off, the Cl
signal increased steadily, indicating this species was
migrating to the surface. Presumably, this Cl is in-
corporated from the plating bath in greater amounts
during the intervals of lower current density (i.e, Pd-
rich layers). The depth profiles in Fig. 3 show quite
clearly that the surface layer is enriched in Pd by
the displacement reaction. The indicated surface com-
position is approximately 56% Pd. This surface layer is
about 1000A thick and is variable in thickness from
point to point on the sample as can also be seen in
Fig. 2.

Results are presented next which illustrate that the
Ag-Pd plating tends to smooth small protrusions or
irregularities but amplifies large ones. The latter are
deleterious since they proceed to develop into nodules,
and eventually deteriorate the plating. Figure 5 shows
SEM micrographs of an etched cross section of a CMA
coating on a very flat and smooth substrate. The Ag
substrate was prepared by careful polishing with 0.3
um alumina. Plating was initiated immediately after
immersion, a procedure which avoids the silver dis-
placement reaction with an attendant surface roughen-
ing. The applied current waveform and the corre-
sponding time traces of the cathode polarization and
cell voltage, obtained during the plating of this sam-
ple, are shown in Fig. 4. The designed CMA struc-
ture consisted of alternating layers of 1000A rich in
Ag and 200A rich in Pd. A layer of about 1 um of soft
gold (seen as a white layer) was overplated on this
CMA structure in order to facilitate the preparation of
the metallographic cross section. Another Ag substrate
was roughened by a prolongated etching in NH,OH/
Hy0; (1:1) followed by immersion in the plating bath
for 2 min with no current applied. Figure 6 shows

SQUARE CMA (1000/2004) PLATING TRACES

— I- APPLIED CURRENT
—— V- CELL VOLTAGE
~---7) - CATHODE POTENTIAL
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Fig. 4. Time traces of the applied current, the corresponding
cathodic polarization, m, and the cell voltage, V, obtained during
the plating of a square CMA designed to produce alternating
1000A Ag-rich layers and 200A Pd-rich layers.

Fig. 5. SEM of an etched cross section of the CMA corresponding
to Fig. 4. The outermost layer (white) corresponds to a soft gold
(about 1 um thick) plated over the CMA structure in order to

facilitate mechanical polishing of the le without d
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Fig. 6. SEM of an etched cross section demonstrating the effects
of substrate roughness (a) and particle inclusions (b) on the stabil-
ity of the growth interface. CMA structure same as in Fig. 1, 2,
and 3.

SEM photographs of the etched cross section of this sub-
strate and the Ag-Pd CMA coating which was plated
onto it. The designed CMA structure of this sample
was similar to the sample of Fig. 1, 2, and 3 (i.e., alter-
nating layers of 1000A Ag-rich, and 100A Pd-rich).
Here, however, the substrate roughening produced
large protrusions =0.5 um which were subsequently
amplified in the CMA deposit. A similar effect was also
produced by inclusion of solid particles during the
plating (cf. Fig. 6b). Small protrusions originating
either in the substrate, or within the CMA deposit due
to small fluctuations, are seen to be smoothed out as
the deposition proceeds.

Square CMA with modulations of 500-10004.—
Figure 7 shows the time traces of the applied current
and the corresponding cathode polarization and cell
voltage during the deposition of a CMA structure de-
signed to produce alternating layers of 500A Ag-rich,
and 250A Pd-rich. SEM photographs of the etched
cross section are shown in Fig. 8. Good agreement be-
tween the designed and obtained total cycle thickness
may be noted. Also evident is the excellent resolution
of the microstructure after etching (better than 5004).
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SQUARE CMA (500/250 R) PLATING TRACES
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Fig. 7. Time traces obtained during the plating of a square CMA
designed to produce alternating 500A Ag-rich layers and 2504
Pd-rich layers.

(a)

Fig. 8. SEM of an etched cross section corresponding to Fig. 7.
Notice the excellent resolution of the etchant. The total deposit
thickness is about 6 um, and there are some 80 cycles, or a total
of 160 layers.

The deep diagonal grooves which run across the coat-
ing are probably artifacts caused by minute polishing
scratches which were later magnified by the chemical
etching procedure. The substrate of this sample con-
sisted of the alloy, CDA 725. It was mechanically pol-
ished (with 0.3 um alumina) and plated with a 0.3
wm thick soft gold undercoating prior to plating of the
CMA coating. As discussed elsewhere (30), this pro-
cedure avoids vigorous displacement reactions of base
metals with the Ag-Pd plating bath. The plating of
the CMA structure was started immediately following
the immersion of the protected substrate in the Ag-Pd
plating bath. Examination of this sample by AES, as
well as four other samples with nominal cyclic wave-
lengths less than 10004, failed to show any indication
of composition modulation in the sputter profiles.
Data scattering was about 2% in the Ag/Pd ratio.
Much of the layer delineation seen by SEM for these
samples may thus originate from microstructure modu-
lation. The lack of composition resolution by AES
depth profiling could also be due to the undulating
character of the deposit surface (cf. Fig. 8).

Square CMA with modulation <500A.—Samples
with a designed modulation of less than 500A show
no evidence of modulations by either SEM or AES.
Thus, rapid variation of the applied current density
does not appear to be reflected in either the deposit
microstructure or the composition. This apparent limit
on the dynamics of the plating process will be con-
sidered in more detail later.

Triangular CMA.—Figures 9a and 9b depict the
applied triangular current waveforms, and the time
traces n-t and V-t, obtained during the plating of two
triangular CMA structures. They were designed to
produce structures with cyclic layers of 2500A and
5004, respectively. Etched cross sections of similar
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Fig. 9. Time traces obtained during the plating of triangular
CMA structures. The current waveforms were designed to produce
a structure with cyclic layers 2500A thick (a) and a structure with
cyclic layers 500A thick (b).

samples are shown in Fig. 10a and 10b. Whereas it is
easy to delineate the CMA structure having cyclic
layers of about 2500A thick (cf. Fig. 10a), a similar
delineation is not possible with the deposit designed to
produce cyclic layers of 500A thick (cf. Fig. 10b) nor
with several other triangular CMA deposits, designed
to have wavelengths shorter than 500A. The AES
depth profiling obtained with a triangular CMA struc-
ture having 2500A wavelength is shown in Fig. 11. In
this case, about 3 um was sputtered away. enough to
penetrate through the deposit thickness (nominally
2.75 um). Approximately 3 or 4 of the 11 layers are
resolved and show a triangular variation in the com-
position. As previously mentioned, the loss of depth
resolution, as well as the nonabrupt drop in signal
when sputtering had penetrated through the plated
alloy, are believed to be artifacts due to sputter-in-
duced microtopographic features. The AES depth pro-
filing was not able to resolve any composition modula~
tion in triangular CMA deposits with designed layer
thicknesses of 500A or shorter, just as with the square
CMA structures.

Evaluation of Deposits for Contact Finish Applications

A preliminary evaluation of contact resistance of
Ag-Pd CMA and d-c plated alloy coatings was per-
formed. The contact resistance prior to and following
exposure to an environment of flowers of sulfur (37)
was measured using a four-point probe at 100g force.

One week exposure of both the square CMA and the
d-c coatings (50% Ag-50% Pd) to an environment
containing flowers of sulfur, 85% relative humidity
(RH), and 50°C, had hardly any effect on the contact
resistance of either types of deposits. The initial value
was about 1.1-1.3 mg for all coatings. Figure 12 shows
a probability plot of the measured contact resistance
values for the wrought R156 alloy, for a uniform (d-c
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Fig. 10. SEM of etched cross sections of triangular CMA deposits
designed to produce a structure with cyclic layers 2500A thick (a)
and a structure with cyclic layers 500A thick (b). (See text.)
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Fig. 12. Contact resistance distribution plot after a flowers of
sulfur exposure test. Data were measured with a load of 100 g on a
gold probe using the 4 wire method. Samples were exposed to
saturated flowers of sulfur for 1 week at 50°C and 85% RH.

plated) deposit, and for two CMA deposits with alter-
nating layers of 1000A rich in Ag and 200A rich in Pd.
The two CMA deposits differed from each other only
in that the plating current was turned off during the
plating of an Ag-rich layer (ARL) or during the plat-
ing of a Pd-rich layer (PRL). The ARL deposit gave
slightly greater scatter than either the PRL or the uni-
form deposit. However, all three electrodeposits
showed substantially less contact resistance increase
than did the bulk R156 alloy. This improvement in the
contact resistance stability (CRS) of the electrode-
posited alloys over the wrought alloy is particularly
surprising since the latter contained more Pd than the
plated alloys.

The same result was also found in a previous com-
parison (30) of d-c plated Ag-Pd vs. R156 in a flowers
of sulfur test. As discussed below, the influence of in-
corporated Cl and the microstructure will be con-
sidered as possible causes for the improved CRS be-
havior. Wear and friction response of the Ag-Pd CMA
coatings was evaluated briefly using the approach de-
scribed in Ref. (30) and was also found similar to that
of d-c Ag-Pd coatings.

CMA and d-c Ag-Pd platings differed in the coating
appearance. d-c platings containing less than about
45% Ag had rough surfaces with dark gray matte
color. The surface became smoother, and the color
lighter, with increased Ag content. Deposits containing
more than about 70% Ag exhibited a silver-white
color and tended to be powdery. Semi-bright d-c coat-
ings could be obtained only under optimum conditions.
CMA deposits, on the other hand, had smoother sur-
faces and brighter appearance under a wider range
of plating conditions. For a given average current den-
sity, the brightness increased with the applied wave
frequency provided that the high current amvlitudes

and durations were not excessive (i.e., about 25 mA/
cm? and 1 min).

Discussion

The analysis of CMA deposits indicates that, within
certain limits, the alloy composition and structure do
correspond to the applied current waveform. A tri-
angular waveform gives rise to a clearly triangular
composition profile (cf. Fig. 11). A square waveform,
however, does not appear to cause corresponding sharp
composition steps, particularly for short wavelengths.
In such cases the composition-depth profiles are
rounded, resembling a roughly sinusoidal waveform
(cf. Fig. 3). The cathodic polarization also does not
change instantaneously with new applied current but
approaches a new steady state with a time constant of
the order of several seconds. This response time is not
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likely to reflect the non-Faradaic effects such as
double layer charging, which typically takes place in a
millisecond time trame. Kather, this response time
probably reflects the ion redistribution in the diffusion
layer (concentration polarization) which normally
takes place with a time constant of a few seconds (1)
such as is observed in Fig. 1. It is thus possible to un-
derstand why we observe a clearly defined CMA struc-
ture with a cyclic composition only when the wave-
length is =10004, corresponding to cycle time >5 sec
for the conditions used.

The layers seen in SEM micrographs of CMA deposits
where the wavelengths are in the intermediate range
(500-1000A), may reflect a modulation of the micro-
structure more than of composition (since no modula-
tion is detected by AES profiles of such samples).
The general experience in plating both alloys and
single metals indicates that microstructure is indeed
sensitive to current density variations (1). A study
of the microstructure modulations of CMA Ag-Pd
deposits by transmission electron microscopy (TEM)
of cross sections is planned to confirm this point. A
previous study of d-c plated Ag-Pd coatings by TEM
and x-ray diffraction (XRD) revealed a homogeneous
single phase solid solution with an fcc crystal struc-
ture, and very fine grains (100-300A) (33). Voids of
about 20-30A in size were also noted at the grain
boundaries.

It does not seem likely that the loss of AES depth
resolution is due to solid-state diffusion. The rates of
solid-state interdiffusion of Ag and Pd in the alloy
Ag-Pd are extremely low at room temperature. The
plating temperature (85°C) is only maintained for
short period (about 10 min). Experiments to homogen-
ize adjacent thin layers of Ag and Pd by Tu (34),
revealed negligible diffusion after a period of 24 hr
at 200°C. Indeed, the diffusion length, computed from
the diffusion coefficients of the bulk Ag-Pd alloy,
should be only a small fraction of 1A (during a 24 hr
period at 200°C).

Among several possible reasons for the loss of the
AES resolution of composition modulations with the
depth, we believe that the microtopography of the
deposit surface and outer layers is of primary im-
portance. The outer layers of CMA deposits will
generally not be perfectly flat. Undulating ripples are
clearly seen in Fig. 2, 5, 6, and 8. Before sputtering
is begun, the AES analyzing beam excites only the
outermost layer surface, regardless of the ripples, so
that true surface composition is obtained. However,
a3 depth profiling is set by sputtering, the bottom of
the sputtering crater (about 1 mm diameter) advances
through the deposit, exposing various depths of a
layer, or even more than a single layer, at a time. The
topography of the surface will change during the
course of the sputtering; it could approach a flat or,
more likely, it could develop new microtopography
such as the cones often seen on sputtered metals (35).
Consequently, the analyzing AES beam (of about 5
¢m diameter), focused at the crater’s bottom, will
generally sample arcas at different distances from the
original surface at any instant. Such averaging effects
add to the rounding of composition profiles of CMA
structures obtained with square current waveforms.
Esaki and Chang (27) attributed the steady loss of
resolution with the sputtering depth to the spatially
varying rates on the scale of the area of the focused
primary beam.

It is possible to interpret a number of our findings
concerning the controlling parameters in the plating
process on the basis of a relatively simple model, i.e.,
that the mass transport of Pd*2 ions across the dif-
fusion layer is rate controlling. This is the typical
behavior for normal alloy plating where the more
noble metal is diffusivity controlled (1). To achieve
a maximal effect of modulating the composition, it is
necessary to operate under conditions such that modu-
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lation of current density produces largest change in
the concentration of Pd+*2 ions at the interface. For
the experimental conditions used, increasing the cur-
rent density modulation, decreasing the total ion con-
centration of the solution, or decreasing the rate of
stirring all should favor larger modulation in the
composition of the plated CMA alloy. It is anticipated
that CMA Ag-Pd structures with layer thickness
=100A may be obtained by decreasing the ion concen-
trations by about an order of magnitude. This, how-
ever, may increase erratic fluctuations in composition
and morphology of the growth interface.

The smoothness of the deposit is also controlled by
the mass transport of the Pd+2 ions. We can thus
understand that changes in plating parameters which
tend to decrease the Pd content in the plated alloy
(e.g., increased current density), tend also to destabil-
ize the growth interface of the deposit. In the SEM
photographs of etched cross sections (see especially
Fig. 6a and 6b), interface protrusions of small dimen-
sions are seen to be gradually smoothed out, whereas
protrusions of larger dimensions are seen to be gradu-
ally amplified, causing increasing roughness and even-
tually leading to nodule formation and coating de-
terioration. Other destabilizing effects due to substrate
surface irregularities and particle inclusions during
growth can likewise be seen in these figures. The
critical size of protrusion which is no longer smoothed
is expected to be comparable to the diffusion layer
thickness since larger protrusions will penetrate into
the diffusion layer, thereby becoming more favored for
growth over their surroundings. The faster growth rate
on such large protrusions is due to the larger nutrient
concentration ahead of the protrusions causing the fur-
ther amplification of these protrusions. With small pro-
trusions, on the other hand, the diffusion layer can
conform to the outlines of the solid surface. The
growth of such protrusions is, therefore, not favored
over their surroundings. However, the increase of
free energy due to the increased interface area of pro-
trusions and the associated surface tension, will tend to
smooth out the small protrusions (36, 37).

The SEM photographs of etched cross sections pro-
vide insight as to such effects of surface irregularities
on rate growth because: (i) Each cross-sectional pho-
tograph contains a continuous record of the growth
interface position and shape. Each contour line (cyclic
layer) represents the instantaneous position of the
growth interface at a known time (given by the
number of lines from the substrate). (ii) The growth
direction is always normal to the contour lines. (iii)
The local contour line spacing is proportional to the
local rate of growth. i.e, the regions with the largest
spacing between lines can be identified as the regions
with the fastest growth. In future studies, this infor-
mation could be more systematically analyzed to pro-
vide a new means to study the stability of growth
interfaces as well as the macro and microthrowing
power of plating baths.

The superior corrosion resistance and contact re-
sistance stability (CRS) of both CMA and d-c plated
Ag-Pd alloys (relative to the wrought alloy R-156),
as determined in the flowers of sulfur tests, is of
practical significance as well as scientific interest.
Based on the higher content of Ag in the plated alloy,
one would anticipate the opposite behavior. Neverthe-
less, the plated alloys differ substantially from the
wrought alloy in their microstructure and their in-
corporated trace impurities. As noted previously (30),
the grain size of the wrought alloy is of the order of
several micrometers, whereas that of the plated alloys
is only about 100-300A. Also, the plated alloy is more
homogeneous than its wrought counterpart. The much
finer grain size as well as the greater homogeneity of
the plated alloy, could reduce the Ag mobility towards
the surface, thereby reducing the formation of tar-
nish films in the sulfiding environment. It is also con-
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ceivable that incorporated impurities in the plated
alloy may somehow hinder and reduce the mobility of
Ag to the surface, thereby improving its tarnish re-
sistance. The presence of incorporated Cl in CMA
Ag-Pd coatings, established by AES, may thus con-
tribute to its superior tarnish resistance over that of
the wrought alloy.
Summary

With the application of the CMA technique to the
plating of Ag-Pd alloys, we have demonstrated the
feasibility of preparing new types of laminated com-
posite structures. The technique allows the control
of thickness and composition of individual layers
within the deposit in a precise and convenient manner.
The versatility of the technique has been demon-
strated by plating CMA structures by both square
and triangular waveforms. The minimum thickness of
the individual layers appears to be defined by the
response time, of the order of several seconds, re-
quired to achieve a new steady state of concentration
gradients in the diffusion layer after a change has
occurred in the current density. For the conditions of
this study, this minimum cycle wavelength was about
500-1000A. Plating of CMA structures of Ag-Pd alloy
with layer thickness below about 100A is believed to
be feasible with lower average current densities and
bath concentrations. Detailed studies of etched cross
sections of CMA structures provide a new and con-
venient means to study destabilizing mechanisms of
the growth interface and its morphology.

A preliminary comparison between CMA and d-c
plated Ag-Pd alloys did not reveal any clear differ-
ences in tests relevant to their contact finish prop-
erties. Both were found superior to the wrought alloy,
R-156, in these tests, although they contained one-
third less Pd than the wrought alloy. Indeed the
contact finish properties of both types of plated Ag-
Pd alloy were found to be generally satisfactory. The
only noticeable difference between CMA and d-c
plated Ag-Pd alloys was the increasing brightness of
CMA deposits with the frequency of the square or
triangular waveform.

With the knowledge of the CMA technique gained
from the present study, it should be possible to
produce other CMA alloys where beneficial effects
might be realized from the strongly anisotropic struc-
ture. One obvious future application is the preparation
of magnetic alloy films for information storage since
magnetic properties are sensitive to both film thickness
and composition. Other possible areas of application
for CMA plating include the preparation of super-
conducting films, highly protective coatings for use in
corrosive environments, and layered structures with
optical or improved mechanical properties such as
toughness and wear resistance.

Manuscript submitted June 11, 1982; revised manu-
script received May 10, 1983. ThlS was Paper 310 pre-
sented at the Denver, Colorado Meeting of the Society,
Oct. 11-16, 1981.

Bell Laboratories assisted in meeting publication
costs of this article.

APPENDIX A

Design of CMA Structure Parameters
Square Current Wave

The square current wave is characterized by its
lower and upper current densities, iy = I1/A, and iy =
I;/A, respectively, and their corresponding periods
t; and tp, respectively, Here A is the cathode surface
area, and I; and I, are the applied current steps. The
cycle frequency is f = 1/x, where v = t; + t; is the
total cycle period. The individual layer thicknesses are
calculated from the relationships

palit My

= 1
‘nxd1AF [ ]
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Here p; and ps are the lower and upper step cathode
current efficiencies, respectively, and M; and M, are
the molar weights of the alloy plated at i; and i, re-
spectively. F is the Faraday constant (96,500 coulomb/
mol). n; and ns are the numbers of electrons trans-
ferred per formula of the alloys plated at i; and iz, re-
spectively, and d; and d» are the corresponding den-
sities of these alloys. For small magnitude composition
modulation, the average parameters can be consid-
ered: P~ Py ~ Py; M ~ My ~ My; n ~ n; ~ np; and
d~d; ~ds.

For this case

and

(3]

hy = c 2 [1a]
=C—0o0 a
'TTTA
Iztz
h, C— 2a
pele=g (2a)
and # ;
1 1t
— = 3a
hg Loty {8a]
Here C = pM/ndF is a constant, Fo;' Ag-Pd alloys of
cm? um
about 50% Ag-50% Pd, C ~ 1.0 — —— when h; and
coulomb

hy expressed in um I and I; in amperes, t; and t; in
sec, and A in cm2.

Triangular Current Wave

Only average parameters are considered here since
the current is continuously swept. The lower and
upper limit current densities are iy = I;/A and i =
I/A, respectively. The average current density is

U+

, and the sweep rate is
di 2(ig — 1)
—=— “
dt T

where 1 is the cycle period. The cyclic layer thickness
is calculated from

tavg =

Iavgt

h = Claygt =C (5]
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Capacitance Characteristics of the Polycrystalline CdS/NaOH and
CdS/Cysteine Interfaces
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ABSTRACT

Flatband potentials (V) of polycrystalline CdS have been determined as a function of pH, in the absence and in the
presence of cysteine. From pH 10, the linear dependence of V,,, with pH is explained by a hydroxylation of the electrode
surface. With cysteine, two V., negative steps occur at pH’s corresponding to the two pK,’s of the reductant, emphasizing
the V3 dependence on the degree of ionization of the amino acid.

Several studies (1) have shown that CdS in con-
tact with an aqueous electrolyte solution presents
important photoanodic corrosion. Up to now, the
most efficient redox electrolytes used to check this
are the chalcogenide/polycalcogenide couples (2).

It was interesting to test sulfur containing organic
reductants as kinetic inhibitors of CdS photocorrosion
(3). According to some choice criteria, cysteine (I)
had been chosen as one of these reductants; its be-
havior at illuminated CdS has been described pre-
viously (3). These studies have shown that although
cysteine does not behave as an efficient kinetic in-
hibitor of photocorrosion, the i/V curve characteristics
of amorphous CdS are improved under illumination
in an aqueous basic solution of cysteine. From x-ray
fluorescence and LEEIX measurements (4), it turns
out that the photoelectrochemical characteristic im-
provements can be correlated to hydroxylation of the
CdsS, strongly enhanced in the presence of cysteine
(pH 14).

Nevertheless, a thorough in situ study of the CdS-
cysteine junction by capacitance measurements could
not be carried out because of the nonlinearity of the
Mott-Schottky 1/C2 vs. V plots. This behavior prob-
ably stems from the amorphous structure of the
studied CdS films, obtained by chemical deposition
(5). Consequently, in order to get a deeper insight
into the CdS-cysteine interface by capacitance studies,
we examined another type of CdS prepared by evapo-
ration and presenting a better crystalline structure.
With these samples, we have been able to study more
quantitatively the solid-liquid junction, and espe-
cially the influence of cysteine and pH on the capaci-
tance characteristics in the dark, which we present in
this paper.

* Electrochemical Society Active Member; Research Associate
of the National Fund for Scientific Researcl:ngelglum).

Key words: CdS, cy , surface tion, flatband po-
tential.
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Experimental

Electrodes.—Polycrystalline n-CdS electrodes pre-
pared by evaporation on brass, were donated by
B. Baron (Institute of Energy Conversion, University
of Delaware, Newark, Delaware). The microcrystals
(hexagonal system) are oriented with the c-axis per-
pendicular to the support, the thickness of the CdS
film is about 25 um, with an average grain diameter
of 1 um and a resistivity varying between 1 and 3
Q - cm from one sample to the other. The donor den-
sity (Np ~ 4.5 = 0.5 1018 cm—3) was determined by
us, from the slope of the Mott-Schottky plot. The Np
value is only indicative because no roughness factor,
which can easily reach 2, has been considered. The
polycrystalline structure has been checked by SEM
(ISI DS 130, no metallization treatment) (Fig. 1) and
x-ray diffraction. Figure 1 shows that the surface
structure is very different from the nodules of the
amorphous CdS (3b) studied before.

Preparation of electrodes.—Each electrode is
mounted on a Pyrex support using an insulating glue
(Dow Corning RTV 730). Electrical contact is made
by a copper wire glued with a conducting silver paint
on the back brass surface. Before each measurement,
the mounted electrode is etched by HCl 4M (Merck,
Titrisol) for 1 min at room temperature in the dark;
it is then rinsed five times with tridistilled water and
finally the solution is poured into the cell. The mea-
surements are made after a 5 min contact between
the solution and the electrode.
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Fig. 1. SEM picture of the CdS film. Beam incidence of 30° with
respect to the surface.

Solutions.—All solutions are made with tridistilled
water. Traces of ferric ions present in NaOH (P. A.
Merck )are removed by coprecipitation with Mg (OH) 2
added as MgSO4 to the NaOH stock solution (4M).
L-Cysteine (HSCH;CH(NH,)COOH) (P. A. Aldrich)
and LiNO; (P.A. U.C.B.) are used as such. Na»SO;
(P.A. U.C.B.) is recrystallized. The pH of each solu-
tion is measured with a Philips PR 9403 pH meter,
equipped with a glass electrode (Philips GA 420, pH
0-14). The concentration of cysteine is checked for
several experiments by the Ellmann’s spectroscopic
method (6) (oxidation of cysteine by 3,3’ dithiobis (6
nitrobenzoic) acid giving a free yellow nitro carboxy-
thiolate ion with es12 nm = 13,600). All solutions are
deoxygenated by nitrogen bubbling during the solu-
tion preparation and before and during the experi-
ments.

Experimental setup.—The impedance measurements
are performed by superimposing a sinusoidal signal
on a linear potential sweep, applied, via a Tacussel Pit
20-2X Potentiostat, to the CdS working electrode of
a one-compartment cell containing also the saturated
calomel and counterelectrodes. The resulting cell
signal is measured vs. the reference signal of the
potentiostat, with an Ortec Brookdeal 9503-C Lock-
in Amplifier or on a X-t recorder with a signal recti-
fier.

Results and Discussion

The impedances of the solid-liquid CdS/NaOH and
CdS/cysteine junctions are determined in order to
point out the cysteine effect on the Schottky barrier.
With both junctions, the impedance data fit to a first
approximation (within the experimental precision of
+ 10%) with a simple equivalent electrical circuit,
composed of a resistance Rs in series with a capaci-
tance C with a parallel resistance Rp or “shunt re-
sistance,” responsible for the faradaic or leak current.

The actual equivalent electrical circuit is probably
a little more complicated in the low frequency region
where other electrical elements perturbate by less
than 15% the behavior of the simple circuit described
above. These other elements of the equivalent circuit
are probably responsible for the slight frequency de-
pendence of the slopes of the Mott-Schottky lines
(1/C2 vs. V), determined in the low frequency region
in the absence or in the presence of cysteine (Fig. 2A
and B).

Frequency dispersion in Mott-Schottky plots have
been often described (8) and it has been shown re-
cently that such a frequency dependence in a low
frequency range vanishes with increasing frequency
(9). Nevertheless, as shown by Fig. 2A and B, the
extrapolated flatband potential (V) remains con-
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Fig. 2. Mott-Schottky plots for different frequencies. A: CdS/
NaOH pH 14. B: CdS/cysteine 1M, NaOH pH 11.5.

stant within the experimental error (% 10 mV). The
fact that only the slope of the function is frequency
dependent allows us to evaluate, without appreciable
error, the Vrp by extrapolation of the straight line.

Figure 3 shows the Vyp values as a function of pH
in NaOH alone and with cysteine 1M. All the values
are obtained from capacitance measurements made at
375 Hz. We chose this frequency because the (Cw)~!
values are then comprised between 26000 (C ~ 150
nF) and 13,0000 (C ~ 30 nF), which allows to sim-
plify the impedance of the equivalent circuit to the
C branch only.

For CdS in NaOH alone, as shown in Fig. 3, the
Vrp remains constant between pH 6 and 10, with a
value of approximately —0.910V vs. SCE. At pH 10,
the Vep starts increasing linearly with the pH, up to
pH 13.5 with a slope of 30 mV per pH unit. The nature
of the electrolyte does not seem to have any major
influence on Vyg (LiNO3 0.4M or NaySOs 0.2M). It
has to be noticed that, in order to obtain reproducible
results, an electrode etching with HCl 4M is required
before each measurement. Indeed, if two successive
measurements are performed, the first one at a higher
pH and the second one at a lower pH, without chemi-
cal etching between both experiments, the Vpp value
at the lower pH is quite irreproducible: the values
extend from the actual value obtained after etching,
to values close to the ones obtained at the higher pH.
This behavior, always observed without preliminary
etching, most probably stems from an irreversible
electrode modification by the highly basic aqueous
solution.

Figure 3 also shows that in the presence of cysteine
1M, for all the pH values, the CdS Vg is shifted
cathodically compared to the Vyp obtained in NaOH
alone, This negative Vgp shift is comparable to the
one observed with the S2— ions (2b), with however,
in the cysteine case, a more complex relation be-

Vs

1

Cyst. 1M

pH

Fig. 3. VrB of nCdS extrapolated from Mott-Schottky plots made
at 375 Hz as a function of pH. A: NaOH, from pH 6 to 13.5;
ionic strength is kept constant by adding LiNO3 0.4M () or
No250; 0.2M (m). B: Cysteine 1M, from pH 7 to 14.
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tween Vgp and the pH. Indeed, as shown in Fig. 3,
Vre does not vary linearly with the pH, except for
pH higher than 11. Between pH 6 and 11, there are
two Vpp negative steps as a function of the pH: one
around pH 8.5 and the other around pH 10.75. It has
not been possible to investigate the pH region lower
than 6, because of the cysteine insolubility in acidic
medium.

CdS/NaOH junction.—Variation of Vg of CdS in
contact with aqueous solutions at different pH has
already been investigated by several authors (10);
however, the results are somewhat different from one
author to the other. Most of the differences could be
attributed to different crystallographic faces in con-
tact with the electrolyte which exhibit different Vgg
dependence with the pH. Recently, this has also been
shown in the case of the n-GaAs (10d). Thus we felt
that a clarification of the pH effect on our CdS junc-
tion was a prerequisite for a study of the effects of
cysteine as a function of pH.

In our case, the Vpp remains constant from pH 6
to 10 and corresponds to —0.91 V/SCE, in agreement
with Watanabe’s results; however, from pH 10, con-
trary to Watanabe’s results, the Vyp values start
shifting negatively by 30 mV/pH up to pH 13.5, simi-
larly to Matsumura’s results. This behavior can be
explained by taking into account a chemical modifica-
tion of the CdS induced by the aqueous basic solution
under anodic bias. Indeed, it has been shown by x-ray
fluorescence and LEEIX measurements (4) that an
electrode of amorphous CdS, dipped in an NaOH solu-
tion at pH 14, is modified by hydroxyl groups, cad-
mium oxide, and sulfate-type sulfur. Moreover, under
anodic bias with respect to Vgp, in the dark and under
illumination, the same modification is observed and
no sulfur S° from the lattice sulfide oxidation is
detected. These experimental observations are in very
good agreement with the calculated Pourbaix diagram
for CdS (Fig. 4) where the semiconductor between
pH 2 and 13.5 corrodes anodically into SO42— and
Cd2+ or different soluble hydroxylated Cd2+ or in-
soluble Cd(OH),, depending on pH. Such a diagram
has already been calculated by Park et al. (11) who
considered the sulfur S° in the anodic corrosion area.
However, the thermodynamic data show that only
HSO4~ and SO42~ can be considered as the stable
thermodynamic sulfur species in the anodic corrosion
area of CdS (Fig. 4). Therefore, at V > —05V
(SCE) where a small oxidation current is observed,
the electrode could corrode into SO42— and Cd2+ ions.
The SO42- should gradually dissolve into the solution
whereas the fate of the Cd2+ is critically pH depend-
ent. In neutral or acidic solution, Cd2+ is soluble and
the electrode merely dissolves without surface chemi-
cal modification. On the contrary, in the high pH
region (pH 10-13.5), the Cd(OH), formed by anodic
oxidation would accumulate on the surface and modify
the CdS.

Taking into account this chemical modification by
corrosion and passivation, the pH effect on the CdS
Vrp can easily be explained. Indeed, according to the
corrosion criteria (i.e., 10-8M for the concentration of
soluble species), pH 10 plays a capital role for the
CdS/NaOH junction since it represents the boundary
between the corrosion (Cd(OH)+ + S042-) and
passivation (Cd(OH); + SO42-) areas. Consequently,
for pH < 10, although the electrode is corroding, its
superficial chemical composition does not change and
is essentially composed of CdS, the Vg of which does
not depend on pH. On the contrary, for pH > 10, the
electrode surface is passivated by Cd(OH),, an “ac-
tive” form of CdO, the Vgp of which should be pH
dependent as for the oxide semiconductors.

CdS/cysteine junction—There are two types of
cysteine effects on the CdS Vgp which are pointed out
in Fig. 3. The first one is a negative shift of Vg for
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all pH values comprised between 7 and 14, compared
to the values in NaOH alone. The second is a variation
of the amplitude of this shift depending on pH.
Actually, the amino acid (I) has three ionizable
acid functions with the following pK, values (14):

Kal
R'—COOH = R'—COO0) (=) 4 H(+) pK,l = 1.71

Ka2

a
R'—SH = R'—S() 4 H+) pK,2 = 8.3/8.7

Ka3
R'—NH;3(+) = R'—NH; + H(+) pK,3 = 10.4/10.8

These are macroscopic constants. More accurately, the
two latter pK,’s can be divided into four microscopic
constants:

Ka4
NH3(*)>-R—SH = NH3(¥)—R—S(—) 4 Ht
' pK.4 = 8.4/8.7
Ka5
NH3¢*>—R—SH = NH,—R—SH 4 H*t
pK,5 = 8.6/8.9
K.6
NH3(+>—R—S(—) = NH,—R—S(-) 4+ H+
pK.6 = 10/10.8
K,7
2 NHp—R—S(—> 4+ H*t
pK,7 = 10/10.5

NH;—R—SH

where —R— stands for —CH—CH,—.
CO0=
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If we assume that cysteine adsorbs reversibly on
the surface when CdS is dipped in a cysteine solu-
tion, we can easily interpret our results. For pH
lower than pK,4 and pKi5 but > pKal, cysteine is
twice ionized, with a negative charge on the car-
boxylate group and a positive one on the ammonium
group, leading to a resulting charge of zero. In this
condition, the Vg cathodic shift, between pH 7 and 8,
compared to the value in NaOH alone, could be at-
tributed to a potential drop in the OHP, due to the
dipole of the adsorbed “neutral” cysteine. Around pH
8.5, the Vpp shifts cathodically because of the acid-
base reactions 4 and 5 (first shaded area, Fig. 3),
leading to an ion with a total negative charge of 1.
Around pH 9.5, the right-member products of equi-
libria 4 and 5 are the preponderant species in solu-
tion. Similarly, at pH 10.75, there is a second Vyg
step with increasing pH, corresponding to the acid-
base reactions 6 and 7 (second shaded area, Fig. 3).
These equilibria lead to an ion with a total negative
charge of 2. The different Vyp shifts would thus de-
pend on the different degree of the cysteine ionization.
For pH higher than pK,6 and pK,7, Vgg shifts linearly
with pH with a slope of 30 mV per pH unit. This pH
dependence indicates probably a superposition of the
cysteine effect and of the NaOH one. If we accept
that in this high pH region, as discussed before, the
electrode surface in contact with the solution, is
covered by Cd(OH)., the sulfur atoms being dis-
solved as sulfate ions, the persistence of the cysteine
effect in the high pH range (11.5-13.5) on the Vgg
value (compared to the one in NaOH alone), would
indicate that cysteine adsorbs on the Cd atoms (hy-
droxylated or not).

Conclusions

There are two important results which emerge from
this work.

The first one concerns the capacitance results ob-
tained with the CdS/NaOH junction. The pH effect
on the Vgp indicates that the chemical composition
of the surface varies with pH. At pH higher than 10,
the linear dependence of the Vg with pH and the
examination of the Pourbaix diagram lead to the con-
clusion that the surface gets hydroxylated at least
partially. This conclusion has already been suggested
before by Matsumura et al. (10c) but has never been
clearly discussed.

The second result is that, to our knowledge, it is the
first time that a Vgp shift, depending on the degree of
ionization of the reductant in solution, has been clearly
pointed out.
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BP-Stabilized n-Si and n-GaAs Photoanodes

D. S. Ginley,* R. J. Baughman, and M. A. Butler*

Sandia National Laboratories, Albuquerque, New Mexico 87185

ABSTRACT

Thin boron phosphide overlayers, employed as transparent conductive windows, have been deposited on n-Si and
n-GaAs photoanodes. Significantly enhanced stabilities are observed in ferro-ferricyanide electrolytes. Spectral response
and I-V data for aging experiments, as well as a discussion of the energy level diagrams for the heterojunctions, are

presented.

The use of heterogeneous photocatalysis for solar
energy conversion in photoelectrochemical devices has
attracted tremendous attention over the last 7 or so
years. Whether employed as discrete semiconductor
electrodes or in particulate systems, one of the major
requirements in any practical system is that of ex-
tended stability. This is especially true in view of the
increasing tendency to employ small bandgap non-
oxide electrode materials.

Because it is very difficult to find intrinsically stable
materials and to develop them to device quality, con-
siderable effort has been expended on electrode modi-
fication to improve stability and charge transfer prop-
erties. Some of the methods employed or suggested
include the use of stabilizing redox couples in the
electrolyte (1, 2) or chemically bound on the surface
(3) and overcoating of unstable semiconductors with
stable electronic (4, 5) or ionic conductors (6).

In this paper, the authors demonstrate that the
growth of a degenerate layer of n-type boron phos-
phide (BP) on either n-Si or n-GaAs can impart great
stability to these normally quite unstable photoanodes.
This paper reports predominantly on the results on Si
substrates, with some results being reported for both
substrates. Though the application of semiconductor
overlayers had been previously proposed (4), the in-
tent there was to collect photocurrents from both layers
and augment open-circuit potentials. Prototypes of
these devices suffered greatly from bandedge matching
problems, and extremely low quantum efficiencies
were the result. The intent here was somewhat differ-
ent. A number of attempts have been made (7, 8) to
use thin metal overlayers as protective films, but light
transmission and pinhole problems dominated these
devices. The authors desire was to use this concept, but
to employ a large bandgap stable degenerate semi-
conductor upon a smaller bandgap unstable semicon-
ductor. For this to be effective, a number of require-
ments had to be met. There needed to be an effective
heterojunction between the two semiconductors; this
implied a high density of interfacial states. The band-
gap of the overcoating semiconductor had to be signifi-
cantly larger than that of the small bandgap material
so that reasonable conversion efficiencies could be at-
tained. The overcoating material had to be stable in
the required electrolyte environment. All of these re-
quirements could be met using BP layers (bandgap 2.0
eV) on n-Si (bandgap 1.1 eV) and n-GaAs (bandgap
14eV).

Experimental

The substrate materials were single-crystal speci-
mens of n-Si and n-GaAs. The silicon samples were
Sb-doped to 0.0005-0.20 ©/cm and cut perpendicular to
the <100> axis. The gallium arsenide samples were
Si-doped to 6-7 X 1017 and were cut perpendicular to
the <100> axis. Before growth, all samples were pol-
ished with 1/4 um diamond paste, acid-etched, and
rinsed with spectral grade methanol. The Si contacts

* Electrochemical Socicty Active Member.

Key words: boron phosphide, corrosion resistant layer, photo-
electrochemistry, silicon photoanode, gallium arsenide photo-
anode.

were Ti/Pt/Au, and the GaAs contacts were Ge-Au/
Ni/Au. All contacts were applied by sputtering and
were annealed in vacuum and hydrogen, respectively.

Boron phosphide was deposited by chemical vapor
deposition (CVD) from mixtures of BoHg, PHj;, and
H; (9).

The gas nutrient materials used in this work were
all Matheson gas products. The hydrogen carrier gas,
99.999% pure, was passed through a Matheson hydro-
gen purifier Model 8363. The diborane, 99.995% pure,
was a 1.10% concentration in UHP hydrogen gas. The
phosphine, 99.999% pure, was a 4.48% concentration in
hydrogen gas. Both the diborane and phosphine were
used directly from the gas cylinder.

Matheson gas flow controllers were used to regulate
and control all gas flow. The system included mass flow
controller Model 8240, mass flow meter Model 8142, and
totalizer Model 8122. Each gas system was calibrated
for a specific gas mixture. The exhaust gas was passed
through a silicone oil gas trap and was then either
burned or vented through a hood.

The growth apparatus is shown schematically in Fig.
1. The outer atmosphere chamber, constructed of fused
silica, was 31 cm (length) X 5 cm (diam) and sup-
ported the desired growth environment. The chamber

Vertical Growth Apparatus

r D\'— Gas Inlet

8 _‘_g/ Substrate Materials
o _%/ Graphite Susceptor
O po—1
o O=— RF Coil
g g Monitor TC

BN Spacer

Atmosphere Chamber

Support Rod

Gas Outlet
Base Support

Fig. 1. Schematic of BP vertical growth apparatus
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was friction-fitted into the support base. A gas seal
was provided by an “O” ring in the base. This con-
figuration allowed the fused silica growth chamber to
disconnect from the base, avoiding rupture in case ex-
haust tubing became either plugged or restricted dur-
ing a growth procedure.

All electrochemical measurements were made using
a conventional three-electrode electrochemical cell
with a saturated calomel reference electrode (SCE), a
PAR 173 potentiostat, and a PAR 174 programmer.
Illumination was by a 150W Schoeffel medium pres-
sure xenon lamp used with a Schoeffel grating mono-
chrometer where appropriate. Conversion efficiencies
were measured using the unfiltered light source at-
tenuated to 80 mW/cm?2.

All electrolytes were prepared from distilled water
and analytical purity reagents. The electrolytes em-
ployed throughout the bulk of this study were 0.1M
potassium ferricyanide and 0.25M potassium ferrocy-
anide (pH = 17.8).

All aging experiments were conducted in the above
electrolyte in the air. The propensity of the electrolyte
to decompose was rectified by periodic electrolyte re-
newal and by cleaning the cell windows. The BP-
coated Si samples were aged at 0.2V vs. the ferro-ferri-
cyanide couple (+40.455V [SCE] measured on a Pt
metal electrode) to be near the maximum power point
of the cell. For the aging experiments, BP-coated GaAs
was potentiostated at +40.100V vs. SCE and the virgin
n-GaAs electrode was potentiostated at +40.260V wvs.
SCE.

Results

Boron phosphide films for this study were grown
with P:B atom ratios in the input stream from 1:1 to
24:1. Growth temperature was typically 900°C for both
the Si and the GaAs substrates. Total gas flow was held
constant at 2500 sccm by correcting with the hydro-
gen carrier gas flow rate. Normally the layers grown
were 2000-5000A thick, which required growth times
from 2 to 4 min for the 1:1 and 24:1 ratios on silicon.
BP films are well known to grow epitaxially on silicon
(10-12), which was observed in this case. The films, as
expected, were grown pinhole-free as viewed in the
SEM. The growth on GaAs produced excellent optical
quality crystalline films, but grain size and orientation
were not determined.

It was determined that sample resistivity (i.e., dop-
ing level) was a function of P:B ratio. Figure 2 illus-
trates a plot of resistivity vs. P: B growth ratio for BP
on both n- and p-type silicon substrates. It was ob-
served that at P: B ratios below 2:1 the film resistivity,
as measured impedance in the PEC, rapidly increased
and the films approached an intrinsic value. Even
growing at ratios of less than 1:1 would not switch the
films from n- to p-type, nor would growing on p-type
substrates do so. Above ratios of 2:1, the resistivity
rapidly decreased to a low value which was minimum
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Fig. 2. Plot of sample resistance, as determined by 1-V plots in a
photoelectrochemical cell vs. P:B growth ratio. The solid line is the
curve for BP on n-type silicon; the dashed is for BP on p-type
silicon.
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about 12:1. Subsequently, increasing the phosphorous
atom percent resulted in a slight increase in conduc-
tivity with both the n- and p-substrates. It may be
that the additional phosphorous at higher concentra-
tions results in the incorporation of a high density of
trap states, reducing majority carrier mobility. To
achieve the best results when employing these films
as transparent conducting windows, it is desirable to
have the conductivity as high as possible but to mini-
mize the number of trap states and defects. This is to
assure not only efficient charge transport but to mini-
mize the possibility of decomposition reactions initiat-
ing at near surface sites with broken bonds or altered
stoichiometry.

The validity of this interpretation seems to be re-
flected in the dependence of conversion efficiency upon
the P:B ratio. Figure 3 illustrates the conversion effi-
ciency vs. the P:B ratio for BP on n-Si. This informa-
tion seems to correlate quite well with that from the
previous figure. Where resistance is a minimum, the
efficiency is a maximum. As the phosphorous concen-
tration increases past this point, the conversion effi-
ciency decreases. As impedance increases, the efficiency
rapidly decreases and reaches zero, where we see the
rapid increase in resistivity. The low efficiencies in
these cells stem from the nearly linear I-V character-
istics between Isc and V., producing a very low fill
factor. There is also some dark current which gradually
decreases with time.

Figure 4 illustrates the I-V curves in ferrocyanide
electrolyte for virgin GaAs and BP-coated GaAs elec-
trodes. The overall dark and illuminated I-V curves
are quite similar in shape for the virgin and coated
electrodes. The leakage current increased somewhat for
the coated electrode, although this diminished with
time. Fill factors are comparable; the flatband shifted
approximately 0.35V to the positive of SCE for the
coated electrode.

Aging studies were performed in aqueous ferro-
ferricyanide in the air. In retrospect, although the
couple was energetically very good, it was particularly
inappropriate since it underwent photodecomposition.
This required a periodic renewal of the electrolyte
and cleaning of the cell windows. The electrode surface
was also rinsed in distilled water at these intervals.
Much of the erratic nature of the photocurrent with
time during aging experiments was a consequence of
this electrolyte problem. Figure 5 illustrates a plot of
photocurrent vs. total interfacial coulombs of a BP-
coated Si electrode. The P:B growth ratio of this elec-
trode was 12:1, and the electrode was aged at approxi-
mately the maximum power point. Clearly the photo-
current did not decay. In fact, it has a pronounced up-
ward trend indicative of an increasing electrode
efficiency. The efficiency increased from roughly 1.97
to 2.75% during the aging experiment, while the dark
current dropped somewhat from —1.0 to —0.5 mA at
0.0V (SCE). Open-circuit potentials remained rela-
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Fig. 3. The plot shows conversion efficiency in percent vs. the
P:B ratio for a coated p-type silicon substrate in ferro-ferricyanide
electrolyte.
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Fig. 4. 1-V curves for a virgin n-GaAs photoanode and for a BP-
coated n-GaAs photoanode vs. SCE in a ferro-ferricyanide electro-
lyte.

tively unchanged. The electrode surface showed no
change in appearance and showed no pitting or other
physical changes under microscopic examination. A
virgin n-type silicon electrode was run under compar-
able conditions in the ferro-ferricyanide electrolyte.
Photocurrent decayed to zero after only 0.8C of inter-
facial current. Figure 6 illustrates the dependence of
the spectral response as a function of aging time. The
virgin curve looks much as expected with a photocur-
rent onset near the Si bandedge and a cutoff near the
bandedge of the BP. As aging proceeds, there seems to
be nonsystematic variations in the longer wavelength
portion of the spectrum. These are, however, syste-
matic variations in the short wavelength portion of the
spectrum. As aging proceeds, the blue response of the
electrode continues to improve.

..... n-Si
n-BP/n-Si
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TOTAL COULOMBS

Fig. 5. Plot of extended aging experiment for a virgin n-Si photo-
anode and a BP-coated n-Si photoanode in a 0.IM K3Fe(CN)g/
0.25M K;Fe(CN)g electrolyte. The plot shows photocurrent vs.
total interfacial coulombs. The solid line is for the BP-coated
electrode; the dashed line is for the uncoated electrode.
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Fig. 6. Spectral response curves as a function of aging for the
BP-coated n-silicon electrode shown in Fig. 5. The solid line is
before aging; the dashed line is after 590 interfacial coulombs;
and the dotted line is after 26,000 interfacial coulombs.

Figure 7 illustrates the aging of a virgin and BP-
coated GaAs photoanode in the same ferro-ferricy-
anide electrolyte. The virgin electrode shows a very
rapid decay of photocurrent reaching zero after only
12C. The BP-coated electrode shows an initial rapid
decrease of photocurrent followed by a much more
gradual decline and by what appears to be a final
leveling off. The run was stopped because an orange-
green coating began forming on the electrode. Subse-
quent chemical analysis showed this coating to be
composed exclusively of electrolyte decomposition
products. When the surface was cleaned, it showed a
surface and photoelectrochemical character very sim-
ilar to that of the preaged electrode.

Discussion and Conclusions

The experiments discussed above illustrate the vi-
ability of using a large bandgap semiconductor as a
transparent conductive window on smaller bandgap
material. In both the n-Si and n-GaAs cases, improved
stability was observed while reasonable I-V properties
were obtained.

A number of interesting effects were observed rela-
tive to the future utility of this method of electrode
modification.

Basically, the device inherently resembles a metal
overcoated semiconductor electrode. It is, in fact, a
solid-state device. This means that the band mismatch
between the two semiconductors can play an important
role in determining the behavior of the device.

In Fig. 8, the band configurations for BP-overcoated
n-Si and n-GaAs are shown. The positions of the bands
come from the known bandgaps and the electronega-
tivity model (13). For degenerately doped BP and n-
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Fig. 7. Plot of extended aging experiment for a virgin n-GaAs
photoanode and a BP-coated n-GaAs photoanode in a 0.1M
K3Fe(CN)s/0.25M KyFe(CN)g electrolyte. The plot shows photo-
current vs. total interfacial coulombs. The solid line is for the virgin
electrode; the dotted is for the coated electrode.
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GaAs, the band positions provide ~0.5V of barrier
height at the junction between the two semiconductors.
The known position of the ferri-ferrocyanide couple of
+0.46V (SCE) suggests that the photocurrent should
disappear about 0V (SCE), in reasonable agreement
with the data in Fig. 4.

For BP-coated n-Si, the band positions are such that
an ohmic contact would be expected between the two,
and no photovoltage with the silicon spectral response
should be expected. Since both Si and GaAs are quite
covalent, Fermi level pinning is expected to occur
around 1/3 of the bandgap (14). This is how the band
structure is drawn in Fig. 8. Thus, the expected maxi-
mum open-circuit voltage is about 0.4V, in reasonable
agreement with observations. While Fermi level pin-
ning for GaAs might also be expected, the height of
the conduction band discontinuity suggests that pin-
ning would change neither the barrier height nor the
maximum open-circuit voltage significantly.

Another important consideration in these systems
is the epitaxial growth of protective film on the small
gap material. BP grows epitaxially on Si but not on
GaAs. It is, however, the GaAs that shows the best
junction characteristics, although the Si shows some-
what greater stability. This is to be expected as the
higher interface state densities in the GaAs case make
it easier for holes to pass through the heterojunction,
as shown in Fig. 8. In the Si case, the lack of interface
state density impedes the hole transport and provides,
in effect, large series resistance for the device. This
explains the linear I-V characteristics and poor fill
factors that are observed.

The doping of the overcoating semiconductor layer
is very important. To achieve the type of device de-
sired—essentially a Schottky barrier device—it is
necessary to have sufficient doping for the layer to act
essentially as if it were a metal. If doping levels are
too low, the device becomes an n/n’ heterojunction
device of the type envisaged by Wagner and Nozik
(4, 5). In this case, minority carrier transport through
the heterojunction is impeded by the band discontinu-
ities. If doping levels are too high, a high density of
deep trap states can be introduced, resulting in reduced
transmission in the desired portion of the spectrum.
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While a high density of interface states is desirable to
achieve efficient Schottky barrier behavior, a high
density of deep trap states, as stated above, can be
detrimental to electrode performance. These states can
originate with lattice imperfections, impurities, and
excess dopant (or a compensated situation). These
problems seem to effect the BP-coated silicon electrode
to some extent. The gradual increase in efficiency vs.
time for these electrodes may be due to a reduction of
deep trap state density.

In general, the device resembles a Schottky barrier
solar cell in series with an electrochemical cell. This
situation may occur in quite a few surface-modified
systems, and especially must be considered when
metals are deposited on semiconductor surfaces. BP
has demonstrated an exceptional stability in these de-
vices, with 20004 layers surviving nearly 30,000C with
no detectable deterioration. While this type of device
may not be eminently practical, it does provide an
excellent test bed for investigating new semiconduc-
tors for PEC’s and does demonstrate the utility of em-
ploying semiconductors as stable transparent conduc-
tive windows.
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An Analysis of a Back Fed Porous Electrode for the Br./Br Redox
Reaction

John Van Zee* and Ralph E. White**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843

ABSTRACT

An experimental analysis of the Br,/Br~ redox reaction in a porous back fed ruthenium-coated titanium electrode is
described. A mathematical model of the steady-state process is presented. Nonlinear regression of the model against the
experimental data gives physically meaningful parameter estimates; these parameters and the model provide a design
equation for the porous electrode current as a function of specific surface area, bulk Br, concentration, average total
overpotential, and the Reynolds number. The design equation shows that the back fed electrode could reduce the loss of Br,

across the separator and the ohmic loss in a Zn/Br, battery.

A flow-by back fed porous electrode, as shown in
Fig. 1, is a diffusion electrode. The term “flow-by”
emphasizes that the reactant flows outside rather than
through the electrode. Consequently, fresh reactant
must diffuse to a reaction site within the porous elec-
trode. Typically, the reaction occurs on the side closest
to the counterelectrode if the catalyst application and
the concentration are uniform. Thus, the back fed elec-
trode may be limited by diffusion if it is too thick.
This may be the reason it has been ignored by com-
mercial monopolar Zn/Br, battery designers (1, 2).

However, this back fed configuration may provide
some advantages for a Zn/Br; battery or similar elec-
trochemical system. Specifically, the back fed electrode
may reduce the ohmic energy loss and the product
(e.g., Brg) loss across the separator. The ohmic en-
ergy loss would be decreased because the solution gap
between the electrodes would be reduced to approxi-
mately half that of the front fed electrode (compare
Fig. 1 and 2). This reduction in electrode gap could
decrease the cell’s specific resistance by more than
25% in Zn/Br; batteries if a relatively nonconducting
complexing agent (3) is present in the electrolyte.
[This decrease in resistance is approximately 25% be-
cause the electrolyte between the electrodes contrib-
utes only approximately 50% of the ohmic loss in a
Zn/Br; battery (1, 4).] The same percentage decrease
might be observed in gas generating cells. The loss of
product across the separator may be reduced because
the porous electrode may act as a separator when the
reaction occurs preferentially on the back side (fresh
solution side) of the porous electrode (Fig. 1). This
reduction of the product loss across the separator
would probably decrease the self-discharge rate in a
Zn/Br; battery.

Even though back fed electrodes are limited by
diffusion, the limiting current due to diffusion may be
adequate for the specific application. This is evident,
for example, in the back fed electrode designs of SPE
water electrolyzers (5) where the diffusion limit-
ing current is large because the reactant is in abun-
dance. Even if the reactant is present in low concen-
tration, the process may be limited to some current
below the diffusion limited current by slow kinetics
or by some other feature of the other electrode. For
example, in Zn/Br; batteries the Bry electrode is not
required to operate above 50 mA/cm?2 because of zinc
dendrite formation at the zinc electrode (1, 2, 4, 6, 7).

Since the design principles for flow-by back fed
porous electrodes are not well known, this paper pre-
sents an analysis of this electrode design for the bro-
mine/bromide reaction

Brz 4 2e~ - 2Br— 1]

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.
Key words: battery, current density, mass transport, kinetics.
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First, a mechanistic model of the steady-state pro-
cess is developed. Next, an experimental study of the
bromine/bromide redox reaction is presented. Then,
least squares regression techniques are used to fit the
model to experimental data to obtain physically mean-
ingful parameter estimates. Finally, the regression
results and the mechanistic model are used to analyze
the physical behavior of a flow-by back fed porous Br;
electrode.
Previous Work

The previous analyses (8-12) of steady-state mass
transfer in porous diffusion electrodes pertinent to the
back fed model developed below have been reviewed
by Newman and Tiedeman (13).! In these previous

1The approach of these analyses differs from the approach of
single-pore models (see Ref. (14), for example) as described by
Tilak et al. (15) b it uses a pseudo-h reaction

rate and volume average quantities instead of the single-pore
concept.
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Fig. 1. A schematic of a back fed porous electrode for the
bromine/bromide redox reaction in a Zn/Bry battery.
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analyses, the authors have considered redox reactions
which have stoichiometric coefficients of +1 and —1
for anodic and cathodic species, respectively, whereas
the coefficients used here are 42 and —1 as shown
by reaction [1]. These previous models and the model
developed here include the assumption of excess sup-
porting electrolyte and, consequently, neglect the
effect of ionic migration. The boundary conditions for
the concentration in the previous analyses require a
known constant concentration of reactant at the edge
of the porous region whereas in the model developed
below the reactant concentration at the edge of the
porous region depends on overpoteniial, Reynolds
number, and the bulk properties of the flowing elec-
trolyte.

The results most closely related to the back fed elec-
trode model presented here are those of Newman and
Tiedeman (13) and Austin and Lerner (12) because
they neglect the ohmic potential drop in both the
matrix and the solution and because they use a com-
plete Butler-Volmer kinetic expression. Newman and
Tiedeman (13) give the current/potential relationship
in Cartesian coordinates for redox reactions with
stoichiometric coefficients of 41 and —1 and a con-
stant concentration at the reservoir-electrode inter-
face. One problem with this fixed concentration bound-
ary condition model is that accurate predictions of the
current density from the resulting equations occur
only for infinitely large rates of external mass transfer.
Austin and Lerner (12) use a stagnant film concept to
relax the constant concentration boundary condition
and, thereby, include the effect of external mass trans-
port; they show the current potential relationship in
Cartesian coordinates in terms of the limiting current.
The limiting current density in Ref. (12) could have
been but was not given as a function of the external
mass transfer coefficient

nF
iL = kejp— [21
Si

This mass transfer coefficient k is included in the
back fed model developed below. Austin and Lerner
(12) discuss the relative importance of the ohmic drop
in the solution phase and they show that its neglection
may be a reasonable assumption when the reaction oc-
curs over a very short distance as is the case for the
model presented here as discussed below.

Model

The model developed here extends similar develop-
ments for steady-state mass transfer in porous elec-
trodes (8-13) by including an external mass transfer
coefficient and different stoichiometric coefficients
for the reactant and product. That is, redox reactions
considered in Ref. (8-13) have stoichiometric coeffi-
cients of +1 and —1 for the oxidized and reduced
species, respectively, whereas the coefficients used
here are 42 and —1 as shown by reaction [1].

The model is presented by first stating the assump-
tions and then developing the equations. The assump-
tions used in the development of the model are

a. Steady-state is maintained.

b. The porosity and specific catalytic surface area
are uniform and they do not change with time.

c. Dilute solution theory (13) applies.

d. Sufficient supporting electrolyte exists so that
ionic migration can be neglected (i.e., no potential
drop in the solution).

e. Dispersion and convection are not present in the
porous section of the electrode.

f. In the porous region, the only important gradients
are those in the direction normal to the fluid flow.

g. The separator at the edge ooposite the flowing
solution is impermeable to the reacting species.

h. The hydrodynamic profile is known in the non-
porous region.

i. The potential drop in the matrix is negligible.
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j. The concentration of the anodic reactant, Br—, is
large relative to the concentration of the cathodic re-
actant, Brs.

k. The kinetic expression follows a Butler-Volmer
type expression where the cathodic reaction order is
unity and reaction |1] is assumed to be an elementary
step.

1. Isothermal conditions exist.

m. The conversion per pass is small.

These assumptions permit the development of a single
analytical expression suitable for design over a large
range of overpotentials.

The equations of this model can be developed by
considering the cylindrical back fed electrode of Fig.
1. (Cylindrical coordinates are used since the experi-
mental data were obtained with a tubular porous elec-
trode.) Bromine is present at a concentration of csp
in the stream having an axial velocity v. The redox
reaction of interest here occurs in the porous electrode
which has an outside radius of r, and an inside radius
of tr,, where t is less than one.

The steady-state material balance for the ith species
within the porous electrode can be written as (13)

—V - Ni+aji=0 [3]

for reaction [1] with subscript i equal to 1 and 2 for
Br— and Bry, respectively. The volume average pro-
duction rate aj; can be written as (16)

. —Siliop H ( Cj )p. ( aF )
aji = ———— — ) exp n
nF { > RT

Ci,b

B (ETE NP

where
; : Cip \"
o = ie? H( E ) 5]
1 ci°
agSi
D=+ — [6]
n
acSy
d=v—— [7]
n
and
ag+ac="n [8]
n=V — & — AU [9]

The reaction orders p; and q; in Eq. [4] can be
related to the stoichiometry for an elementary step
(17): (i) for anodic reactants, p; = s; and q; = 0
and (ii) for cathodic reactants, q; = —s; and p; = 0.
The concentration dependence on the exchange cur-
rent density of species i, vj, is then related simply to
the stoichiometric equation. That is, since reaction [1]
is assumed to be an elementary step and if it is as-
sumed that aa = o = 1.0, for example, then

1.0) (2
11=2—-£——2)—Q=1.0 [10]
and
1.0) (-1
yo=1 —(——)?(—2 =05 [11]

The total overpotential n in Eq. [4] and [9] is the
sum of the surface overpotential and the local over-
potential from outside the double layer to the bulk
solution. This overpotential includes the effect of a
reference electrode which differs from the working
electrode by the term AUy, where

RT )
AUb=U9—U,e9—-—Esx1n( 1’b)
nF Po

RT Ci,re
—— Loy Sir ln( - ) [12]
+ TeF 12 ¢ Po
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It is important to note that both i, and AU, are based
on the same bulk concentration (czp), and that the
potential ot the working and reference electrodes must
be referenced to the same thermodynamic scale (e.g.,
Hj scale).

Neglecting ionic migration according to Assumption
d, the speciic expression tor the flux of Brp in the
porous electrode is

d02

dr

Nz = — D, [13]

where
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solution in terms of modified Bessel functions of the
first and second kind (19). The complete solution to
Eq. [18] is |see Ref. (20)]

K1(\/B)

——Y . T.(x/B
ToyB) (VB

3 Xp n

where the dimensionless surface concentration is

_ ey = - . 2F
GKi(/B)I,(\/Bt) + GI1(\/B)Ko(\/Bt) — I1(\/B)exp (R_T'")

0(t) = — - _ 27
GKi1(v/B)I,(v/Bt) + Gl (/B)Ko(\/Bt) —I1(\/B) [
. and _
Do = —T—Dz [14] _ Tmkl; (\/B)
Substitution of Eq. [4], [13], and [14] into the radial DeV/BIK: (VEYL(VBY) — i(VB )K‘(\/Bt)[;sl

component of the cylindrical form of Eq. [3] yields

d2cy 1 dcg K —aio,b ( aF ) 15
— 4+ ————Kez = exp | —
arz T ¢ ar 2=, P\ g ") U

where

aio_b ( —acF )
= ex 16

FDucrs P\ TRT " 0

and the local concentration of Br— has been assumed
to be constant and equal to the bulk concentration of
Br—, according to Assumption j (i.e., ci/cip = 1.0).

The following dimensionless variables can be used
to simplify Eq. [15]

r Cg
t=—, 06=— [17]
Tm C2,b
which when substituted into Eq. [15] yields
d2e " 1 do Bo B 18]
ag ¢ da L
where
B = Krp? [19]
and
Qio,b"m? F
A:_o_b_n.‘__exp(a_._.n) [20]
ZFDeC-z_b RT

Following Assumptions g, h, and m, the boundary con-
ditions are at

t=1 —=0 [21]
at

rerat, b=t 2T Gy —10) [22]
I TR N o

where the gradients are defined to be in the positive
direction of ¢ The mass transfer coefficient k in Eq.
[22] is an average value over the length of the tubu-
lar reactor and is given by (18)

D, 2r, \1/3
k = 1.651 — | NgreNsc— [23]
27y L
Equation [18] can be solved analytically by as-
suming a solution of the form

0(8) =¥(&) +T [24]

where T is a constant for a given n and temperature
and is given by

2F
T = exp (ﬁ"ﬂ) [25]

Application of the boundary conditions, Eq. [21] and
[22], to the homogeneous part of Eq. [18] gives the

An expression for the current density, consistent
with the sign convention that cathodic currents are
negative, can be obtained from the dimensional defini-
tion of the flux at the inside edge of the porous
electrode

i
—=N. 2
2F £=t
In addition, the cross-sectional area at the inside edge
of the porous electrode can be used to obtain an ex-
pression for the total current

I = 4ntrpLFkcay [6(t) — 1.0] [30]

Equation [30] can be used to predict the current
being passed by a back fed cylindrical porous elec-
trode as a function of the applied potential and the
Reynolds number because it includes the dependence
of the concentration distribution on the mass transfer
coefficient external to the porous electrode. Also, this
equation applies to a front fed configuration where
the separator and the counterelectrode are located
at some radial position less than tr, (i.e., close to
the center line). Thus, the orientation of the coordinate
system would be the same as with the back fed elec-
trode and therefore the boundary conditions of Eq.
[21] and [22] would still apply. Conceptually, the
boundary condition at ¢ = 1 would be the same be-
cause a backing plate would be considered imperme-
able. In this front fed configuration, the mass transfer
coefficient must be adjusted for flow in an annulus
(18). (Analogous equations for Cartesian coordinates
are shown in the Appendix).

Equation [30] and the model presented here are
limited to small conversions per pass because they
include the lumped mass transfer coefficient of Eq.
[23] (18). However, a small conversion per pass is a
reasonable assumption for flow batteries (e.g., Zn/Brg,
Zn/Cly, redox) because large concentration changes
occur only after many passes. Thus, the model has
utility for flow batteries. Also, the model can be
utilized to determine kinetic and mass transfer pa-
rameters from a reactor built to satisfy Assumption m;
the parameters obtained from this differential reac-
tor (laboratory scale) could then be used to design
a more complicated pilot plant scale reactor.

A simple form of Eq. [27] for use in Eq. [30] can
be obtained for the case where the pseudo-homogene-
ous rate constant B is large and the electrode is not
too thin; that is, for the cases where

B=88 and t=095 [31]
Equation [27] becomes

= kcap [6(t) — 1.0] [29]
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krm + D, \/B (-— )
ex
m ) P RT n

t) =
L kTm + Do\/B

[32]

or

14 P (ZF )
6(t) = e RT“ [33]
- 1+pP
where

Deaiop € ( —dak )
ello,h EXP RT n
P= [34]
k22Fco,p

The dimensionless parameter P in Eq. [34] shows the
combined effects of internal, external, and charge
transfer resistance on the surface concentration.

Experimental Analysis

The experimental analysis of the flow-by back fed
cylindrical porous electrode considered the reduction
of bromine to bromide according to Eq. [1] and the
oxidation of bromide to bromine according to the re-
verse reaction of Eq. [1]. The experimental data were
obtained by potentiostatic determination of the current
for a cylindrical flow-by back fed porous Ti-RuOg
electrode. The dependent variable was the observed
steady-state current and the independent variables
were applied potential (V — &) and the electrolyte
flow which was equivalent to the Reynolds number
(NRe) since p and 7; were assumed to be constant. The
experiments were performed at a constant bulk Br
concentration (cg;p) at different applied potentials and
Reynolds numbers. The order of the experiments (i.e.,
the order for applying different values of the poten-
tial) was randomized to remove the effect of any con-
centration changes with time. This randomization in-
sured that the experimental errors were independent
and therefore the data are consistent with the assump-
tions of the least squares theory discussed below [see
also, e.g., Ref. (21)].

Experimental Apparatus
Reactor system.—A schematic of the reactor system
is shown in Fig. 3; the negative electrolyte contacted
the zinc terminal (i.e.,, the counterelectrode in this
study) and the positive electrolyte contacted the
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Bry/Br— terminal (i.e., the back fed porous working
electrode under investigation here). Fisher flowmeters
(No. 448-324) with 0.635 cm outside diameter glass
floats were used for volumetric flow measurement.
Constant speed magnetic induction centrifugal pumps
(Eastern No. MD-15T-G01) were used to circulate
the electrolytes; peristaltic (i.e., roller) pumps were not
used because of reported problems with the surges in
pressure caused by the rollers (22). The recycle
streams were a necessary result of the constant speed
pumps and they formed the reservoir for each elec-
trolyte. Schedule 40, 1.27 cm PVC pipe was used for
the system piping and smaller connections were made
with Tygon tubing and hose clamps. Some attack of
the tubing by Brs was noticed over the life of the ex-
periments (~2 months), but no loss of catalytic ac-
tivity due to organic poisoning of the Bry electrode by
any dissolved Tygon was observed.

The experimental system was designed as shown in
Table I, to be consistent with Assumptions 4, i, j, and
m used in the development of the theoretical model;
the system was also designed in a manner similar to
existing Zn/Br, batteries (1, 2, 4, 6, 7, 22). The experi-.
mental electrolyte was supported wtih excess Na+
to satisfy Assumption d. Although the specific conduc-
tivity « of the electrolyte was not measured, it was
probably about 0.4 0~1 ecm~! (1, 4). Using this « value,
the voltage drop in the solution over the length of a
reaction zone on the order of 10-2 em can be calculated
by Ohm’s law and shown to be on the order of 10 mV
(20) at a current density of 50 mA/cm? (a small reac-
tion zone is expected for this fast reaction as described
below); this voltage drop is consistent with part of
Assumption i. The concentration of bromide in Table I
is approximately 80 times larger than the limiting re-
actant, bromine. This concentration ratio is consistent
with existing Zn/Br, battery design and Assumption j.
Table I also shows that the conversion (or production)
per pass of bromine is expected to be low for typical
currents and Reynolds numbers, as discussed below.

Electrodes.—The zinc terminal (i.e., counterelec-
trode) consisted of a 2.54 cm OD titanium tube with a
wall thickness of 0.125 cm. The negative electrolyte
was fed to the inside of the tube through PVC end
caps. The end caps fit snugly over the outside of the
titanium tube and small leaks were stopped by wrap-
ping Teflon tape around the outside of the tube. The
inner electrode hole in the center of the end caps was
sealed with an O-ring and the end cap lids. Two
equally spaced electrical connections were made be-
tween the end caps; no measurable voltage drop
existed between the connections or over the length of
the counterelectrode. During the anodic or charge
mode of the experiment, bromide was oxidized to
bromine and zinc was plated at this counterelectrode.
Conversely, when cathodic potentials were applied,
bromine was reduced to bromide at the porous elec-
trode and zinc was dissolved at the counterelectrode.

Table I. Experimental system design specifications

Negative electrolyte volume 420 = 10 cm?
Positive electrolyte volume 580 = 10 cm?
Negative electrolyte composition:

ZnBrs 1.05M

NaBr 2.08M

pH (lowered from 3.8 with HBr) 13

Zyonil 100 ppm
Positive electrolyte composition:

ZnBr) 1.06M

NaBr 2.08M

Brs 0.0510M

pH 3.8
Negative and positive electrolyte density at 22°C 1.38 g/cm?
Electrode length 12.7 cm
Counterelectrode plating area 56.2 cm?
Annulus spacing 0.328 cm
Positive electrode outside diameter (2rm) 0.4572 cm
Positive electrolyte, cathodic reactant conversion

per pass for Nre = 100 and 0.25A (assuming
100% faradaic conversion) 8.0%
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The flow-by back fed electrode (again, the experi-
mental working electrode) consisted of a titanium
tube perforated with 400 holes which were drilled with
a No. 57 drill (0.10922 cm diam). The titanium tube
wall thickness was 0.0889 cm and the outside diameter
of the tube was 0.635 cm. The entire tube was coated
with RuO; by using a standard dimensionally stable
anode (DSA) preparation technique. Table II sum-
marizes the electrode fabrication parameters including
the calculated (based on geometry) specific surface
area and porosity of the perforated tube electrode.

The catalytic surface area is expected to be much
greater than the geometric value shown in Table II
because the RuO, coating was deposited by thermal
decomposition and therefore is highly porous. Re-
ported catalytic surface areas for the DSA coating
range up to 1000 times larger than the geometric area
due to the roughness of the surface (23, 24). Thus, it
is this porous coating that corresponds to the classical
concept of a homogeneous porous electrode rather
than the drilled holes of the titanium tube. Thus, the
ratio of porosity and tortuosity for the porous coating
would probably be larger than the geometric value
for ¢/t shown in Table II.

Also shown in Table II is the length of tube before
the porous electrode Len. This entrance length can be
considered as the length available for the development
of the hydrodynamic profile. The required entrance
length is a function of the Reynolds number and it
can be estimated (25)

Len = 0.036 Nre (217) [35]

At a Reynolds number of 100, the entrance length from
Eq. [35] is 1.64 cm. The actual entrance length in the
experiment was greater than this because Tygon
tubing with an ID approximately equal to r; was used
between the PVC pipe and the perforated tube elec-
trode.

A saturated calomel electrode (SCE) was used as
the reference electrode in the experiment and it was
positioned downstream of the working electrode as
shown in Fig. 3. The actual location (i.e., upstream or
downstream) was unimportant because the conver-
sion per pass was small; hence the reference electrode
was bathed in a concentration with an essentially con-
stant ratio of Bro/Br— throughout an experimental
run. This constant concentration was used to calculate
the null potential AU, which can be measured at open
circuit. A measured value of AU, = 0.757 =+ 0.0005V
was observed for all aof the experimental data reported
here. A calculated value of AU, = 0.772V is predicted
according to Eq. [12] with the concentrations of Table
I This discrepancy of 15 mV between the observed
and predicted values of AU, may be attributable to
the liquid junction potential between the reference
electrode and the positive electrolyte which flowed by

Table I1. Experimental back fed porous electrode fabrication
parameters. (Values without superscripts were measured.)

Parameter Value Units
e/t 0.172: none
a 112.43 cm-t
L 12.7 cm
Tm 0.3175 cm
T 0.2286 cm
t 0.720 none
v 0.009032 cm?/sec
Len 12.7 cm
Electrode 18.24 cm?
area at ry
1Assumed 7 = 1.0; e was calculated from geometry of the

holes in the perforated tube electrode.

* Assumed value based on geometric specific surface area of
15.10 cm-! and a roughness factor of 7.443.

3 Calculated from assumed value of x = 1.25 g/cm-sec and a
measured value of p = 1.384 g/cms3,
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the SCE; (according to Ref. (26), liquid junction po-
tentials can be on the order of 20 mV).

Membrane preparation.—The separator used in all
experimental runs was a Nafion 315 membrane. The
membrane was cut to the required width and then
boiled in distilled water for at least 1 hr. The boiling
was required to open the pores in the resin of the
membrane and distilled water (instead of acid) was
used to minimize the diffusion of Brp through the
Nafion as discussed in Ref. (27). The membrane was
allowed to cool to room temperature and then it was
wrapped around the outside of the porous electrode.
The 0.6 to 0.3 cm seam where the membrane over-
lapped was glued by using a syringe applicator with
an epoxy and hardener (General Electric No. 512 and
No. 524). The glue was allowed to dry at room tem-
perature for about 5 days. The electrode/membrane
assembly was then tested for leaks with an approxi-
mate 30 cm static head of water. The membrane was
wrapped tightly around the electrode and hence flow
through the electrode (e.g., in one drilled hole and
out another) was highly improbable; thus model As-
sumption e was fulfilled.

Electronics.—Figure 4 shows a schematic of the
electrical connections used in the experiment. A
Princeton Applied Research potentiostat (PAR 371)
was used to control the first independent variable, the
applied potential V — &, That is, the potential
difference between the porous electrode (i.e., the
working electrode) and the SCE were controlled
by adjusting the potential applied to the counter-
electrode. The applied potential V — &, was not
corrected for ohmic drop because the downstream
reference electrode was located outside of the poten-
tial field which existed between the working electrode
and the counterelectrode. Thus, it was assumed that
the potential in the solution was the same everywhere
in the flow channel and hence &, = ®. Thus, the
total overpotential n of Eq. [9] is related to the ap-
plied potential V. — & = V — &, through the open
circuit or null potential AU, (i.e.,m = V — & — AUy).
Also, the assumption of negligible potential drop with-
in the porous region of the electrode implies that
$e = P = P, At a given applied potential and
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—
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Fig. 4. A schematic of the experimental electronics
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Reynolds number, a strip chart recorder (as shown
in Fig. 4) was used to verify that steady-state cur-
rent conditions existed. This current was then read
from the analog meter on the PAR 371. The digital
coulometer (PAR 379) shown in Fig. 4 was used to
record the number of coulombs passed during an ex-
perimental run which was then used to calculate the
faradaic conversion per pass of the positive electro-
lyte, as shown in Table I. (The coulometer was con-
nected across a 10,0000 shunt to reduce the input
signal to within the limits of the coulometer.)

Experimental Procedures

Steady-state current measurement.—The procedure
for measuring the steady-state current from the back
fed electrode began by circulating the electrolyte
streams for about an hour until the temperature of
each stream was constant followed by an iodometric
titration to find the initial Bry concentration in the
positive electrolyte. Once the bromine concentration
was known, the cell was left at open circuit for 30
min and the null potential (i.e., the open-circuit po-
tential between the working electrode and the down-
stream calomel reference electrode) AU, was recorded
every 10 min. Once the null potential was constant,
experimental data were obtained; that is, a randomly
chosen applied anodic potential difference V. — &p
was set until a steady-state current was observed on
the strip chart recorder. Then, the cell was returned
to open circuit and the number of coulombs of charge
were recorded. The null potential AU, as measured by
the PAR 371 was recorded and the reservoir concen-
tration of the Bry above the titrated concentration was
calculated by assuming 100% faradaic efficiency. This
calculation was used to check the percent conversion.

If the percent conversion was small and if the null
voltage was the same after the run as it was for the
previous run, the cell was operated according to the
above procedure at a randomly chosen cathodic po-
tential difference. If the null potential was different
from the value in the prior runs, the cell was charged
or discharged at a low rate to adjust the bromine
concentration, left at open circuit for 10 min and the
null potential checked again. Then, samples were taken
to determine the reservoir concentration of Brp by
titration. If the Bry concentration was the same (to
within + 3%) as the previous runs, the cell was oper-
ated at a randomly chosen cathodic potential dif-
ference according to the above procedure. Then, the
above anodic/cathodic sequence was repeated.

Titration of these samples and the measurement of
the null potential AU, were used to check the level
of the bromine concentration czp. Thus, the bromine
concentration was not controlled during an experi-
mental run but it was measured, and this measurement
was used as a basis for including or discarding the
results of an experimental data point. However, the
titrations involved three 5 ml samples from the reser-
voir volume which was about 3% of the reservoir vol-
ume. Therefore, to minimize additions to the reservoir,
samples were taken and titrations were made after
four or five experimental runs if the null potential was
unchanged. Theoretically, the null potential can be
used to predict changes in the bromine concentration
to within + 4% for a 0.5 mV change at the concentra-
tions shown in Table I. Experimentally, an observed
change in AUy of 0.5 mV corresponded to a 4% change
in the bromine concentration as measured by titration
of three samples. Thus, although the bromine con-
centration was not controlled in the experiment, the
experimental error was approximately 4%. To insure
that these concentration errors were random, the ex-
perimental runs were randomized; hence, any concen-
tration changes with time should not affect the average
value of the measured current at a given applied po-
tential and Reynolds number.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1983

Flow control.—The second independent variable,
the Reynolds number, was controlled by a needle
valve as indicated by a flowmeter. That is, the volu-
metric flow in the nonporous region of the electrode
was adjusted manually so that the Reynolds number
remained constant for an experimental data point.
The volumetric flow was obtained from a calibration
curve which was drawn from manufacturers’ data and
the experimental kinematic viscosity shown in Table
II. The density of the positive electrolyte was mea-
sured at 24°C and the viscosity of the electrolyte was
obtained from Ref. (1) for this calculation. The ap-
proximate error in the experimental Reynolds number
was 5%.

Experimental Results

The points in Fig. 5 and 6 show the experimentally
determined steady-state current as a function of ap-
plied potential and Reynolds number for the per-
forated tube back fed electrode. The numbers beside
each data point correspond to the sequence in which
the points were obtained. The data connected by
dashed lines indicate the conditions where bubbles
were observed in the exit stream. The solid lines in
Fig. 5 and 6 are model predictions which are discussed
below. The electrode fabrication parameters and elec-
trolyte compositions are shown in Tables I and II. The
electrolyte temperature for all data was 28°C. The
Br, concentration varied by 3% from 0.0510M as shown
in the figure but the null potential AU}, was essentially
constant. The data were reproducible over the 2 month
life of the experiment.

The general form of the results in Fig. 5 is similar
to the behavior of a rotating disk electrode (RDE) as
the rotation speed is increased; that is, the limiting
current increases with Reynolds number and thereby
shows a region in which external mass transfer con-
trols the rate of reaction. Also, the length of the limit-
ing current plateau decreases as the Reynolds number
increases in a manner similar to an RDE system for
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Fig. 5. Experimental cathodic steady-state currents
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Fig. 6. Experimental anodic steady-state currents

the reduction of Cu*® in acidic electrolyte (28). In
Fig. 5, the side reaction characterized by gassing is
probably the reduction of hydrogen ion. However, no
changes in the pH of the positive electrolyte were
noticed, but this could be a result of the small amount
of gassing and the large reservoir.

The anodic experimental data in Fig. 6 depend only
slightly on the Reynolds number over the range of
experimentally applied potentials. This slight depend-
ence is due to the high Br— concentration in the elec-
trolyte (20).

Least Squares Regression

The model presented above depends on, among
other things, the parameters a«c, 1,°, and D,. These
parameters can be obtained from the literature if
available (they are not available for these experi-
mental conditions), determined by independent ex-
periments or determined by applying least squares
(LS) regression (21, 29-31) to the model and experi-
mental data. Confidence is gained in the model if the
parameter values obtained by LS are physically real-
istic. If the parameter values are physically realistic,
extrapolation beyond the experimental range could be
done within the limits of the assumptions. However,
even if the parameter values are not physically realistic,
LS does provide a set of parameter values suitable for
use in the model which could be used for interpolation
within the range of the experimental data. It is per-
haps this last advantage of LS which is the most im-
portant for battery designers. That is, at the LS esti-
mates the model provides the best functional relation-
ship (for the assumed model) between the physical
parameters and the experimental data. A better func-
tional relationship may be obtained with a different
model but in the absence of another model, the de-
signer should use the LS estimates for interpolation
even in preference to literature values.

The LS method consists of minimizing the following
nonlinear objective function
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Fp) =2a=3 (- Tye [36]

A
where I} = is given by Eq. [30] at the experimental
conditions corresponding to the 1th datum. The non-
linearity of Eq. [36] results from the nonlinear
model equations, but it does not affect the theory
behind LS regression. The computations necessary to
minimize this objective function become more com-
plicated with a nonlinear function; however, many
computers have subroutine libraries which can per-
form the necessary calculations [see Ref. (20)]. The
nonlinearity does affect the statistical inferences that
can be made, and hence, the confidence limits for the
parameters are valid only as the number of experi-
mental data points becomes large (29). These con-
fidence limits for the parameters are discussed in
Ref. (20) and (32).

Regression Results

Table III presents the results of the application of
the LS technique (20). As can be seen in Table III, in
the first four cases «, was set and LS used to deter-
mine i,° and Dy, and in the last case LS was used to
determine «¢, i,°, and Dg. The solid lines shown in
Fig. 5 and 6 were calculated according to Eq. [30]
with the case five parameter values [no noticeable dif-
ference in the lines occurs when the case 3 or 4
Table III parameter values are used since the values
of Eq. [36] are not significantly different (20)].

Quantitatively, the model predicts all of the ex-
perimental data points to within 30% and most of
the data to within 10%. The greatest deviations occur
at large currents and Reynolds numbers; these devia-
tions could be a result of measurement errors in either
the flow rate or bulk Bry concentration which are
magnified at the large current experimental conditions.
This degree of accuracy may be suitable for engineer-
ing purposes.

Discussion

Table IV presents a comparison of the LS param-
eter estimates with literature values. The LS estimate
of the diffusion coefficient is the same order of mag-
nitude as the published data which was obtained in
a rotating disk experiment (33). The difference in
diffusion coefficients may be attributable to the rela-
tively small assumed value of ¢/t (0.172). That is, if it
is assumed that the value for Dy given by Osipov et al.
(33) is correct, then ¢/t for the porous electrode

Table I11. Least squares estimates

00 x 103, D2 x 107

s
Caset ac a? A/cm? cm?/sec SSE?
1 0.50 1.50 190 =101 (9.03 =2.37) 0.1386
2 0.75 1.25 610 = 63 (6.99 = 1.16) 0.1076
3 1.00 1.00 123 =41 (5.86 = 0.73) 0.0965
4 1.50 0.50 58 =17 (4.79 = 0.43) 0.0925
5 1.32 = 0.52 0.68 79+68 (5.08 =1.10) 0.0919

1 Cases 1-4 are for a. fixed with i°, and D. the LS estimates.
Case 5 is for ac, %% and D: as the LS estimates.

2 Calculated from Eq. [8] with n

8SSE = value of Eq. [36] at LS estimates

Table IV. C of least sq with literature
values for case 5 of Table Il
Least squares Literature
Parameter Units estimate value/Ref.
D. cm?/sec (5_08 i 1.10) 1.2 x 10-5 (33)
100 A/cm? O 079 + 0 068 0.345 (33)
ac none 1.32 = 0.5! 1.2 (32);
1.24-1.57 (35)

14° extrapolated from the reported io.» values using Eq. [5]-
(8] and the LS estimate of ac = 1.32.
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studied here would be 0.728. The point is that the
product (D2) (e/t) (i.e., the effective diffusion coeffi-
cient) is the unknown parameter in a porous electrode.
The LS estimation procedure gives an estimate of Dy
which when multiplied by the assumed value of ¢/t
is suitable for design within the range of the data (z.e.,
for interpolation). The literature value for i,° is not
directly comparable with the LS estimate in Table IV
because the literature value was obtained on a plati-
num RDE whereas an RuO; on Ti electrode was used
here. However, the LS estimate for i,° is reasonable
because platinum should be a better catalyst and
therefore result in a larger i,°. Another complication
in the comparison of i,° is that the product of the
specific surface area a and the exchange current den-
sity appears in the model and the value of a was not
measured in this experiment. However, the point is
(as with the diffusion coefficient) the LS procedure
gives an estimate of i,° which can be used in the
model with the assumed value of a to interpolate. It
should be noted that the LS value of i,° gives a rela-
tively large value of i,p from Eq. [5] which is con-
sistent with the observations of fast Brs/Br— kinetics
by Zn/Br; battery designers (1, 4, 6, 7, 34). The LS
estimate of o agrees well with the literature values
of Ref. (34) and (35). Both i,° and o, have large
error bounds due to the small amount of data obtained
here for anodic polarizations (see Fig. 6) and for the
lack of data on the concentration dependence of v;. The
model deviations from the experimental anodic data
are also a result of the lack of data on the concentra-
tion dependence of ;.

It is important to note that the model is sensitive to
the parameter values throughout the range of the ex-
perimental data as demonstrated, for example, by
Fig. 7 and 8. Similar predictions can be made for
anodic currents (20). It is also important to note that
the estimated values of i,° and D yield a small ellipse
on a contour plot as shown in Fig. 9 with « = 1.0.
Note that the minimum value of the objective appears
as a steep narrow ellipse within the vicinity of the
LS estimates (case 3, Table III).

With the value of i,° obtained by LS and the ex-
perimental concentrations, a large value of B results
from Eq. [19]. Thus, the model predicts a thin reaction
zone as indicated in Fig. 10 by concentration changes
only at the edge of the porous region. This implies that
only a small fraction of the RuO/Ti porous electrode
is utilized even at relatively small overpotentials.
Figure 10 illustrates an interesting feature of the model
presented here. That is, at a given n, 6(¢) drops rapidly
over a small distance within the porous electrode to
a constant value instead of zero as might be expected.
The reason for this is the inclusion of the complete
Butler-Volmer equation which leads to the T term in
Eq. [24] (20).
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Conclusions

This study of a flow-by back fed porous clectrode
for the reduction of bromine produced a mechanistic
model of the steady-state process. The model consists
of a single analytical expression (Eq. [30]) suitable
for design purposes. The model is applicable over a
large range of overpotentials and includes external
mass transfer resistance. Also, the model predicts most
of the experimental data presented here to within ap-
proximately 10%, and the parameter estimates of
ac, 1% and Dy obtained here compare favorably with
literature values.

Analysis of the flow-by back fed porous electrode
for the reduction of bromine revealed that its limiting
current is similar to a rotating disk; its limiting cur-
rent density is characterized by a zero goncentration at
the surface on the side of the fresh reactant. The re-
action zone for the fast reaction studied here is less
than 5% of the electrode thickness; hence, the con-
centration profile is horizontal within the porous
electrode and the reaction occurs on the back side of
the electrode. This small reaction zone thickness indi-
cates that small ohmic energy losses could be achieved
by using thin back fed electrodes. The concentration
profile shows that the Brs concentration at the separa-
tor in a Zn/Br; battery could be reduced significantly
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during discharge which would decrease the loss of
Br; across the separator. However, on charge, the con-
centration of Bry at the separator would be increased
and would cause consequently a greater loss of Br.
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APPENDIX
The Back Fed Model in Cartesian Coordinates

The governing differential equation for the concen-
tration of a cathodic reactant (e.g., bromine) which
corresponds to Eq. [15] in the text is

d2cy —aiob aF )
e Ky = e == A-1
dz 2T 2D, CP\RT" [a-1]

where

K= [A-2]

Qiop ( —aF )
ex
2FDocap P\TRT "
The following dimensionless variables can be used to
simplify Eq. [A-1]

; [A-3]
Lm C2,b

Then, Eq. [A-1] becomes

ANALYSIS OF A BACK FED POROUS ELECTRODE

2011
i Bo A [A-4]
ag T )
where . a -
Qo,b%m’ ( aa )
= — A-5
2 Ducan P\ RT " =51
and
B = K xp? [A-6]
The boundary conditions are at P
]
T=%m ¢(=10, —=0 [A-T7]
dg
at
0 o, L_IE (0 —10) [A-8]
=0, =0, E-{ = _ﬁe_ = L
where

Dy 2my V3
k= 1.651—( 1.5 Nre Nsc — [A-9]
2rn L

and 7, is the hydraulic radius as deﬁned_in Ref. (25).
Equation [A-4] can be solved analytically by as-
suming a solution of the form

0(¢) = ¥() + T [A-10]
where T is a constant at a given n and temperature and

is given by o5
= (—— )
exp RT n

The general form of ¥ ({) is
¥(;) = Esinh (\/Bx) + F cosh (\/Bx)
[A-12]
and application of boundary condition Eq. [A-7] gives
F = —E coth (\/B &m) [A-13]
Application of boundary condition Eq. [A-8] gives
Tmk
De/B
Thus, the complete solution for 6(¢) is
9(¢) = Esinh (\/B¢) — E coth (\/B &m)

[A-11]

E= (6(0) — 1.0) [A-14]

- 2F
cosh (\/B{) + exp (ﬁ") [A-15]

Solving for the unknown surface concentration, 6(0),
in Eq. |A-13] gives

= = 2F
Zmk coth (/B xm) + De\/B exp ( ﬁ—")

Dev/B + xmk coth (\/B Zm)

60(0) =
[A-16]

Now, consideration of the case where VB = 100.0
gives

— 2F
Zmk + De\/B exp(—R—-‘n)

Zmk + Den/B
Finally, an expression for the current density is

[A-17]

8(0) =

i
—=N;
2F 2=10
where 6(0) is defined by Eq. [A-16] or [A-1T].

LIST OF SYMBOLS

= keop (6(0) — 1.0) [A-18]

a specific catalytic surface area of porous elec-
trode, cm—1 L .

¢y, C concentration of ith species, i = 2 for bromine,
mol/cm?3 . .

cib, C2p bulk concentration of ith species, i = 2 for
bromine, mol/cm3 . . .

c° standard reference concentration of ith species
= 10~3 mol/cm3 . .

Ci.ive reference electrode concentration of ith spe-

cies, mol/cm?
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D,
D;

F
F(g)
I
I(+)
Li()
I

I

io.b
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effective diffusion coefficient of bromine, cm2/
sec

free stream diffusion coefficient of bromine,
cm?2/sec

faraday’s constant, 96,487 C/mol of electrons
least squares objective function, A2

total cell current, A .
modified Bessel function of the first kind, zero
order

modified Bessel function of the first kind, first
order

1th experimentally observed current, A

model predictions at experimental conditions
corresponding to the 1th datum, A

steady-state current density, A/cm?2

limiting current density, A/cm?

exchange current density at bulk concentra-
tions, A/cm?

standard exchange current density at 1M, A/
cm?2

average production rate per unit area

reaction rate function, cm—2

K,(+) modified Bessel function of the second kind,

zero order

Ki(-) modified Bessel function of the second kind,
first order

k mass transfer coefficient, cm/sec

L electrode length, cm

Len entrance length, cm (see Eq. [35])

N;,N, flux of ith species, i = 2 for bromine, mol/
cm?2/sec

Nge Reynolds number

Ngc Schmidt number

n number of mols of electrons (n = 2 mols of
electrons for reaction [1])

Dy, qQi reaction) orders for ith species (ppr—- = 2,
QB =1

R gas constant, 8.313 J/mol/K

r radial coordinate, cm

Ti inside radius of electrode, cm

P membrane radius, cm

N stoichiometric coefficient of ith species (spr—
=2,8Brp = —1

T temperature, K

t thickness ratio of porous electrode

ue standard open circuit potential of working
electrode, V

Upe® standard reference electrode potential, V

v potential of working electrode, V'

v axial velocity behind the back fed electrode,
cm/sec

Greek letters

a, apparent anodic transfer coefficient

ac apparent cathodic transfer coefficient

B vector of least squares parameters, = [i,° D»
acl

Yi concentration dependence for exchange cur-
rent density

€ porosity of electrode

€ Ith residual of least squares function, A

n total overpotential, V

a(t) dimensionless surface concentration

v kinematic viscosity, cm2/sec

¢ dimensionless radial coordinate

n 3.1416

T tortuosity of porous electrode

Pre potential in the solution at the reference elec-
trode, V

by potential of the solution in flow channel of
porous electrode, V

b0 potential of the solution just outside the
double layer, V
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Photo-oxidation of Organic Compounds at Doped a -Fe.O: Electrodes

J. H. Kennedy* and D. Dunnwald
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ABSTRACT

Photo-oxidation of organic compounds at doped a-Fe,0, electrodes was investigated in aqueous and nonaqueous solu-
tions. Oxalic and formic acids in 0.5M H,SO, showed distinctly different reactivities. Photo-oxidation of alcohols, e.g.,meth-
anoland 2-propanol, was investigated in propylene carbonate and compared to their oxidation in water. The oxidation prod-
ucts (formaldehyde, acetone, and oxygen) were analyzed quantitatively; they accounted for 100% of the current.
Competition between methanol and 2-propanol, and between these alcohols and water, is also reported.

Although photoelectrochemistry at iron oxide elec-
trodes has been widely investigated in our laboratory
(1-7) and in others (8-17), little work has been car-
ried out on the oxidation of organic compounds (16-
17). Stability of «-Fe;O3 in acid solution has now been
demonstrated (7), so that the photo-oxidation of
carboxylic acids and alcohols in acidic aqueous solu-
tions could be undertaken. Also, in the present study,
the photo-oxidation of alcohols in anhydrous propylene
carbonate has been carried out. Competition between
alcohols and water was investigated to help establish
their relative reactivities.

Experimental

Electrodes were prepared from high purity «-Fe;O3
(99.999%, Alfa Products) by doping with 1 atomic
percent (a/o) SiO,. Pellets were pressed, sintered in
air at 1365°C for about 20 hr, and then quenched in air
to room temperature. The electrodes were about 1 cm?
area after sintering and 0.1 cm thick. Electrical con-
nection was made on the back with a sputtered gold
film followed by silver epoxy to attach a wire lead. The
electrode and the wire lead were then sealed in a glass
tube with epoxy resin. The resistances of the electrodes
measured at 1 kHz with a conductivity bridge were
60-350Q.

Experiments with the organic acids were carried out
in a two-compartment cell separated by a fritted glass
disk. The compartment containing the semiconductor
electrode was closed and contained a burette for col-
lection of evolved gases. Experiments with alcohols
were carried out in a single-compartment cell.

The light source was a 150W Xe lamp with light
focused on the electrode by means of a quartz lens.
Photocurrent vs. potential plots were taken with PAR
Model 174 and X-Y recorders. Potentials were mea-
sured vs. SCE with all photo-oxidation experiments
carried out at + 1.2V vs. SCE. No attempt was made to
adjust for the different junction potentials that were
created when nonaqueous media were employed.

All chemicals were reagent grade. Propylene car-
bonate was distilled in vacuo and stored over molecu-
lar sieves. Tetra-n-butylammonium perchlorate, used
as supporting electrolyte at a concentration of 0.1M,
was dried in vacuo at 120° C before use.

CO;, CO, and O, were analyzed by mass spectrom-
etry. Analysis of formaldehyde was made spectropho-
tometrically using chromotropic acid. Analysis for
acetone was made spectrophotometrically using 2,4-
dinitrophenylhydrazine.

Results

Several carboxylic acids were investigated in solu-
tions containing 0.5M H2SO4; and 0.1M Na»SOy. Citric
acid and acetic acid, both at 0.5M concentration, showed
no influence on the current-potential curves. Essenti-
ally all photocurrent resulted in Oz production (0.8%
CO; found with acetic acid). On the other hand, formic

* Electrochemical Society Active Member.

Key words: a-Fe:0s photoanodes, organic acid photo-oxidation,
alcohol photo-oxidation.
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acid showed a small change and oxalic acid a large
change in the I-V curves, as can be seen in Fig. 1. 0.5M
oxalic acid shifted the onset of photocurrent 0.4V
cathodically, while formic acid caused little shift. The
photocurrents were significantly higher than in sulfuric
acid alone.

An attempt was made to understand the large
cathodic shift in photocurrent onset in oxalic acid by
investigating current transients by on-off switching of
the light source. In 0.5M HsSO04/0.1M Na»,SO,, the
photocurrent onset was +0.65V vs. SCE, but the first
cathodic photocurrents were not observed until
< +0.25V vs. SCE. Between +0.3 and 40.6V vs. SCE,
anodic transients were observed upon illumination and
cathodic transients were observed during dark periods.
Both transients increased with anodic potential and
had about the same magnitude up to +0.6V, thus re-
sulting in no net steady-state photocurrent. It is prob-
able that the flatband potential is near the lower value
of +0.25V vs. SCE. When the same transient experi-
ment was carried out with 0.5M oxalic acid in 0.5M
HS04/0.1M NasSO4, the photocurrent onset was at
+0.225V vs. SCE. No cathodic transients were observed
above +0.225V vs. SCE, and cathodic photocurrents
were observed < +0.10V vs. SCE. Thus, the flatband
potential appeared to be shifted cathodically only 100-
150 mV in oxalic solutions, accounting for only a frac-
tion of the 400 mV cathodic shift in photocurrent onset.

Whereas in HySOy4 solutions 100% of the photocur-
rent resulted in O; production, increasing amounts of
carboxylic acid led to a decrease in Oz and an increase
in CO.. Small amounts of CO were also detected. As
seen in Fig. 2 and 3, formic and oxalic acids showed
clearly different reactivities. 0.5M oxalic acid gave
80% COy production while formic acid was much less

o
o

CURRENT (MILLIAMPS)
n
o

0.0l

0.5 1.0 I.5
POTENTIAL (V vs. SCE)

Fig. 1. Photocurrent-potential curves for organic acids in 0.5M
H2504/0.1M Na2SO4. (a) 0.5M oxalic acid, (b) 0.5M formic acid,
(c) blank.
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Fig. 3. Photo-oxidation of formic acid in 0.5M H2504/0.1M
Na2S04.

efficient in competing with water for the photogener-
ated holes.

The photo-oxidation of alcohols was mainly investi-
gated in propylene carbonate (Fig. 4), although the
oxidation of pure methanol and aqueous solutions was
also carried out. This was possible because the tetra-n-
butylammonium perchlorate supporting electrolyte
was easily soluble in methanol, and a 0.1M solution
exhibited a resistance of 350Q. Pure 2-propanol could
not be studied because the electrolyte was only slightly
soluble with resistances of about 7 kQ. The product
of photo-oxidation in pure methanol was formalde-
hyde. It accounted for 100% of the current and in-
creased linearly with time as shown in Fig. 5. How-
ever, even in 1:1 methanol: water (0.056M H>SO4, 0.1M
Na;S04) by volume only 25% of the photocurrent led
to formaldehyde. Results from the same experiment
with 2-propanol showed that only 2.5% of the photo-
current could be attributed to acetone production.

The following set of experiments was carried out in
anhydrous propylene carbonate containing 0.1M tetra-
n-butylammonium perchlorate, which exhibited re-
sistances of about 400Q. Except where stated otherwise,
the reactant concentration was 2M.

Pure propylene carbonate with 0.1M supporting
electrolyte showed only very small photocurrents
(Fig. 4). Upon addition of alcohols or water, significant
photocurrents were observed and different reactivities
for the various reactants could be seen in the I-V
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Fig. 4. Photocurrent-potential curves in propylene carbonate
containing 0.1M tetra-n-butylammonium perchlorate. (a) 2M meth-
anol/2M H:20, (b) 2M 2-propanol/2M H20, (c) 2M methanol, (d)
2M H20, (e) 2M 2-propanol, (f) blank.
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Fig. 5. Photo-oxidation of alcohols. (a) Formaldehyde produced in
methanol, (b) formaldehyde produced in 2M methanol in propylene
carbonate, (c) acetone produced in 2M 2-propanol in propylene
carbonate. All solutions contained 0.1M tetra-n-butylammonium
perchlorate.

curves. Methanol caused the highest increase in anodic
photocurrent, followed closely by water, while the
effect due to 2-propanol was considerably less. Inter-
estingly, the photocurrent with 1M methanol/1M
water mixtures was higher than with 2M methanol or
with 2M water, individually.

The photo-oxidation of methanol in propylene car-
bonate led to formaldehyde as the oxidation product
and accounted for 100% of the current. The photocur-
rent dropped slightly during the experiments, unlike
the results observed in pure methanol, thus yielding a
nonlinear relationship between illumination time and
formaldehyde which was produced (Fig. 5).

The photo-oxidation product of 2-propanol in pro-
pylene carbonate was acetone, which also accounted
for 100% of the photocurrent. Unlike methanol oxida-
tion, the current increased during the experiments
(Fig. 5), leading to smaller differences in photocur-
rents between the two alcohols than was observed
from the initial I-V curves (Fig. 4). However, if the
electrode was immersed in the 2-propanol solution for
several hours prior to illumination, the photocurrent
was stable at the higher value.
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Competition between the two alcohols was next
studied by photo-oxidation of mixtures containing 2M
concentrations of each. Although the analysis for
formaldehyde could not be used in the presence of 2-
propanol, the amount of acetone could be determined.
The amount of formaldehyde was calculated from the
coulombs of charge and the yield of acetone. Consider-
ably more methanol was oxidized than 2-propanol, as
shown in Fig. 6. Mixtures of methanol and 2-propanol
gave less product than additivity would predict. After
4 hr illumination at 1.2V vs. SCE, 2M methanol gave
41 umol of formaldehyde and 2M 2-propanol gave 33
umol of acetone (Fig. 5). A mixture of 2M methanol/
2M 2-propanol gave only 34 umol of formaldehyde and
16 umol of acetone under the same conditions (Fig. 6).

Finally, the competition between water and these
alcohols was investigated. The presence of 2M H>O led
to a sharp increase in photocurrent (Fig. 4). Surpris-
ingly, the amount of organic product also increased
considerably as shown in Fig. 7 and 8. One hundred
percent of the additional current resulted in acetone
production in 2-propanol/water solution; 80% of the
total current resulted in formaldehyde production in
methanol/water solutions.

Discussion

In aqueous solutions, it is known that photogenerated
holes in a-FesOj3 react rapidly with water or hydroxide
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Fig. 6. Competition befween 2M methanol and 2M 2-propanol in
propylene carbonate. (a) Formaldehyde production, (b) acetone
production,
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Fig. 7. Effect of water on the photo-oxidation of 2M 2-propanol
in propylene carbonate. (a) Acetone production in the presence
of 2M H»0, (b) acetone production in the absence of H:O.
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Fig. 8. Effect of water on the photo-oxidation of 2M methanol in
propylene carbonate. (a) Calculated amount of formaldehyde if all
photocurrent oxidized methanol in the presence of 2M H20, (b)
amount of formaldehyde produced in the presence of 2M H20, (c)
amount of formaldehyde produced in the absence of H20.

ions. Thus, any organic compound that is oxidized in an
aqueous medium must compete effectively with water.
As can be seen from the results with carboxylic acids,
the ability to compete for photogenerated holes varies
greatly. Whereas acetic acid is readily oxidized at n-
TiOs, this reaction apparently does not proceed at
«-Fe,03. Formic acid required high concentrations to
show any significant amounts of product, and of the
acids studied, only oxalic acid showed high reactivity.
Adsorption of the reactants at the a-Fe;O3 surface may
play a crucial role in determining the reactivity as
well as relative rate constants for the competing re-
actions.

The study of transients showed that the large ca-
thodic shift in photocurrent onset upon addition of
oxalic acid was only partially due to a shift in flatband
potential. The predominant reason for its high effi-
ciency was the lack of back reaction; i.e., no cathodic
transients were observed.

Photo-oxidation of alcohols in aqueous solutions
would also require effective competition with water
for photogenerated holes. Experiments with 2-propanol
in aqueous H»SO4 showed almost no organic reaction
taking place, but methanol was able to compete rea-
sonably effectively.

However, by working in a nonaqueous solvent, a
direct comparison of reactivity could be made.
Methanol in propylene carbonate yielded even more
photocurrent than water, while 2-propanol was much
less reactive. Thermodynamically, each of these sub-
stances should be easily oxidized by the photogener-
ated holes, so the rate of reaction appears to be con-
trolled by the rate of charge transfer compared to sur-
face recombination. It should also be noted that no
evidence for current doubling was obtained, which was
in contrast to results at TiO: electrodes (18) but in
agreement with previous reports at iron oxide elec-
trodes (16).

Change in reaction rate with time was also noted for
the alcohols. The slight decay in photocurrent observed
with methanol solutions may be attributed to a poison-
ing of the surface by the formaldehyde reaction prod-
uct. The electrode performance recovered after
extensive washing, lending support to this hypothesis.
The opposite behavior exhibited by 2-propanol could
be accounted for by a slow adsorption process (the
slow rate may indicate diffusion into the surface along
grain boundaries). This hypothesis is supported by the
fact that immersion in 2-propanol solutions for several
hours before photo-oxidation produced higher photo-
currents.
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Direct competition between the two alcohols in pro-
pylene carbonate was not additive and, again, may
reflect the competition of reactants for active surface
sites. The total product formed was not much greater
than that from methanol alone, and mixtures of the
two alcohols gave less of each product than solutions
of the individual alcohols. Methanol was the more
effective competitor, with twice as much formaldehyde
formed as acetone in a propylene carbonate solution
containing 2M methanol and 2M 2-propanol. This is
consistent with the photocurrent results shown in Fig.
4. The nonadditivity would be expected if a Langmuir-
type adsorption isotherm were involved. With the high
concentrations used, it would be expected that most of
the active sites would be filled and increases in con-
centration ‘would result in only small increases in
photocurrent as observed. An added complication is the
expectation, based on the low photocurrents observed
for 2-propanol, that the competition for holes will vary
with the species on the surface. Thus, 2-propanol may
compete well against methanol for surface sites, but
this could lead to more likely surface recombination
and lower photocurrents.

The addition of water to propylene carbonate solu-
tions containing alcohol introduced another complica-
tion. Two steps in the total oxidation process are ob-
served experimentally. First, the capture of a hole in
competition with surface recombination is observed
in the form of photocurrent. Second, the final product
is observed by chemical analysis. It is quite possible,
and indeed the results seem supportive, that one re-
actant may be effective in capturing a hole to form an
active intermediate while another reactant is more
effective in its reaction with this intermediate. Thus,
the increase in photocurrent observed when water was
added to the propylene carbonate solutions containing
2M methanol or 2M 2-propanol indicated the ability of
water to capture photogenerated holes. On the other
hand, these solutions showed greater production of
formaldehyde or acetone when water was added, pro-
viding evidence that the alcohols reacted rapidly with
the water intermediate, such as the hydroxyl radical.
This concept also helps explain the synergistic effect
seen in methanol/water mixtures in propylene car-
bonate in which 1M methanol/1IM water gave higher
photocurrents than either 2M methanol or 2M water.
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One reactant, water, was effective in capturing photo-
generated holes, while the second reactant was effec-
tive in removing the intermediate from the electrode
surface to form the final product.
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The Modulated Flow at a Rotating Disk Electrode

Bernard Tribollet' and John Newman*

Department of Chemical Engineering, University of California, Berkeley, California 94720

ABSTRACT

The frequency response analysis for an electrochemical system (current or potential) to a sinusoidal speed modulation
at a rotating disk electrode involves, at first, the analysis of the corresponding unsteady laminar flow. This hydrodynamic
problem is solved by a numerical integration of the unsteady Navier-Stokes equations, and the four first terms of the instan-
taneous velocity expansions are given. The study of the unsteady mass transport is the second problem; its solution is a
series expansion ofgc’”ﬂ, and the two first terms are given. Finally, the expressions of the electrical response of the electro-
chemical system involves also the element of the electrochemical impedance (the diffusion or convective Warburg imped-
ance, the charge transfer resistance, the electrolyte resistance, and the double-layer capacitance). The results are experi-
mentally confirmed, in potentiostatic and galvanostatic regulations, over a wide frequency range (10°* < p < 5) for the

reduction of Fe(CN)s*~ to Fe(CN)s*~ in 1M KCIL

The frequency response analysis of an electro-
chemical system to a sinusoidal speed modulation at a
rotating disk electrode is a new experimental method

* Electrochemical Society Active Member.

1Present address: Groupe de Recherche No. 4 du CNRS), Phys-
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Key words: hydrodynamic modulation, mass transport, im-
pedance.

which was originated by Tokuda et al. (1) and has
been exploited by a few authors (2-4). In these early
works, the knowledge of the instantaneous velocity
profiles close to the rotating disk was obtained from
the work of Sparrow and Gregg (5), which gives a
good approximation of this hydrodynamic problem
when the modulation frequency is low. The condition
of low frequency corresponded to the electrochemical
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measurements of Tokuda et al. (1) and Kanzaki and
Bruckenstein (6). However, in a recent work of
Deslouis et al. (4), higher modulation frequencies
could be achieved and the limitation of the theoretical
analysis appeared.

An important application of this method is the
determination of the diftusion coefficient by means of
the Schmidt number. In the unsteady state mass trans-
port problems, the Schmidt number occurs as its cube
root and, therefore, good accuracy is needed in order
to analyze the experimental data.

In this paper, an analysis is made of the unsteady
laminar flow about a rotating disk whose angular
velocity is perturbed by a sinusoidal modulation of
low amplitude. This problem is solved numerically for
a large frequency range, and the results are compared
to previous works (5, 7).

For a sinusoidal speed modulation, a numerical so-
lution of the response of the electrical quantity (cur-
rent or potential) specific to the interface is given
for a large frequency range. Excellent agreement be-
tween theory and experiment is found for a redox
reaction below the limiting current in galvanostatic
regulation. In potentiostatic regulation, at the limiting
current, we show the influence of the kinetics in the
high frequency range.

Theoretical Analysis

Hydrodynamic problem.—The steady flow field
created by an infinite disk rotating at a constant
angular velocity in a fluid with constant physical
properties was first studied by von Karman (8).

For a low amplitude modulation, the equation of
continuity and the equation of motion can be numeri-
cally solved from the steady-state solution. As a neces-
sary prelude’to this solution, we briefly review some
of the steady-state solution as given by von Karman
(8).

Von Karman’s suggestion of a separation-of-vari-
ables approach to the solution of the time independent
Navier-Stokes equation results in a set of three-
coupled nonlinear ordinary differential equations for
the components of the fluid velocity vector and an
equation for the dynamic pressure in the fluid above
the disk as follows

2F +H' =0 (11

F2 - G2+ HF —F"=0 [2]
2FG+ HG'—G" =0 [3]
PP+ HH' —H" =0 [4]

where the prime designates differentiation with re-
spect to { = 2z\/Q/v. The variables are defined as

v =1 F(§) (5]
vy =R G () 6]
v, =V HQ) [7]
P=uaP( (8]

where the overbar designates the steady state. The
boundary conditions are

FO) =H(@0) =0 [9]
G0) =1 [10]
F(w) =G(0) =0 [11]

For the unsteady situation, the instantaneous value
0 of the angular velocity is defined by

Q =0 + AQ Re{eiot) [12]

For a low amplitude modulation (AQ << Q), to de-
termine the deviations of the flow from the steady
state, we write

MODULATED FLOW

2017

Vr=T

m i~
[Fm +=Re(f (D) ] [13]
= AQ —
Vg =TQ [G(:) + TRe{g(:)eim}] [14]
vy /il [H(:) + %Re{ﬁ(:)e!m} ] (15]

= AQ !
P=ua [P(!) + fRe{p(r)ei‘“} ] [16]

where f, g, h, and p are complex functions.

Each component is expressed as the sum of a known
function and the real part of a complex function whose
amplitude is presumed to be small. The equation of
continuity and the unsteady Navier-Stokes equations
are linearized, and the quadratic terms proportional
to (AQ/Q)? are neglected. The resulting equations may
be written

F+h=0 [17]
ifp + 2Ff — 2Gg + Hf + FR=F  [18]
jgD + 2Gf + 2Fg + hG' + Hg' =g”  [19]

ihp+ Hh 4 Hb +p' = h”  [20]

where p = w/Q is the dimensionless frequency of
modulation. The boundary conditions are

0 = ko) =0 [21]

90 =1 [22]

fleo) = ge0) =0 (23]

After the velocity profiles are determined, the pres-
sure distribution can be calculated directly from the
integrated form of Eq. [20]. Each complex function
may be written as the sum of a real function (index 1)
and an imaginary function (index 2). The set of three
coupled Eq. [17], [18], [19] becomes a set of six
coupled linear ordinary differential equations

2fi4+h/=0 [24]

2fa +ho' =0 [25]

—fop + 2Ffy — 2Gg1 + Hft' + F'hy — fi” =0 [26]
fip + 2Ffz — 2Gga + Hfy' + F'ho — fo" =0 [2T7]
~gop + 2Gf1 + 2Fg1 + G'h1 4+ Hg' — 91" =0 [28]
g1p + 2Gf2 + 2Fgs + G'hy + Hgo' — 2" =0 [29]

By using Newman’s method of solving this kind of
problem (9, 10), we derive, for each dimensionless
frequency, the solution of the set of six equations.

Cochran (11) has shown that the system of Eq. [1]-
[4] can be satisfied by two sets of series expansions
for small and large values of {. The series solutions for
small values of { are very useful for the mass transfer
problem close to a rotating disk electrode. Therefore,
the derivatives at { = 0 (given in Table I) are essen-
tial in order to determine the first coefficient of the
series expansions. The other coefficients are calculated
from the first by using the set of Eq. [24]-[29.] In
Table II, we recall the steady-state solution, and we
give the values of the four first terms of the series
for each function.

As the frequency of modulation tends towards zero,
we deduce from Eq. [13] that 7f;(¢) tends towards the

derivative of v, with respect to & and from Eq. [27]
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Table I. #((0,p) and g’(0,p) vs. the dimensionless frequency. In polar coordinates, the amplitude is divided by the
amplitude for p = 0.
~ ~
§(0,p) 9'(0, p)
In polar coordinates In polar coordinates
~ i~
In Cartesian coordinates A{f'(p)} In Cartesian coordinates A{g'(p)}
P (0, p) £2(0, p) A{f'(0)} — 0t gv' (0, p) g2 (0, p) Afg’'(0)} 6a — 180°
0.5 0.7513 -0.1077 0.9917 8.2 —0.9235 —0.1857 1.0196 114
1 0.6943 —0.2032 0.9452 16.3 —0.9367 —0.3900 1.0982 22.6
1.5 0.6154 —0.2585 0.8721 22.8 —0.9874 —0.5951 1.2478 31.1
2 0.5429 —0.2802 0.7983 27.3 —1.0656 —0.7780 1.4281 36.1
2.5 0.4845 —0.2842 0.7339 30.4 —1.1551 —0.9354 1.6088 39.0
3 0.4389 —0.2802 0.6804 32.6 —1.2465 —-1.0719 1.7794 0.7
3.5 0.4029 —0.2731 0.6360 34.1 —1.3360 —1.1925 1.9383 41.8
4 0.3739 —0.2648 0.5987 35.3 —1.4223 —1.3010 2.0864 42.4
4.5 0.3502 —0.2565 0.5672 36.2 -1.5050 —1.4003 2.2251 429
5 0.3303 —0.2484 0.5400 36.9 —1.5842 —1.4922 2.3556 43.3
6 0.2988 —0.2337 0.4956 38.0 -1.7330 —1.6591 2.5968 43.8
7 0.2749 —0.2210 0.4609 38.8 —1.8709 —1.8091 2.8169 44.0
8 0.2559 —0.2100 0.4325 39.4 —1.9996 —1.9465 3.0205 44.2
10 0.2275 -0.1921 0.3890 40.2 —2.2355 —2.1940 3.3903 44.5
Table II. Coefficients of the series exp for the di less comp ts of the fluid velocity. (The values of
f1'(0,p), f2'(0,p), 91°(0,p)), and g2'(0,p) are given in Table I.
F G H f1 fa g1 g2 hy ha
144 0.0 1.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0
¢ 0.51023 —0.61592 0.0 f1'(0, p) f4'(0, p) g1 (0, p) g2 (0, p) 0.0 0.0
A —-0.5 0.0 —0.51023 -1 0.0 0.0 - p/2 - f'(0,p) — f(0,p)
1.23184 — 291" — fY' *p — 29y + fi'-p 1.02046 + 2f1’ — g2’ cp 2 -fs + gu P
¢ 0.205307 0.170077 1/3 2/3 0.0

6 6

and [29] that fy'(¢) tends towards zero. Therefore,

£(0,0) = 3/2 F'(0) = 0.765345, and in the same way
E(0,0) = 3/2 G’'(0) = —0.923883. These values are
used for the calculation of the reduced amplitude of ;
and ; in Table I.

The amplitude of ;(O,p) increases with p, and

f'(0,p) decreases with p. For mass transfer measure-
ments, that means that the results for an axisymmetric
electrode (like a disk or a ring) and a nonaxisym-
metric electrode (like a microelectrode off the axis
of rotation) may be very different.

Comparison with the results of Sparrow and Gregg
(5) and Sharma (7).—Low frequency range.—Sparrow
and Gregg (5) solved the unsteady flow problem
where the angular rotation speed is a time dependent
quantity. Their expressions for the instantaneous com-
ponents of the fluid velocity were obtained by a series
expansion about the value found at a quasi-steady
state

vr = TQ(F (X) + BiF1(x) 4 BaFa(x) 4 ...) [30]
v = TQ(G (X) + B1G1(X) + B2Ga(x) 4 ...) [31]
v, =\ (H () + giH (x) 4 p2Ha(x) +...) [32]

where x = z(Q/v) % is time dependent, and the expan-
sion parameters depend only on time and are defined
by

g1 = (do/dt)/0?

g2 = (d2q/dt?)/Qd

After a numerical integration of the Navier-Stokes
equation, Sparrow and Gregg gave the value of the
velocity derivatives at x = 0

Hy” (0) = —1.0205
Hy”(0) = 0.40967
Hy” (0) = —0.046224

Gy’ (0) = —0.61592
G (0) = —0.36922
Go'(0) = 0.021185

6 6

By using these results for a sinusoidal modulation,

we can determine the expressions of f(0,p) and g’ (0,p)
following our notation

;(O,P) = (0.765345 — 0.023112p2) — 0.204835pj [33]

g’ (0,p) = (—0.923883 — 0.021185p*) — 0.36922p; [34]

Sharma (7) solved the set of six equations ([24]-
[29]) with an important approximation; he expects fs,
g»2, and hs to be small relative to fi, g1, and hy, and he
neglects —pf, and —pgs in Eq. [26] and [28]. Then he
finds with our notation

¥ (0,p) = 0.765345 — 0.20178pj [35]
9(0,p) = —0.923883 — 0.52285pj [36]

These are exact only for p = 0, and the accuracy of
the asymptotic expressions [33] and [34] from Spar-
row and Gregg (5) is always better.

High frequency range.—For the high frequencies,
Sharma (7) obtained an asymptotic solution; with our
notation the expressions of f* (0,p) and g’ (0,p) are

0.313 )

Fop) = (37)

1_.(1_
Ve A\ U

~ p . ( 'p 3 0.510 )
) _ S 38
g'(0p) = \/z ! 2 2 p (28]

On Fig. 1 and 2, the asymptotic solution of Sparrow
and Gregg (5) (Eq. [33], [34]) is compared with our
calculation for the low frequency range, and the
asymptotic solution of Sharma (7) (Eq. [37], [38]) is
compared for the high frequency range. Expression

[34] is an approximate solution for g’ up to p = 2,
and expression [38] is an approximate solution for
p higher than 7. Expression [33] gives a good value of
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Fig. 1. First coefficient of the series expansion for the unsteady
dimensionless component of the radial velocity. Comparison with
the results of Sparrow and Gregg (5) and Sharma (7): (A) phase

shift of ' (0,p) vs. dimensionless frequency, (B) amplitude of

# (0,p) vs. dimensionless frequency.

f only for p < 1, and for p = 1 the deviation between
the expression [33] and our numerical calculation is,
for the amplitude, already 6%. The expression [33]
may be used with a good accuracy only for p = 0.5
and the expression [37] for p = 8.

Mass transport application.—The concentration in
the diffusion layer is governed by the unsteady equa-
tion of convective diffusion

2,
S + v, i =D ik [39]
at 0z 922

The development of v, is obtained from Table II
and is limited to the two first terms. In order to obtain
an analytic solution, Ref. (3) and (4) limited the
development to the first term. On the contrary, Tokuda
et al. (1), for a numerical integration, used the three
first terms of the v, development. By pitting

¢ =T+ Re{celty [40]

and by using the dimensionless variables and param-
eters

w 9 1/3 3 1/3
Q \a2D at

and
z 3D\ _ [
E:-—-Withﬁ:(——-) =
o ay Q

(8 is a distance characteristic of the thickness of the
steady-state diffusion layer; the equivalent Nernst
diffusion layer thickness is I'(4/3) times 3) Eq. [39]
becomes
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dfe B e~
+(3£2— +...)——]K
d¢

dg2 Scl/3
a0 [ T, 2Bg e
= e g TP , 2B )— [42]
a Sct/s dt
where
dc dc

( 3 2 + ) [43]
-E_TE 0exp — ¢ +4Sc1/3

and where the steady-state derivative at the surface
can be expressed as

= c‘_c;;? [44]
d¢ o ® )
J o (- et gt )

Let 6(¢) be a solution of the homogeneous equation
satisfying the boundary conditions

>0 as £->
and
8=1 at ¢=0

In terms of the function 4, the solution of Eq. [42]
can be obtained by the technique of reduction in order

(12) by settingz = A(¢)6(¢), where A satisfies

dzh (32 Bg 20’)dh
@ T\ ¥ sm Tt ) g

[45]

m(sf'(o,p) , 2B )1 de
=7 U Tt
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Integration gives

Bx4
~ ¢ =2 ( -2+ 4Scl/3 ke )
c = K20 + K18 J; 200 dx
Bx4
ws |, )

BTN 62(x)
xJ (3 L Il o ) 0(x) dxdx (46

. P Scl/s

where K; and K; are two integration constants. Kp

can be identified with a), the value of the amplitude
function at ¢ = 0. K; can be obtained from the bound-

ary condition that ¢ approaches zero as ¢ approaches
infinity, with the result

AQ dc
e [47]
Q di|o
where
©( FOp) , 2B )
Wz_r (3——2— ... )ede [48]
" a ¢ Scl/3 +

is a dimensionless quantity whose value is worth
tabulating.

The general result of this section is a relationship
between the concentration and the concentration de-
rivative, both evaluated at the electrode surface. In
terms of the dimensional distance 2z, this can be ex-
pressed as

AQ de

de
&z o dz

dz

=%o’(0) + [49)

z2=0 z=0

where ¢'(0) is, for ¢ = 0, the derivative of 4(¢) rela-
tive to &
The boundary condition at z

0 determining the

value of ¢y involves both the mode of regulation and
the electrochemical kinetics at the interface. In order
to solve the problem, it is not necessary to study, as
in Ref. (3, 4), the particular cases of a constant con-
centration at the interface [improperly called “poten-
tiostatic” in Ref. (3)], or of a constant concentration
gradient at the interface [improperly called “galvano-
static” in Ref. (3)]. This general expression [49] is
sufficient for studying the electrochemical application
in order to obtain an equivalent expression between
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the observable electrical quantities: the overall poten-
tial and the overall current (see Eq. [64]). Deter-
mination and tabulation of the quantities 6°(0) and W
thus provide the basis for a rather general treatment
subsequently of the interfacial conditions, even though
they might have kinetic and double-layer complica-
tions not explicitly contemplated here. This point de-
serves special emphasis.

The numerical calculation of W requires the calcu-
lation of the homogeneous solution 6, which is also
the solution to the usual convective Warburg imped-
ance problem, where potential or current is modulated
instead of rotation speed.

This problem had been studied by a few authors
(13-16); in particular Levart and Schuhmann (13)
showed how to write ¢ as a series expansion in Sc—1/3

01(6K) 62 (£K)
Scl/3 Sc2/3

We solved numerically the corresponding differential
equations for 6y and ¢;. Since the reciprocal of ¢'(0)
is directly related to the convective Warburg im-
pedance, we have tabulated this quantity in terms of
the expansion
-1 z Z
7@ - T san
When K tends towards zero, —1/¢'(0) tends towards
r(4/3) (1 + 0.2980 Sc—1/3) which are the two first
terms of the expansion of the mass transfer rate for
large Schmidt number given by Newman (17) (see
Table III).
The expansion for W is more complicated because ¢

0(£Sc,K) = 6o (£K) + + ... [50]

+... [51]

as expanded depends on pSc!/3 while Ro,p) in Eq.
[48] depends on p without Sc!/3. The expansion for W
takes the form

-~ 1 ~
W =£(0,p) (t1 + jt2) + ——— [f'(0,p) (%3 + jts)
Scl/3

+ts +jte +...1 [52]

where the t’s, given in Table IV as functions of pSc!/3,
are calculated from the following definitions

3 ® 3 ® ]
=2 [ eretmde  ta= f 7 eimiooas '
avo avo

t; =

3 (= 3 (=
3T ereonae ti=2 [ empnar -
avo avo

=28 " ptmioas
(53]

ts = —2B fo £Re{6o}dt tg

Table 1. Variation of the diffusion or convective Warburg impedance vs. the reduced frequency pSc!/3 [K = 3.258 pScl/3]

Zo Zo z, zZ,
— —

Re 4 Im 4 Re 4 Im 4
r\— r\— r\{— r{—

pSci? 3 3 3 3

0 1 0 +0.2980 0

0.1 0.9883 —0.0956 +0.2789 —0.0898
0.2 +0.9552 —0.1830 +0.2277 —0.1608
03 +0.9062 —0.2560 +0.1594 —-0.2026
0.5 +0.7866 -0.3519 +0.0301 —0.2045
0.7 +0.6708 —0.3915 —0.0453 -0.1510
1 +0.5367 —0.3935 —0.0740 —0.0700
15 +0.4047 —0.3519 —0.0495 —0.0068
2 +0.3343 —0.3101 —0.0247 +0.0074
3 +0.2627 —0.2536 —0.0060 +0.0060
4 +0.1996 —0.1960 -0.0010 +0.0011
5 +0.1816 —0.1789 —0.0007 +0.0007
7 +0.1677 —0.1656 —0.0005 +0.0004
10 +0.1398 —0.1396 —0.0002 +0.0002
15 +0.1140 -0.1129 —0.0001 +0.0001
20 +0.0988 —0.0977 0.0000 0.0000
343 + gggg'{ -0.0796 80000 8.0000
+0. —0.0688 .0000 .0000
50 +0.0628 —0.0614 0.0000 0.0000
70 +0.0533 -0.0517 0.0000 0.0000
100 +0.0449 —0.0431 0.0000 0.0000
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Table 1V. Coefficients of the W expansion vs. the reduced frequency

pScl/3 t1 ts ts te ts te
0 +0.6533 0 +0.7797 0 —0.5963 0
0.1  +0.6511 —0.039 +0.7726 —0.0829  —0.5934  +0.0407
0.2  +0.6452 —0.0786 +0.7549 —0.1637 —0.5870  +0.L808
03 +0.6356 —~0.1166 +0.7263 —0.2402 —0.5767 +0.1197
05 +0.6060 —0.1874 +0.6408 —0.3738 —0.5452 +0.1918
0.7  +0.5652 ~0.2489  +0.5289 —0.4738 —0.5015 +0.2539
1 +0.4904 —0.3201 +0.3405 —0.5537 —0.4215 +0.3241
15 +0.3547 —0.3825 +0.0628 —0.5345 —0.2787 +0.3799
2 +0.2338 —0.3910 —0.1107 —0.4179 —0.1540 +0.3782
3 +0.0725 —~0.3328 —0.2063 —0.1762  +0.0029  +0.2992
4 —00044 —0.2562 —0.1671 —0.0406 +0.0668  +0.2085
5 —0.0364 —0.1931 —0.1105 +0.015¢4 +0.0838 +0.1391
6 —0.0472  -0.1466 —0.0667 +0.0320 +0.0812 +0.0918
7 —0.0486 —~0.1135 —0.0382 +0.0325 +0.0719  +0.0609
10 —0.0386 —0.0600 —0.0055 +0.0169 +0.0435 +0.0195
15 —0.023 -~0.0290  +0.0008 +0.0044 +0.0199  +0.0043
20 —0.0156  —0.0177  +0.0006 +0.0014 +0.0109  +0.0014
30 —0.0086 ~0.0092 +0.0002 +0.0003 +0.0047  +0.0003
40 —0.0056 —0.0058  +0.0001 +0.0001 +0.0026 +0.0001
50 —0.0040  —0.0041 0.0000 0.0000  +0.0016  +0.0001
70 —0.0024  ~0.0025 0.0000 0.0000  +0.00 0.
100 -0.0014 ~0.0014 0.0000 0.0000  +0.0004 0.0000

f(0,p) is given in Table I for p = 0.5 and by Eq. [33]
for p < 0.5.

Table V and Fig. 3 give values of W for three values
of Sc (125, 1000, 8000). The value of the first term,
without the term in Sc—1/3, is also given to illustrate
the importance of the Schmidt-number correction. The
importance of the correction depends on the frequency
as well as the Schmidt number itself. The values on
Fig. 3 could be made to fall more nearly on top of each
other if plotted against pSc!/3 rather than p itself, al-
though this would also make the graph harder to read.

Values of —W/¢’(0) are given in Table VI and Fig. 4.

Values of Zof'(0,p) (t; + jtz) are also given to illus-
trate the importance of the Schmidt-number correction.
Electrochemical application.—The principal result of
the preceding section is Eq. [49] relating the oscillat-
ing part of the concentration gradient to the oscillating

part of the concentration at the surface (co) and the
modulation of the rotation speed (AQ). Both ¢ (0) and
W depend upon the Schmidt number, and a subscript
i should be added to all the relevant quantities to de-
note that different species i can have different values
for the diffusion coefficient D;. We discuss here the ap-
plication of this equation to the electrochemical im-
pedance, with simplifications directed toward the sys-
tem and conditions used for the experimental verifi-
cation of the effect of the term with W, arising from
the modulation of the rotation speed.
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Estm' -> ne— [54]
i

For minor species, in the presence of supporting elec-
trolyte and with neglect of double-layer adsorption of
these minor species, the concentration gradient is re-
lated to the faradaic current density by
Sy,
—_—
nF !
and the faradaic current density is governed by a ki-
netic expression
i = f(n,c10) [56]

For a simple redox reaction, we have in mind an ex-

pression of the form
IEESEIES)
CRe RT
[57]

CPy

where n is the total overpotential (sum of concen-
tration overpotential and surface overpotential) and
ip is the exchange current density at the bulk composi-
tion (cp, and cg,). This expression contains the essen-
tial features of the concentration overpotential, which
may be the only relevant part for an inherently fast
reaction. The double-layer capacity is taken to be in
parallel across the interface and the diffusion layer in
such a manner that the total current density is given
by

z=0

[55]

aF
RT

d
§ =iy el (58]

dt
and the electrode potential V measured with respect to
a reference electrode placed in the bulk of the solution
includes the ohmic potential drop according to

V=R¢i+n [59]

where R. is the solution resistance. [Actually, the effect
of the nonuniform ohmic potential drop to a disk elec-
trode should be taken into account. but the calcula-
tions are then quite complicated (18, 19, 20).]

For impedance calculations, all these expressions can
be linearized and the transient parts treated as small
departures from the steady-state parts. If a sinusoidal
perturbation of very small amplitude is applied to the
system, all variables involved will oscillate with the
same frequency prescribed by the external perturba-
tion, and each variable can be written as

A single electrode reaction can be written in sym- - ~

bolic form as x = X + Re{xelot} [60]

Table V. Variation of W vs. the reduced frequency from Eq. [52]
Sc = 125 Sc = 1000 Sc = 8000
~ = ~

pSct/a w 1(0, p) (t1 + jta) w £(0,p) (t1 + jts) w £(0,p) (ts + §ta)

0 0.50179 0.50000 0.50090 0.50000 0.50045 0.50000
A/A(0) [} A/A(0) é A/A(0) ] A/A(0) 6 A/A(0) 6 A/A(0) ]

0.1 0.9980 44 0.9985 38 0.9982 3.9 0.9985 3.6 0.9983 3.7 0.9985 3.6
0.2 0.9933 8.8 0.9949 7.6 0.9940 7.8 0.9949 7.3 0.9945 7.4 0.9949 7.1
0.3 0.9857 13.1 0.9892 113 0.9873 117 0.9891 10.9 0.9885 11.0 0.9891 106
0.5 0.9621 21.6 0.9710 18.7 0.9661 19.3 0.9710 18.0 0.9683 18.2 0.9709 17.6
07 0.9292 29.9 0.9454 25.9 0.9365 26.7 0.9453 24.8 0.9409 25.2 0.9453 24.3
1 0.8672 415 0.8966 36.2 0.8808 37.1 0.8964 34.7 0.8883 35.1 0.8964 33.9
15 0.7487 58.8 0.7989 51.8 0.7714 52.6 0.7986 49.4 0.7849 19.8 0.7985 48.3
2 0.6328 73.3 0.6980 65.3 0.6624 65.6 0.6975 62.2 0.6800 62.3 0.6974 60.7
3 0.4465 95.5 0.5224 86.9 0.4810 85.7 0.5216 82.3 0.5018 81.5 0.5214 80.0
4 0.3220 11135  0.3937 103.3 0.3542 100.0 0.3926 98.0 0.3741 95.2 0.3923 94.1
5 0.2220 1243 0.2843 117 0.2671 1114 0.3012 108.4 0.2854 105.3 0.3009 104.5
7 0.1257 139.1 0.1674 134.6 0.1654 124.9 0.1895 123.9 0.1790 118.7 0.1891 118.6
10 0.0651 151.3 0.0872 150.1 0.0922 138.6 0.1032 139.1 0.1030 130.7 0.1094 130.4
15 0.0298 160.7 0.0388 161.5 0.0461 148.8 0.0497 151.7 0.0530 140.4 0.0572 140.4
20 0.0169 165.3 0.0216 166.7 0.0265 157.5 0.0288 158.7 0.0330 146.8 0.0341 147.7
30 0.0076 170.1 0.0095 1713 0.0121 164.8 0.0131 165.6 0.0163 155.3 0.0168 155.8
40 0.0043 172.2 0.0053 173.5 0.0069 168.2 0.0074 169.3 0.0096 160.5 0.0099 161.3
50 0.0033 1745 0.0034 174.6 0.0045 170.5 0.0047 171.2 0.0063 164.0 0.0065 164.1
70 0.0024 172.9 0.0025 173.2 0.0033 168.1 0.0034 167.6

100 0.0014 1747 0.0015 175.0 0.0016 172.0 0.0016 172.1
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Table VI. Variation of —W/6’(0) vs. the reduced frequency; W is obtained from Eq. [52] and —1/6°(0) is obtained from Eq. [51]
Sc =125 Sc = 1000 Sc = 8000
w w w
pSc1/3 4'(0) Zof' (0, p) (81 + jta) 8(0) Zof' (0, p) (t1 + jta) 4 (0) Zof' (0, p) (12 + §ta)
A/A(0) [ A/A(0) é A/A(0) é A/A(0) 2 A/A(0) 8 A/A(0) ]
0.1 0.9896 10.5 0.9844 9.3 0.9904 9.7 0.9844 9.1 0.9908 9.4 0.9844 9.1
02 0.9690 20.8 0.9676 18.4 0.9682 19.2 0.9676 18.1 0.9684 18.7 0.9676 17.9
03 09163 30.6 0.9315 27.1 0.9234 28.4 0.9314 26.7 0.9275 27.2 0.9891 26.4
0.5 0.8043 48.0 0.8367 42.8 0.8195 446 0.8367 42.1 0.8277 42.9 0.8367 417
0.7 0.6887 62.5 0.7343 56.2 0.7101 58.1 0.7342 55.1 0.7219 56.0 0.7342 54.6
1 0.5419 79.6 0.5967 724 0.5677 743 0.5966 70.9 0.5817 71.8 0.5966 70.1
15 0.3740 100.7 0.4285 97.2 0.3990 94.0 0.4283 90.4 0.4111 91.3 0.4283 89.3
2 0.2693 116.5 0.3183 108.1 0.2916 108.6 0.3181 105.0 0.3046 105.2 0.3180 103.5
3 0.1530 139.5 0.1907 130.9 0.1701 129.7 0.1904 126.3 0.1803 125.5 0.1904 124.0
4 0.08485 155.9 0.1101 147.8 0.09609 1445 0.1098 142.5 0.1031 139.7 0.1097 138.6
5 0.05332 168.9 0.07247 161.6 0.06608 156.0 0.07678 153.0 0.07164 149.9 0.07670 149.1
7 0.02792 183.8 0.03946 179.2 0.03783 169.6 0.04467 168.5 0.04155 163.4 0.04457 163.2
10 0.01213 196.3 0.01723 195.0 0.01767 183.6 0.02039 184.0 0.02004 175.7 0.02162 175.3
15 0.00451 205.7 0.00622 206.2 0.00718 193.8 0.00797 196.4 0.0837 185.4 0.00917 185.1
20 0.00221 210.3 0.00300 211.4 0.00357 202.5 0.00400 203.4 0.00452 191.8 0.00474 192.4
30 0.00081 215.1 0.00108 215.9 0.00133 209.8 0.00149 210.2 0.00182 200.3 0.00191 200.4
0.00040 217.2 0.00052 218.0 0.00066 213.2 0.00073 213.8 0.00093 205.5 0.00097 205.8
50 0.00027 2195 0.00030 218.6 0.00038 215.5 0.00041 215.0 0.00055 209.0 0.00057 208.1
70 0.00017 217.9 0.00019 217.3 0.00024 213.1 0. 2117
100 0.00007 219.3 0.00009 218.8 0.00010 216.0 0.00010 2159
Eq. [56] then becomes or
= F@Y = of ~ ~ ~ RT 0
U= (—) n+ 2('—— Cio [61] N=MNe = — —— ey Sy [67]
m 7 cio 1N 0Cio Ineqo nF | Ty
e .
) . ) Equation [64] would then be replaced by
The usual charge-transfer resistance R; can be identi- B
fied as the reciprocal of (9f/dm) ¢, although this may be ~ = AQ 1 iRT Widy si2
directly measurable at the prevailing steady-state sur- V=2t + T 1CZo 7F < %7(0) nFDE 168]
face concentration. By substitution of Eq. [49] and +iuClp U RELicy
5 where
[55], we obtain z
7 = Ryf —2
~ =~ 9, & s~ AL ;
n = Rls — ERc (—f-) [———-—lr 1+ juCZp
i acio / niejo L 67 (0) nFDy and
= 7z RT S 61 Si [69]
A Widy st ~ ~ D= — — | —-=
-_—— = Ryis + Zpis nF 4 cio 67 (0) nFD;
Q 67(0) nFD; ~
AQ iR ( of ) Widy s Galvanostatic mode, i = 0: Eq. [64] yields
= =z — [62] = = =
Q nF dcio / mejo 6i°(0) Dy 14 iR/nFQ ( of ) Widisy
7 a0 1 + jwC(R¢ + Zp) i acio 4 n,ejo 61(0) Dy
where ]
of 8isy
o — Ty 2 (_— e 6] (7]
! dcio ”;C-“: #ED:#(0) If the diffusion coefficients are equal for reactants
7 and products, W; becomes a constant in the sum, and
can be termed the diffusion or convective Warburg this simplifies to
impedance. -
Inclusion of the ohmic potential drop and double- v —iZp/Q
layer capacity according to Eq. [58] and [59] causes —_————W [71]
a0 14 jeC(Re+ Zp)

Eq. [2] to become

= ~ A0 1 iR:
V=2i4—ror —
Q 1+ juC(Ry+ Zp) nF
Widi s
( of ) ’xl s [64]
i dcio /n,cio 6(0) Dy
34
where
R, Z,
Z = Re + e e [65]

14 juC (R + Zp)

is the electrochemical impedance (V/i)ag=o. Under
the conditions of the experiments, « is low enough for
wCR; and «CZp, to be neglected compared to unity.

Furthermore, the formulation based on Eq. [56]
obscures the simple relationships which prevail if the
kinetics are inherently fast and the overpotential re-
duces to the concentration overpotential

RT Cia
e S ()

Cio

[66]

Equations [68] and [69] yield to Eq. [71] with Ry = 0.
For the relatively low values of w dealt with here,
the approximate form would be

~

V -~
—_——lzw (72]
AQ o

If we normalize (V/AQ) by dividing by its value for
w = 0, we obtain a function of only two parameters p
and Sc!/3. For this reason, values of —W/6'(0) were
given in Table VI and Fig. 4.

In the potentiostatic mode, V = 0, and Eq. [64] de-

fines the value of the ratio i/AQ. Where, again, the
diffusion coefficients of reacting species are equal, this
yields

1 Zp

- fry my
1 +jwC(Ry + Zp) Z

i 7
a0 a
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Fig. 3. (A) Phase shift of W vs. dimensionless frequency, (B)
normalized amplitude of W vs. dimensionless frequency. In condi-

tions of Eq. [75] or [79], the normalized quantities (i/AQ) and
W are identical.

In the presence of an excess of supporting electro-
lyte and for the frequency used in this experiment,
the electrolyte resistance (R.) may be neglected com-
pared to the sum of the charge-transfer resistance (R.)
and the convective-Warburg impedance (Zp). Then
Eq. [73] becomes

i

Zp
=W
AQ Q Ri+ Zp

il o

[74]

With the assumption of a small electrolyte resistance
Eq. [68] and [69] yield to

w [75]

8 ! -1
o) =

As an aside, we may note from Eq. [64] that if Z

denotes the electrochemical impedance (‘7/5 an=0, then
it follows that

MODULATED FLOW
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Fig. 4. (A) Phase shift of —W/6’ (0) vs. dimensionless frequency,
(B) normalized amplitude of —W/6’ (0) vs. dimensionless fre-

quency. In conditions of Eq. [72], the normalized quantities (V/
AQ) are identical.

(e l==cloglep oo

which is similar to the relation (21)

(i) - (ﬂ) (i) [
/vy a0 /i aV /a

Assuming that we understand the electrochemical
impedance Z of the system, the test under hydrody-
namic modulation, whether it be potentiostatic or gal-
vanostatic or otherwise, essentially tests for the ap-
plicability of the theory developed for W.

We can pick out the value of W for the oxidized or
reduced species separately, without the assumption
that Dr = Dp, by choosing our steady state under
conditions where one term or the other in Eq. [57] is
negligible. If we are on the cathodic limiting current
plateau, we can regard our fixed potential conditions

to mean that cg = 0 or that both cg and :R are zero.
The clearest route to the hydrodynamic impedance is
then Eq. [45] applied to species R. With Eq. [55], [58],
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and [59], we have
i m/Q
A0 ~ 1+ juCR,
Again, we can test the theory for Wg. Equation [78]
can also be obtained from Eq. [73] by recognizing that
Zp becomes infinite under limiting current conditions.

For the values of w used here, Eq. [78] simplifies fur-
ther to

[78]

3 n
— W [79]
AQ

This relation is similar to Eq. [75] obtained with the
assumption that the kinetics are inherently fast and
that R, << Zp.

Experimental

The aim of these experimental measurements is to
obtain a comparison with theory on a large frequency
range for galvanostatic and potentiostatic regulation.
For this reason, we use a well-known electrochemical
reaction: the reduction step of a rapid redox system
(potassium ferricyanide-ferrocyanide (0.005M) with
1M KCI as supporting electrolyte). The temperature
was fixed at 25°C, and the Schmidt number was 1200.

The electrical scheme of the experimental device
had been given in Ref. (2) and (4). However, for the
present study, a new electrooptical tachometer has
been used in order to obtain good regulation of the
instantaneous angular velocity even for a low mean
velocity (as low as 60 rpm). The measurements are
performed thanks to a two-channel transfer function
analyzer (DFTA). The remaining parasitic noises are
diminished by supplying the potentiostat by Ni-Cd
batteries and by using a battery and a large resistance
as a galvanostat.

In Fig. 5a and 5b, we give the experimental results
obtained at 120 rpm (2 Hz) with a platinum rotating
disk electrode (diam = 5 mm) for galvanostatic
regulation at i = % iim (iim = 170 wA). The theo-
retical curve is obtained from expression [72] with
the Schmidt number correction; and for the amplitude,
the experimental curve is normalized by the experi-

mental value of V/AQ when p tends towards zero.
The agreement between the theory and experiment is
good for both the phase shift and the amplitude over
the whole frequency range.

In Fig. 6a and 6b, we give the experimental results
obtained at 120 rpm with the same rotating disk elec-
trode but for potentiostatic regulation at the limiting
current (V = —100 mV vs. saturated calomel refer-
ence electrode). The theoretical curve is obtained

from expression [79] (with the assumption that ¢ = 0
at the interface and wCR, << 1).

For p < 1, the agreement between theory and ex-
periment is good. For higher frequencies, the deviation
increases with p. This deviation may be due to the

assumption of ¢ = 0 at the interface, which is equiva-
lent to (R + R.) << Zp. Zp decreases with the
frequency, and for p higher than 1, the assumption
may not be valid; therefore, it is necessary to use
the general expression [73].

From Eq. [57] we have

- = [ cro F _
i=—1 [—ex (— ) ] 80
. p RT n [80]
and

RT 1
Ri=— = [811

73 1
With «. = 0.5,7 = 850 uA/cm2, R = 8.314 J/mol - K,

T = 298K, and F = 96487 C/equiv., we obtain 60
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Fig. 5. Comparison between the theoretical curve from Eq. [72]
and the experimental data in galvanostatic mode. The data were
obtained with the Fe(CN)g3~/Fe(CN)g~ system at i = 1/2
ilim. Supporting electrolyte |KCI| M, Sc = 1200. @ = 120
rpm: (A) phase shift vs di freq y, (B) normalized
plitude vs. i freq y.

Q- cm2 And from Eq. [53] with Dg = 0.765 - 10-5
cm2/sec and » = 0.0094 cm?/sec, Zp(w = 0) =
2-10-4

CRo

The measurements correspond to the beginning of
the plateau; then we may assume cro = 0.01 cg, and
Zp(w = 0) = 4 ko -cm? With these values, R, is
negligible compared to Ry and Zp, and we may use
Eq. [74]. The values of Zp may be obtained from
Table V, and we may calculate the ratio Zp/(R¢ + Zp).
The results are given in Table VII, and the corre-

Q- cm2,
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Fig. 6. Comparison between the theoretical curve and the ex-
perimental data in potentiostatic mode at the limiting current, the
solid lines correspond to Eq. [79] and the dashed lines to Eq. [74]:
(A) phase shift vs. di ionl freq y, (B) normalized
amplitude vs. dimensionless frequency.

sponding corrections are given in dashed lines on
Fig. 6a and 6b.

With this correction, the agreement between the
.Jheory and experiment is good over the whole fre-
quency range for the phase shift and until p = 3 for
the amplitude. The deviation for the higher fre-
quencies may be due to the weakness of the signal
compared to the residual noise of the electronic de-
vice, in particular the potentiostat. This problem is
less important in galvanostatic regulation because the
galvanostat made with a battery may be considered
without noise.

From the comparison of our experimental measure-
ments to the theoretical curve, we have shown on
the diffusion plateau the effect of the charge-transfer
resistance for higher frequencies. This effect may be
more important for intermediate kinetics because R¢
is higher and Zp is smaller. Then below the limiting
current, with the assumption Dg = Dp and «C(R; +
Zp) << 1, the analysis of the normalized data is
easier in galvanostatic regulation (their values depend

MODULATED FLOW
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Table VII. Variations of

Re+ Zp
1 1.5 2 3 4 5
x 0.95 0.93 0.925 0.91 0.90 0.89
] 3 3.5 A 5 5.5 ]

only on the dimensionless frequency p(p = »/0) and
the cubic root of the Schmidt number). However in
potentiostatic regulation at limiting current, this non-
stationary method may give some original informa-
tion because the electrochemical impedance cannot be
used in this low frequency range.

An application of this method is the determination
of the diffusion coefficient for the electroactive species.
These electrohydrodynamical impedances, in galvano-
static or potentiostatic mode, may be written as a
series expansion of Sc—1/3; in order to obtain suffi-
cient accuracy, it is necessary to use the two first terms
of this series. A best accuracy is obtained if the
data analysis is done on a large frequency range. Then,
for example, comparison of Fig. 6 with Fig. 3 or of
Fig. 5 with Fig. 4 would permit the determination of
Sc, with a minor difficulty being associated with the
inclusion of the Schmidt number correction. Since we
are working with a well-known mass transfer system,
it has not been necessary for us to try to infer here
the value of the Schmidt number from the experi-
mental results. Tables I-V give results of integration
of the unsteady Navier-Stokes equations to cover all
frequencies which can be achieved experimentally.
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LIST OF SYMBOLS

constant = 0.51023

constant = (3/a%)1/3

concentration of the electroactive species,

mol/cm?

double layer capacity, farad/cm?

diffusion coefficient, cm2/sec

dimensionless unsteady component of the

radial velocity (see Eq. [13])

dimensionless steady component of the radial

velocity

Faraday'’s constant, 96,487 C/equiv.

dimensionless unsteady component of the

angular velocity

dimensionless steady component of the ve-

locity in 4-direction

dimensionless unsteady component of the

axial velocity

dimensionless steady component of the axial

velocity

i current density, A/cm?

s exchange current density at the bulk compo-
sition, A/cm2

ig Faradaic current density, A/cm?

im limiting current density, A/cm?

j =\/-1

dimensionless frequency = 3.2576 p Scl/8

integration constants (see Eq. [46])

number of electrons involved in electrode

reaction

D dimensionless unsteady component of the
dynamic pressure _

P dimensionless frequency = w/Q

P dynamic pressure, dyne/cm?2

P dimensionless steady component of the dy-

namic pressure

nOS Q9™ = ThgQ we

r radial distance in cylindrical coordinates
R universal gas constant, 8.3143 J/mol-K
R. electrolyte resistance, Q - cm?

R¢ charge transfer resistance, Q - cm?



2026

sy stoichiometric coefficient of species i in elec-
trode reactions

Sc Schmidt number

t time, sec . .

t parameters of the W expansion (j = 1 to 6)
(see Table IV)

T absolute temperature, K .

Vr radial component of the fluid velocity, cm/
sec

Vo angular component of the fluid velocity, cm/
sec

Vy axial component of the fluid velocity, cm/sec

v electrode potential measured with respect to
a reference electrode placed in the bulk of
the solution, V

w }f?uncti)on defined in Eq. [48] (see Table V,

ig. 3

z axial distance in cylindrical coordinates, cm

2 charge number of species i

V4 electrochemical impedance, Q + cm2

Zp diffusion or convective Warburg impedance,
Q- cm?

Z,, Z, coefficients of the series expansion of —1/
6'(0) in Sc~1/3, (see Eq. [45], Table III)

aa, a¢ transfer coefficients

B1, B2 expansion parameters (see Eq. [30]-[32])

I(4/3) = 0.89298, the gamma function of 4/3

d distance characteristic of the thickness of
diffusion layer, see Eq. [34], cm

¢ dimensionless axial distance from disk
(=2\/0/v)

n total overpotential, V

] solution of the unsteady homogeneous equa-
tion of convective diffusion

[ angle in cylindrical coordinates, radian

6; coefficients of the series expansion of 6 in
Sc1/3, (j=0,1,2...)

w viscosity, g/cm-sec

% kinematic viscosity, cm2/sec
((iimensionless axial distance from disk

=z/9)

w modulation frequency, radian/sec

AQ amplitude modulation of the rotation speed,
radian/sec

Q disk rotation speed, radian/sec

X dimensionless axial distance from disk
(= z2/Q/v)

Subscripts

o at electrode surface

© in bulk solution
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i relative to species i
P produced species
reacting species
Superscripts
overbar steady state
~ unsteady component
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The Kinetic Parameters of the Fe(CN).“ Redox System

New Results with the Ring Electrode in Turbulent Pipe Flow
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J. Herrmann and U. Vogel
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ABSTRACT

A theoretical analysis of a ring electrode in turbulent pipe flow is given in order to estimate the limits of resolution of a
given experimental setup. Special attention is paid to error analysis, which is necessary for the correct evaluation ofthedata.
To demonstrate the potentialities of this method for kinetic studies, the apparent exchange current density of the ferro-
ferricyanide system was measured. The values obtained are higher than those reported in the literature.

The study of electrode kinetics has been improved
with the development of the methods to measure the
reaction rates with increasing accuracy. Stationary
and nonstationary methods are employed in a more

* Electrochemical Society Active Member.
Key words: mass transport, kinetics.

or less successful way in order to eliminate the dif-
fusional contribution to the electrode process in sys-
tems having standard rate constants, k,, smaller than
about 10—3 cm/sec. Above this limit the selection of
the appropriate technique becomes more and more dif-
ficult. With the rotating disk electrode (RDE) rate
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constants in the order of 10-2 cm/sec have been mea-
sured. Some transient techniques have extended this
limit by less than one order of magnitude. A rapid
analysis of the data for the system ke (CN)g~/4~ given
in Table I shows that the values of k, obtained by
different methods under the same conditions (elec-
trode metal and supporting electrolyte), vary by a
factor greater than two. The differences come prob-
ably from the fact that the limit of the methods em-
ployed has been exceeded. Factors such as uncom-
pensated IR drop or electrode pretreatment can also
be reasons for the differences observed, and they
contribute to enlarge the errors to a higher extent,
thus making the situation even more unfavorable.

Very seldom can one find in the literature a correct
limit for the use of an experimental method. The
maximum measurable rate constant is normally over-
estimated on the basis of theoretical calculations with-
out real experimental proof. These idealized limits
do not take into account the increasing technical
problems one has to confront in a real experiment as
the reaction rate becomes larger.

From the transient techniques, the one offering the
most attractive possibilities is probably the coulo-
static pulse method. Its main advantage is the absence
of ohmic drop effects. If the voltage recording sys-
tem has very fast recovery properties, the n-t curve
can be measured at very short times (0.5 usec after
cessation of the pulse), before the diffusional process
becomes important (6). Theoretically, rate constants
as large as 0.4 cm/sec can be evaluated by means of a
simple log m-t relationship, or with cumbersome
mathematical treatment 1-5 cm/sec could eventually
be measured (6). These limits have still not been
experimentally demonstrated.

Recently, a ring electrode in turbulent pipe flow
(RTP)has allowed the determination of the rate con-
stant of the redox couple Fe(bipy)a®+/2+, k, = 0.9
cm/sec, with data from stationary current-potential
curves (7, 8). In order to achieve high enough sta-
tionary flow rates in a 1 cm diam pipe, the experi-
mental arrangements required a relatively large
amount of solution (about 5 liters). In our laboratory,
the experimental setup was improved in order to
reduce the required volume to about 300 ml (9) and
to allow a satisfactory reduction of the ohmic resist-
ance. As a test of the new device, the often investi-
gated system Fe(CN)g—/4~ was measured on plati-
num and gold electrodes. The results obtained at the
ring in turbulent pipe flow are compared with those
of RDE experiments and with those of some nonsta-
tionary methods. The rotating disk electrode so far
has been considered to be sufficient to measure the
rate constant of the redox couple Fe(CN)g-/4— (3,
10)

The Theoretically Expected Limitations of
RTP Measurements
The method of evaluation of the kinetic parameters
from the experimental stationary current-potential
curve.—In the following discussion we refer to the
reaction rate in terms of the standard exchange cur-
rent density j,, which is defined as follows (11)

joo = nFkoc* [11

where c* is a standard concentration = 10-3 mol/cm3
and F = the Faraday constant, ca. 105 As/equivalent.
A rate constant k, = 1 cm/sec is equivalent to a
standard exchange current density of about 100 A/cm2.
The exchange current density at concentrations cox
and creq is related to the standard rate constant ac-
cording to

. X C, a Cred |1~
Jo = Joo [’i: ] [ N: ] [2]
c c

with cox, Cres = bulk concentrations in mol/cms3.

KINETIC PARAMETERS

2027

The experimental stationary current-potential curves
corrected for ohmic drop result from the contribution
of mass and charge transfer. A reaction having an
infinite rate of charge transfer (k, or jo, = o0) can
be described in terms of a reversible current, Irev

Lo = Iiim# [1 — exp (—nFn/RT)] (3]

I a
1+ 2 exp (—nFn/RT)

Iim®

Equation [3] can be easily obtained for stationary
conditions, when the mass transport is proportional to
the concentration gradient (I;im?, hLim® = anodic
and cathodic limiting currents). The reversible current
is determined only by the parameters affecting the
mass transfer (via Ijjm® and Iim¢) and by the over-
potential.

For a reaction having a finite rate of charge trans-
fer (0 < ko < ) the observed current I, will be
smaller than I,y under the same experimental con-
ditions. The evaluation method (8, 12) uses the re-
lationship of both currents introducing a dimension-
less parameter u defined as follows

_211'8\!
T3 K

where Iy is the current associated with a reaction
controlled by charge transfer alone

Iy = I, exp (anFn/RT)[1 — exp (—nFn/RT)]
It can be easily seen that
2him®/A

[4]

U=

5 Ilim'l
3j, exp (anFn/RT) |1 4 —— exp(—nFn/RT)
Liim®
(5]

with A = electrode area. The current ratio I/Irev is
related to the parameter u

I/hev=1—2u + 2u2ln (1 + 1/u) [5]

Equation [6] contains the experimental current I and
the reversible current I, which can be calculated
from the measured limiting currents according to Eq.
[3]. Once the value of u is known for several given
overpotentials, the exchange current density j, and
the transfer coefficient « can be evaluated from Eq.
[5]. A computer fitting procedure can give reliable
statistical mean values of the kinetic parameters.
At high overpotentials Eq. [5] can be written

2 Iim®  anfFn R
- = - — y for ——

nu= =t R ">>F

and (71
& — a)nF
—lnu=—1In 2 I“f“ i_E_",
3 Aj, RT

RT
for n<< ——

F

These linear In u vs. n relationships can be used as
an alternative for the calculation.

The evaluation procedure described above makes
use of the experimental limiting currents. For sys-
tems having poorly defined limiting currents it is
possible to obtain Iy by extrapolating the current I
to infinitely fast mass transport; details are given else-
where (13).

Simulated current-potential curves for the RTP and
RDE methods.—A better understanding of the po-
tentialities of the methods can be achieved by simu-
lating with a computer the expected current-potential
curves for different values of j,, at given mass trans-
fer conditions determined by the experimental setup.
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The theoretical current-potential curves for the
RTP were calculated by means of Eq. [3]-[6] and the
following expression for the limiting current (8, 9)

Iiim® = 0.276 AnFDeq?/3)1/3Re7/12],~1/3d ~2/3¢eq  [8]

where D = diffusion coefficient, » = kinematic vis-
cosity, Re = Reynolds number, L = electrode length,
d = pipe diameter, and A = electrode area.

The computer generated curves are shown in Fig 1.
The values of the parameters employed are indicated
in the figure.l

In the case of the RDE the curves Iy and I vs. 4
were simulated with the help of Eq. [3] and the
equation for the kinetic and diffusion-controlled cur-
rent as follows (3, 15)

1 1

T ~ "Aj, exp(anFn/RT) [1 — exp(—nFn/RT)]

I. a
14 —l—m-exp(—nFn/RT)
Ijim®

[9]
Lim2 [1 — exp(—nFn/RT)]

where the limiting current is given by (15)
Iim® = 0.620AnFD eq2/3y~1/6¢ equwl/2 [10]
The respective Irev and I curves are shown in Fig. 2.
The selected parameters are also indicated.
In the limit of j, > 0, Eq. [9] and [3] are identical.

For intermediate kinetics (0 < j, < ), a dimension-
less parameter u can be defined for the RDE as follows

Lim3/A
w= tim?/ [11]

i Ilima
joexp(enFn/RT) | 1 + exp (—nFn/RT

lim©

and the observed current I is given by

lev= (14 u)! [12]
The average flow velocity used to simulate the
curves in Fig. 1 (v = 13.77 m/sec, Re number =

30,000) can be easily attained with our experimental
arrangement. On the other hand, the rotation speed
used to simulate the curves at the RDE (Fig. 2) is
almost the practical limit of this technique. Therefore,
a comparison of Fig. 1 and 2 clearly shows the
superiority of the RTP method. The resolution of the
curves for different values of the exchange current

1The diffusion coefficients and kinematic viscosity correspond
to a solution of Fe(CN)¢3-/4- in 0.5M K:SO: at 20°C.

25.0
& 20.0 -
G it
<
<
5
15.0 + 6 A/cm?
>
g Turbulent pipe flow, v = 13.77 m/s
©
010.0
© iop = 50 A/cm?
¢ oo = 30 A/em?
& Jo = 15 AZcm?
& Bl = jgo = 6 Alcm?
0.0 1 1 1 y
0.0 50.0 100.0 150.0 200.0

Potential (mV]

Fig. 1. Computer simulated current-potential curves for the ring
electrode in turbulent pipe flow. Electrode length = 0.01 cm; pipe
diameter = 0.22 ¢cm, T = 20°C, cox = Croa = 2.5 1073M,
Dox = 6.22 - 1076 cm2/sec, Drog = 5.93 - 10— 6 cm2/sec, kine-
matic viscosity = 1.01 - 102 cm2/sec, « = 0.5. The average
flow velocity v cor ds to an Re ber of 30,000.
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3.5

6 A/cm?

Rotating disk, 9780 r.p.m.

oo = 50 A/cm?
1wl - Jgp = 30 A/cm?
Joo = 15 A/cm?
joo = 6 Alcm?

Current Density [mA/cm?]

1 1 |
100.0 150.0 200.0

Potential [(mV]

Fig. 2. Comp lated current-potential curves for the ro-
tating disk electrode. T = 20°C, cox = Crea = 2.5°1073M,
Dox = 6.22 - 1076 cm?/sec, Dyea = 5.93 - 10~6 cm2/sec, kine-
matic viscosity = 1.01 + 10~ 2 ecm?/sec, « = 0.5.

density attained with the RTP cannot be reached by
the RDE even at a high speed of rotation (10,000
rpm).

From the plots of Fig. 2 we can conclude that the
maximum value for the standard exchange current
density to be measured with the RDE is about 10A
cm~2 This limit can be reached only under optimum
experimental conditions. The curves also show that
the extrapolated exchange current density is very
sensitive to small errors in the current and/or over-
potential. This effect is even more pronounced at
lower speeds of rotation. Therefore, it is convenient
to perform the evaluation of j, and « from experimen-
tal data taken at the highest possible speed of rotation
and by means of a fitting procedure through Eq. [9]
or [11]. The accurate control of the IR drop is also of
great importance. Equations [5] and [11] represent im-
portant steps in the calculation of the experimental
data of the RTP and RDE methods, respectively. The
statistical fitting of these relationships gives reliable
results that can be conveniently presented in the
form of a In u-n plot. Such curves were simulated for
the RTP with selected mass and charge transfer con-
ditions as shown in Fig. 3.

Increasing the convective mass transfer produces a
displacement of the curves to higher u values. The
linear relationship at high overpotentials predicted
by Eq. [7] can also be observed.

Estimation of error in the RTP method.—The errors
in the RTP method, as in any experimental technique,
can be systematic or random. In the first group we
include the instrumental errors, the uncontrolled IR

v = 22.95 m/s

s
e 3.0 jog = 50 A/cm?
i

2.0 |- oo = 30 A/cm?

1.0

0.0 1 L L J

-200.0 -100.0 0.0 100.0 200.0

Potential [mV]

Fig. 3. Computer simulated semilogarithmic plot of the potential
dependence of the parameter u for a ring electrode under the same
conditions as in Fig. 1.
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drop, the errors produced by impurities in the solu-
tion, and the failure in the temperature control. In
the RTP method in particular, an unsatisfactory
mounting of the ring electrode can produce large
systematic errors. On the other hand, a test of the
state of the ring electrode can be easily done by
taking a cyclic voltammogram in 0.5M HSO4 and by
checking that the relationship I)jm-Re?/12 (Eq. [8]) is
obeyed. The cyclic voltammogram allows a control of
the electrode surface and the I-Re?/12 plot proves the
fulfillment of the hydrodynamic conditions for the
validity of the evaluation procedure.

In the course of one experiment an increase of
several degrees in temperature can be observed if
the solution is not properly cooled. Therefore, the
temperature has to be measured and kept constant, and
the temperature control device must be placed very
close to the electrode.

The main random error is obviously given by the
precision of the instrumental device used to record
the current-potential curve. In the case of very fast
reactions the ratio I/I;ev can be very close to unity
giving very low values of the parameter u (see Eq.
[6]). Therefore, the propagation of the uncertainty
in the I/l ratio on the parameter u is of great in-
terest. The current depends on the applied potential.
Therefore, the error in the current may come from
its own inherent uncertainty and from the random
fluctuations of the potential. The reversible current
can be determined with high accuracy, especially if
there exists a well-defined limiting current region.
This is the case for the Fe(CN)g8—/4— redox system
on noble metal electrodes which we have used as a
test system. We, therefore, assume that the error Aley
is negligible. The propagation of the undetermined
error (14) Al for the evaluation of the parameter u
is given by the relationship

Al

Alnu~ [—2+4uln (1 +1/u)—-2/(1 4+ 1/u)]1?

[13]

which is obtained from Eq. [6] by differentiation.

Equation [13] shows that the error A In u will vary
during one experiment due to its complex dependence
on u, Al, and I,. For a given error Al, Eq. [13] im-
plies smaller A In u errors for increasing I .y and u
values. At a given overpotential these two parameters
can be increased by accelerating the rate of con-
vective mass transport. On the other hand, Al can be
diminished by improving the sensitivity of the record-
ing system. The random error in the current depends
on the particular experimental arrangement used. We
have used Eq. [13] to calculate the errors in our ex-
perimental u values. They are reported together with
our results.

revld

Experimental

Apparatus.—The electrolysis cell used (Fig. 4)
consists of a single compartment with a capacity of
about 400 cm3. The counterelectrode and the thermom-
eter are placed directly through standard joints. The
solution can be deaerated by bubbling nitrogen or
argon through a frit. The temperature is controlled by
means of a double spiral inside the cell connected to
a cryostat. The hydrodynamic conditions at the work-
ing electrode are determined by the pipe which con-
sists of a glass tube of about 18 cm length with an
inside diameter of 0.22 em. It is placed in the cell
through a standard joint.

Two metal rings at about 3 cm from the end of
the pipe are used as reference and working electrodes
(Fig. 5). The pump, a Verder 114-ty-316 Micropump
capable of producing a maximal pressure of 5 bar,
allows the controlled circulation of the solution with
an adjustable velocity. The maximum average veloc-
ity is 16 m/sec at 20°C and the maximum Reynolds
number is near 35,000.
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_.b

Fig. 4. Electrolysis cell with pipe assembly. The direction of the
flow is indicated by the arrows a and b, r = ring electrodes (see
details in Fig. 5), ¢ = counterelectrode, d = compartment for an
extra reference electrode, t = thermometer.

Direction of Flow

0.22¢cm

T Y
100pm

Ring Electrodes
== lucite
=3 Adhesive

Fig. 5. Diagram showing the double ring electrode assembly. The
first ring in the direction of the flow is the reference electrode, the
second is the working electrode. o and b are the external contacts.

The potentiostatic current-potential curves were
obtained by applying a slow (6 mV/sec) potential
sweep through a potentiostat Stonehart BC 1200. The
curves were plotted on a X-Y-Recorder Hewlett Pack-
ard 7004 B.

The double ring electrode and the control of the
ohmic drop.—Pt and Au were employed as metals for
the double ring electrode (Fig. 5). Special care was
taken in the construction of this unit. Two metal sheets
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(0.2 and 0.1 mm thick) separated by a thin Lucite
or plastic ring were stuck together between two
capillary tubes of 2.2 mm inner diameter. Glycidether-
Epikure 113 from Shell was used as adhesive. The
metals were then drilled to 1.6 mm diam. By grinding
capillary tubes of 2.2 mm inner diameter. Glycidether-
sults. After polishing with AlO3 (13 to 1x mesh) with
the help of a Lucite rod and finally with a PTFE
coated spindle, a smooth surface is obtained.

The first (0.2 mm thick) ring was used as a refer-
ence electrode and the second (0.1 mm thick) as a
working electrode. The ohmic resistance between
both rings was 2.60 in KF and 350 in K;SOy).2
All overpotentials were corrected for these values. In
our case, however, the correction amounts to about
3.5% for the exchange current density.

As an alternative procedure a parallel series of
measurements was performed with a calomel refer-
ence electrode. This can be of interest if the flow
system is constructed with only one ring or if the
two rings are to be used as working electrodes as in
some kinetic studies (9). In this case the reference
electrode was placed in a separate compartment 2
cm before the entrance of the pipe (see Fig. 4). The
high ohmic resistance can produce a considerable
potential drop between the working and reference
electrodes, although our measurements show that the
current in this part of the circuit is only about 8-10%
of the total current.

A five-electrode arrangement in order to eliminate
the ohmic drop in continuous flow systems (16) was
used here (Fig. 6). Two extra electrodes, a calomel
electrode Rp and a Pt (or Au) wire Wy were included
in the circuit. Ry is connected to the input of a second
potentiostat Ps. The output is connected to the first
reference electrode R; and to the counterelectrode C.
This arrangement makes the potential drops Ws-Rg
and W3-R; equal so that the return loop current
vanishes.

Solutions.—The solutions were prepared with water
purified by a double deionization procedure followed
by filtration through a Milli-Q unit from Millipore.
Potassium ferri- and ferrocyanide were Merck re-
agent grade. The supporting electrolytes were po-
tassium sulfate Merck reagent grade and potassium
fluoride Merck Suprapur.

Pretreatment of the electrodes.—The current-poten-
tial curves of the Fe(CN)g—/4— redox couple are
highly sensitive to small traces of impurities that can
be adsorbed at the electrode, producing a partial
blocking of the surface. Therefore, special care has
to be taken for the cleaning procedure of the pump,
the cell, the electrodes, and all materials in contact
with the solution. Before taking a curve the electrode

2Measured via a potentiostatic square wave function and the
IR drop correction bridge of the Stonehart potentiostat.

Fig. 6. Diagram of the five-electrode circuit for ohmic drop
control. Py, Py = potentiostats, Wi — working electrode, C =
counterelectrode, Ry — reference electrode, Ry and Rg are identi-
cal, W1 and Wy are of the same metal.
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was activated by cycling the potential at about 1 V/
sec, between the onset of Hy evolution and shortly
before the beginning of Oz evolution. After a pause
of 10 sec at the cathodic end, the curves were recorded
at a sweep rate of 6 mV/sec.

A set of current-potential curves at a platinum
electrode in K2SO4 as supporting electrolyte is shown
in Fig. 7. A good test for the experimental arrange-
ment, in particular for the quality of the electrode,
is the linear dependence of the limiting current on
Re?/12, which is shown in Fig. 8.

The roughness factor of the electrodes, measured
by the potentiodynamic sweep technique (17-19) was
between 2 and 3.5 for Pt and between 2.5 and 6 for
Au. Repeated experiments showed that the current
per geometric area of the electrode is independent
of the roughness factor, so all our results are referred
to the geometric area. Apparently it is the geo-
metric area of the ring which determines the rate
of mass transport to the electrode and hence the cur-
rent. Only when the surface roughness is so consider-
able that it disturbs the flow in the boundary layer,
does it affect the experiments (7, 8). The electrode
preparation described above assured smooth surfaces
and an undisturbed flow of the solution.

v=m/s
25— 16.2
14,5
12.8
20+ 11.1

& o~ w©
RIS S

Current Density (mA/cm?)

L | I | | |
-0.75 -0.5 -0.25 0.25 0.5 0.75
- Potential (V)

—-10

—-15

—-30

Fig. 7. Experimental current-potential curves for Fe(CN)g3—/4—
redox system at a Pt ring electrode in turbulent pipe flow. The
experiments were made with a calomel reference electrode and the
five-electrode arrangement shown in Fig. 6. T = 20°C, cox =
2.5 1073M, crea = 2.5+ 10~3M, 0.5M K504,

/./
N'; /.
< v d
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E e
2 _®
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Re//12

Fig. 8. Plot according to Eq. [8] of the /;m-Re?/12 dependence
for the anodic branch of the curves shown in Fig. 7.
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Table 1. Values of the apparent standard rate constant for the system Fe(CN)g3~/4~ obtained by different methods as reported
in the literature

Metal Supporting electrolyte Concentration® (mol/liter) Technique T (°C) ko (cm/sec) Reference
Pt 1M KC1 10-2 Current pulse 25 0.24 (1)
Pt 1M KCl1 ~5 + 10~ Faradaic impedance 20 0.09 (2)
Pt 0.5M KzS04 10-2 RD! 25 0.067 3)t
Pt .5M K2SOs ~5 10— Faradaic impedance 20 0.13 (2)
Au 0.1-10M KF 5103 Coulostatic pulse — 0.01 to 0.3 (48
Au IM KF 31032107 Potential step — 0.037 (5)

* Bulk concentration of each component of the redox couple.

t Value calculated from the standard exchange current density, given in the reference, in A cm-2.

$ The values of ko are d dent on the

Evaluation of the measurements.—The evaluation
of the kinetic parameters, jo, and « was performed
according to the procedure already described. A com-
puter program was used to calculate the parameter u
and to fit the u-n values by a least squares method
(20) in Eq. [5]. According to the dependence of the
error A In u on the u and I, value (Eq. [13]),
smaller statistical weights were given to the values at
both extremes (high and low overpotentials) of the
curve.

Results and Discussion

A semilogarithmic In u-n plot of the experimental
results for a gold electrode in KF as supporting
electrolyte is shown in Fig. 9. The continuous curve
corresponds to the fitted values. The error A In u was
calculated with help of Eq. [13]. The random error
Al was assumed to be given by the precision of the
readings of the current-potential data on the milli-
meter paper of the X-Y recorder. To a first approxima-
tion A = =+ Ar cm -scale factor, with Ar between
0.05 and 0.2. In Table II are included some values of
U, Irev, and Al used in Eq. [13] to calculate A In u for
the curve shown in Fig. 9. The errors, represented by
vertical traces on the experimental points, are larger
at high and low overpotentials. Accordingly, smaller
statistical weights were given to these points in the
fitting procedure. The standard error for j,, given in
Fig. 9 is a measure for the deviation of the experi-
mental values from the fitted curve for a single ex-
periment. The reproducibility of the method can be
better described by the standard deviation (14) of a
set of different experiments.

In Table III the values of the standard exchange
current density and transfer coefficient at Pt and Au
electrodes are given for the two supporting electro-
lytes employed. The standard deviation reported in
Table III indicates quite a good reproducibility of
the data and a high precision of the method.

oo = 29.9 AZce?
Stondard Error
« = 0.52

0.2 Azcm?

1 L
-100.0 0.0
Potentinl Ifmv)

-
200.0

0.0 1
-200.0 100.0

Fig. 9. Experimental In u-n plots for Fe(CN)¢3—/4— at an Au
ring electrode in turbulent pipe flow. T = 20°C, cox =
22-1073M, crea = 2.5 10-3M, IM KF. The continuous line
represents the fitted curve. The vertical traces represent the error,
according to Eq. [13].

ration of the supporting electrolyte.

Table I1. Parameters /ey, u, and the estimated random error Al
used in Eq. [10] to calculate the propagated error A In u

mV Al (pA) Irev (nA) u (10%) Alnu
-170 =*=0.23 134.69 0.759 0.120
-140 *0.23 133.99 1412 0.088
—110 +0.23 131,77 2412 0.044
-80 *=0.23 124.7 3.834 0.029
-50 *0.45 103.83 6.390 0.049
—20 *+0.91 83.01 9.237 0.150
+20 *0.91 56.28 9.352 0.150
+50 =045 117.22 6.497 0.043
+80 *+0.23 144.58 3.997 0.026
+110 *0.23 154.18 2.335 0.038
+140 *0.23 157.25 1.221 0.068
+170 *0.23 158.20 0.605 0.127

Table I11. Values of the apparent standard rate constant, apparent
standard exchange current density, and transfer coefficient
measured with the ring electrode in turbulent pipe flow at 20°C.
The standard deviation for a number N of experiments is also given.

ko
Supporting (cm Joo (A
Metal electrolyte sec-1) com-’) a N
Pt 1M KF 0.42 40x6 0.48 £ 0.04
Pt 0.5 KaSOe 0.35 344 0.51 = 0.03 14
Au 1 KF 0.38 374 0.47 % 0.01 8
Au 0.5M KaS04 0.27 262 0.49 %= 0.03 1

In order to compare our results with those of the
literature (Table 1), we report in Table III the ko
values too. It is evident that with the RTP method we
have obtained the highest values for the rate con-
stant of the Fe(CN)g3—/4~ system reported up to the
present.

In view of our previous theoretical analysis of the
features of this technique in comparison to the RDE,
it is obvious that such high reaction rates cannot be
measured by the latter method, and the results re-
ported in the literature reflect the enormous effect
that small errors can produce when the RDE is used
beyond the limits of its possibilities. In the case of
the transient techniques for us, the question of the
limit of validity remains open, and a revision of the
results that have led to a mechanistic interpretation
of the ferri-ferrocyanide reaction (4, 5, 21-23) seems
to be necessary.
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LIST OF SYMBOLS

A electrode area
c* standard concentration in 10—3 mol/cm3
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Coxs Cred  bulk concentrations in mol/cm?
D diffusion coefficient

d ring electrode diameter
I experimental current
Lim3, Iim®  anodic and cathodic limiting currents

k current for pure kinetic control
drey current for pure mass transfer control
3o exchange current density
Joo apparent standard exchange current density
ko apparent standard rate constant
L electrode length
Re Reynolds number
u dimensionless parameter relating I to I'rey
v kinematic viscosity
w angular rotation speed
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Standard Potentials of Li, Na, and K Electrodes and Transfer Free
Energies of LiCl, NaCl, and KCI in Selected Ethanol-Water and
Methanol-Water Solvents

J. Mazzarese and O. Popovych
Department of Chemistry, Brooklyn College of the City University of New York, Brooklyn, New York 11210

ABSTRACT

Standard potentials of the cell M(Hg)()[M*, C1-|AgCl(s); Ag(s) (where M = Li, Na, and K) were determined at 25°C in a
number of ethanol-water and methanol-water solvents, and the corresponding standard potentials of the M*/M electrodes
were calculated with the aid of literature data. The Li and Na cells were studied over the entire range of ethanol-water sol-
vents at about 10 weight percent (w/o) intervals of solvent composition, but only in a limited number of methanol-water
media. The K cell was studied only in ~ 30, 50, 70, 90, and 100 w/o methanol. For each of the solvent-electrolyte combinations,
a function describing the mean ionic activity coefficients of MC1 was obtained. Changes in the standard free energy of MCI
upon transfer from water to each of the nonaqueous media were calculated from the E”s. Variation of the transfer free ener-

gies with solvent composition was interpreted in terms of individual ionic contributions.

The long-term objective of research in this labora-
tory has been to study ion-solvent interactions in
nonaqueous media, with particular emphasis on the
determination of the transfer free energies of electro-
lytes and ions. The transfer free energy, AG°;(i), and
the transfer activity coefficient (medium effect), myi,
are commonly defined as follows

AG°t (1) = sG° — wG°1 = RT In my; [1]

where ¢G°; and G°; are the (partial molal) standard
free energies of the solute i in the nonaqueous solvent
and in water, respectively. Transfer activity coefficients
provide a quantitative correlation between equilibrium
constants, rate constants, ion activity scales, and emf
series in different solvents. The subject of correlating

Key words: electrode potentials, transfer free energies, lith-
ium, sodium, potassium, methanol, ethanol, water.

the energic properties of solutes in different solvents,
including the methods of evaluating transfer activity
coefficients, has been reviewed (1-3).

A common method of .determining AG°; values
utilizes the standard potentials, E°, of electrodes re-
versible to the ions of interest. Recalling that for any
electrode process, AG® = —nFAE°, one can obtain, for
example, the sum [AG°¢(M*) 4 AG°;(Cl~)] from the
E°’s of cell I in water and given nonaqueous solvent

M(Hg) (1) |M+, C1-|AgCl(s) ; Ag(s) m

In the present study, the E°’s of cell I were determined
in methanol-water and ethanol-water media using
dropping amalgam electrodes, where M = Li, Na, and
K. These measurements were carried out at intervals
of about 10 w/o of each alcohol for those electrolyte-
solvent combinations where literature data were either



Vol. 130, No. 10

unavailable or conflicting. The primary objective was
to determine the transier free energies of Li1Cl, NaCl,
and KCl from water to each of the alcohol-water
media. Furthermore, from emr measurements of cell I
with amalgams of accurately known composition, the
standard potentials of the M*/M electroaes and an
expression 1or the activity coefticients of MCI in euch
ot the solvents were derived.

Analogous work using cell I with K(Hg) electrodes
was already reported from this laboratory tor the
cntire range of ethanol-water solvents (4). Here the
studies using the K (Hg) electrode were extended to
methanol-water mixtures containing about 30, 50, 70,
90, and 100 w/o methanol. Measurements of cell I
with Na(Hg) and Li(Hg) electrodes were carried out
over the entire range of ethanol-water solvents. In
the methanol-water system, the Li(Hg) electrode was
studied in water and in 30, 50, 70, 90, and 100 w/o
methanol, while the Na(Hg) electrode was investi-
gated only in 70 and 100 w/o methanol. For the
methanol-water mixtures omitted from this study,
the values of AG°, of KCl, NaCl, or LiCl were already
reported in the literature (5, 6). Values of AG°, for
KCl over the entire methanol-water range were de-
termined previously in this laboratory by two different
methods not involving amalgam electrodes (7); they
were partially duplicated here because of a history of
discrepancies among the literature values.

Experimental

Materials.—Anhydrous methanol was prepared by
refluxing 4 liters of Fisher spectroanalyzed or Baker
Photrex reagent absolute methanol over 21g of Al
powder and 5g of HgCly for 24 hr and then distilling
through a 22 cm vigreux column, collecting the middle
3 liters. The purified methanol had a density of
0.7865 g/ml at 25°C, in agreement with the literature
values of 0.78654 (8) and 0.7866 g/ml (9). The water
was deionized with a specific conductance of (2-4) X
107 mho cm~—!. Methanol-water mixtures were pre-
pared as previously described (10). Also the purifica-
tion of ethanol, the preparation of ethanol-water mix-
tures, and that of the alkali-halide solutions were
carried out as before (4). LiCl, NaCl, KCI, LiOH,
NaOH, and KOH were all Fisher-certified ACS re-
agent grade and were dried before use.

Electrodes and measurements.—Amalgam clectrodes
were prepared by electrolysis of the corresponding 1m
hydroxides employing a procedure described previ-
ously (4). The Li(Hg) contained 0.001-0.003 w/o Li;
the Na(Hg), 0.01-0.02 w/o Na; and the K(Hg), 0.02-
0.04 w/o K. The Ag-AgCl electrodes were of the
thermal electrolytic type prepared by a procedure
described by Bates (11). The voltages were measured
with an Electro Scientific Instruments Model 330 po-
tentiometer to 0.1 mV. The apparatus and the mea-
suring procedure were the same as described pre-
viously in great detail (4).

Results and Discussion
Standard electrode potentials and activity coeffi-
cients.—The potential E; of cell I at 25°C is given by

EI = E°] + 0.05916 log aM(Hg) — 0.05916 ].Og amcl [21

where E°; = E°sgc1 — E°mag, referred to E°y = 0
in the given solvent, am(ug) is the activity of the alkali
metal in the amalgam, and awmc is the activity of the
alkali-metal halide in solution. In order to evaluate
E°; and the activity coefficients of MCI, it is convenient
to define the quantity E°’

E°’ = E°; + 0.05916 log amug) [3]
and to express the electrolyte activity in terms of its
molality, mmci, the mean molal activity coefficient, v,

and the degree of dissociation, «. Upon rearrangement,
Eq. [2] becomes

E1 + 0.1183 log (ampc1) = E°* — 0.1183 log v [4a]

STANDARD POTENTIALS
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For purposes of extrapolation, it is now common prac-
tice (4, 7, 12) to express log v+ as a polynominal in
I%2, where I is the 10nic strength. Then, E*’ is obtained
as the intercept from a plot of the left-hand side of
Eq. |4a] vs. I*2. In the present study, these plots were
straight lines, indicating that the data could be ade-
quately represented by Eq. [4b]

E1 + 0.1183 log (emyc)) = E°’ + 0.1183 Al's [4b]

Consequently, for each electrolyte-solvent combina-
tion, tne constant A obtained from the slope of Eaq.
l4b] can be used to calculate the activity coetricients
of MCI in the concentration range employed here by
using the relationship — log y+ = Al'%. Values of E°y
were calculated from those ot E°’ and the literature
data on amalgam activities with the aid of Eq. [3].
Complete ionic dissociation could be assumed for all
of these solutions, except those of LiCl in 50-100%
ethanol and of NaCl in 100% ethanol, which exhibited
slight ion pairing. For these systems, the values of «
required in Eq. [4b] were calculated from the litera-
ture values of the ion pair association constants (13-
15). The ranges of the o’s involved are indicated in
the footnotes of Tables I and II. The calculations were
carried out on an IBM 370-145 computer.

A fundamental quantity in electrochemistry is the
standard potential of an alkali-metal electrode, E°y.
It is the standard potential of the cell

Pt; Ho(g) |[H*||M+|M(s) [11]

which cannot be determined directly in solvents that
react with alkali metals, but is evaluated by combin-
ing the E°’s of cells I, III, and IV

M(Hg) (1)|M+* (inert solvent) [M(s) LIII]
Pt; Hy(g) [H+, C1~ (given solvent) |AgCl(s);
Ag(s) [IV]
It is obvious that
E°m = E°py + E°v — E%y (5]

From the standard potentials E°; determined in this
study, the authors calculated the values of E°Li, E°Na,
and E'k in each of the solvents with the aid of Eq. [5]
by using the relevant literature data for E°yj; and E°yy.

Table I summarizes the results derived from the
emf of Li(Hg)—Ag-AgCl cell in solutions of LiCl.
Each E°; was calculated via Eq. [3] from an experi-
mentally determined E°’ using literature values (16)
for the activity coefficients of Li in its amalgams and
E°;p = —0.8480V, which was determined for the Li
cell containing propylene carbonate as the inert sol-
vent (17). Throughout this study, values of E°yv were
interpolated for the exact solvent compositions from
large-scale graphs of literature data for ethanol-water
(18-24) and methanol-water (20, 25-29) solvents.

Table II summarizes the results derived from the
emf of the Na(Hg)—Ag-AgCl cells in solutions of
NaCl. Since the activities of Na in its amalgams as
reported by Bent and Swift (30) are referred to
sodium metal (rather than to an infinitely dilute
amalgam) as the standard state, the experimentally
determined E°’ values were converted directly to the
tabulated quantity (E°p; — E°;), rather than to E°.

Table III lists the results derived from the emf of
K (Hg)—Ag-AgCl cells in solutions of KCl. The amal-
gam actvities required to convert E°’ to E°; were in-
terpolated from the data of Armbruster and Crenshaw
(31). For the potassium cell, E°;y = —0.9521V, as
reported from this laboratory previously (4), based
on the data of Lewis and Keyes (32).

The results in Tables I-III were subjected to a com-
plete error analysis from which the following absolute
precisions of the E°’s of the alkali-metal electrodes
were calculated by the method of propagation of errors.
Most of the E°y values are precise to 0.001V. A pre-
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Table I. Results derived from the emf of cell Li(Hg)(l) | Li*, CI— | AgCI(s); Ag(s)*

Eq. [1]
AG°¢ (LiCl)
Eq. [4b] Ea (5 kcal/mol (10g myL1 + log myo1)
—_— q.
Solvent A E°’ E°1 E°1v E°ui (molal scale)
Water 0.475 2.2192 2.4126 0.22234 —3.0383 0 0
0.533 2.2184 2.4139 0.22234 —3.0386 0 0
0.487 2.2314 2.4135 0.22234 —3.0392 0 0
0.467 2.2319 2.4135 0.22234 —3.0392 0 0
w/o0 Ethanol
10.0 0.968 2.1900 2.3920 0.2146 —3.025 0.493 0.362
20.1 1.060 2.1765 2.3737 0.2074 —3.014 0.915 0.671
30.4 1.066 2.1708 2.3536 0.2001 —3.002 1.379 1.011
40.3 1.107 2.1350 2.3364 0.1934 —2.991 L1775 1.302
49.9 1.010 2.1297 2.3197 0.1848 —2.983 2.160 1.
60.3 0.927 2.0845 2.2992 —-2.975 2.633 1.930
70.3 1.491 2.0762 2.2680 0.155 —2.961 3.35 2.4
80.4 1.144 2.0454 2,231 0.127 —2.952 4.20 3.08
90.4 1.798 1.9752 2,181 0.088 —2.942 5.35 3.92
100.0 3.338 1.9102 2.087 —0.081 —3.016 7.53 5.52
[—3.042(33)]
w/0 Methanol
30.0 0.585 2.1748 2.3747 0.2031 —3.020 0.892 0.6
50.3 0.652 2.1301 2.3429 0.1904 —3.001 1.625 1.192
69.3 0.678 2.1081 2.3148 0.1684 —2.994 2.273 1.667
90.0 1.486 2.0713 2.2716 0.1135 —3.006 3.269 2.397
100.0 1.522 2.0581 2.2368 —0.0101 —3.095 4.07 2.985
[—3.653(34),
—3.045(35),
—3.0845(36) 1
* All E° values are in volts. E°iin(Li) = —0.8480V (17). The concentration range of LiCl was generally 0.02-0.05 or 0.06m. In the

ethanol-water system, the a range was 0.88-0.92 in 100% ethanol, 0.90-0.93 in 90.4%, 0.92-0.94 in 8v.4%, 0.94-0.95 in 70.3%, 0.94-0.96 in

60.3%, 0.96-0.97 in 49.9%.

Table 11, Results derived from the emf of cell Na(Hg)(I) | Nat, CI— | AgCl(s); Ag(s)*

Eq. [1]
AG°t(NaCl)
Eq. [4b] Hio 51 kcal/mol (108 myNa + 10g myo1)
— q.
Solvent A E°’ (E°m1 — E°1) E°1v E°Na (molal scale)
w/o Ethanoi
10.0 0.494 1.9927 0.2145 —2.701 0.457 0.335
20.4 0.443 1.9627 0.2072 —2.688 0.927 0.680
30.8 0.535 1.9398 0.1998 —2.672 1.476 1.082
40.6 0.647 1.9202 0.1932 —2.656 1.992 1.460
50.5 0.795 1.8935 0.1842 —2.639 2.589 1.898
60.6 0.833 1.8706 0.171 —2.626 3.189 2.338
69.9 0.939 1.8394 0.157 —2.607 3.954 2.899
80.0 0.946 1.7896 0.128 —2.597 4.856 3.560
90.5 2.14 1.7118 0.087 —2.557 6.73 4.93
100.0 2.83 1.6299 —0.081 —2.643 8.62 6.32
[—2.657(33),
—2.646(37)]
w/0 Methanol
. 0.804 1.8678 —2.7953 0.1686 —2.627 3.232 2.370
100.0 1.390 1.7908 —2.7157 —0.0101 —2.726 5.068 3.715
[—2.7152(34),
—2.7132(34),
—2.728(38)1

* All E° values are in volts. The concentration range of NaCl was generally 0.02-0.05 or 0.06m, except in 100% ethanol where it

was 4 x 10-—1 x 10-*m. In ethanol, the a raiage was 0.97-0.98.

Table I1I. Results derived from the emf of cell K(Hg)(1) | K+, CI— | AgCi(s); Ag(s)*

Eq. [1]
AG°¢(KC1)
Eq. [4b] kcal/mol (log myk + log myo1)
Solvent m range e Eq. [5]
w/0 Methanol of KC1 A E* E°1 E°wv E°’x (molal scale)
28.9 0.01-0.06 0.582 1.9761 2.1399 0.2037 —2.888 1.229 0.901
49.7 0.01-0.1 0.547 1.9335 2.0994 0.1908 —2.861 2.163 1.586
70.1 0.02-0.07 0.867 1.8779 2.0490 0.1682 —2.833 3.325 2.438
90.6 0.02-0.05 1.080 1.8413 1.9933 0.1096 —2.836 4.609 3.379
100.0 0.018-0.044 12711 1.8012 1.966 —0.0101 —2.928 5.238 3.840
[—2.9116(34),
—2.9362(36),
—2.933(39)1
* All E° values are in volts. E°‘mi(K) = —0.9521V (4).
cision of 0.002V was found for E°y; in 80.4, 90.4, and (shown in Table I) gave an average E°;; = —3.0388

100.0% ethanol and in 100.0% methanol, as well as
for E°N, in 90.5 and 100.0% ethanol. In another test
of the precision and also of the accuracy of our results,
the E°y; in water was determined four times using
different amalgam concentrations. The four results

=+ 0.0004V. Modern literature values of E°r; in water
are —3.0401 (33) and —3.0431V (17). Literature val-
ues of the E°’s of the alkali metals in the anhydrous
alcohols are included in the tables for comparison
with these results.
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Transfer free energies.—The changes which the
standard free energies of the alkali-metal chlorides
experience upon transfer of the electrolytes from
water to the alcohol-water mixtures, AG°;, and the
corresponding transfer activity coefficients, log my, are
compiled in the last two columns of Tables I-III. The
quantity (log mym + log myci) was calculated from
the corresponding E°’s of cell I in water, wE°;, and
the nonaqueous solvent, sE°;, at 25°C using the equa-
tion
wEGI == sEol

0.05916

AG°¢ and log v are related via Eq. [1].

As pointed out in the introduction, most of the
present work in methanol-water media was comple-
mentary in nature, i.e., designed to fill the gaps in
the existing data on AG° of alkali-metal halides. In-
tentional duplication of literature data was carried
out only for KCl in the methanol-water system,
where serious discrepancies have existed among some
of the reported values. In order to compare our re-
sults with those from other sources, minor graphical
interpolation to integral solvent composition was
usually necessary. The existing data on the AG° of
KCI from water to methanol-water solvents are com-
pared in Table IV. While agreement among different
laboratories and techniques is good in the middle
range of methanol-water composition, it is less than
satisfactory at both extremes of the solvent scale.
Based on the method of propagation of errors, the
precision of the AG°¢ values should be no worse than
0.01 kcal/mol for most systems and of the order of
0.02 kcal/mol for some media of high alcohol content.
The complementary data on AG°; of LiCl and NaCl
obtained in methanol-water media fit well on the
curves (not shown here) of existing literature data
(5, 6) as a function of solvent composition. The values
of AG°; for LiCl, NaCl, and KCI in the alcohol-water
media experience a monotonous increase with in-
creasing alcohol content in the mixed solvent.

Additional insight into the ion-solvent interactions
that determine the variation of AG°,(MCIl) as a func-
tion of solvent composition can be gained by appor-
tioning the corresponding transfer activity coefficients

log mym + log mya1 = (6]

STANDARD POTENTIALS
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into their individual ionic contributions. Here, this
can be done only for the ethanol-water system, for
which transfer activity coefficients of the chloride ion,
log mycl, have been estimated (40) by the well-known
tetraphenylborate assumption. In this assumption, log
my of the tetraphenylborate anion is set equal to that
of the tetraphenylarsonium or the tetraphenylphos-
phonium cation and the log my values for all other ions
are calculated on that basis (2, 3). Table V shows
the quantities (log myLi + 10g myc)) and (log myna +
10g myc1) determined in this study (interpolated to
integral solvent composition), the literature values of
log myc1) determined in this study (interpolated to
obtained by difference. The variation of the ionic
transfer activity coefficients in ethanol-water media
is depicted in Fig. 1. A positive log my means that the
ion exists in a lower energy state in water (more
favorable solvation) than in the nonaqueous medium
and vice versa. The behavior of the log my of ions
as a function of ethanol-water composition depicted
in Fig. 1 can be analyzed in terms of a superimposi-
tion of two types of major ion-solvent interactions.
These are (i) the nonspecific long-range interactions
and (ii) specific chemical interactions in the primary
solvation shell. Long-range electrostatic interactions,
the magnitude of which has been traditionally esti-
mated from the Born charging equation, make a posi-
tive contribution to log my of all ions transferred
from water to solvents of lower dielectric constant,
as can be seen from Eq. [7]

1216 [ 1
log my(Born) = - [—D— 0.0128 ] [7]

§:

where r is the ionic radius in angstroms and D is the
dielectric constant of the nonaqueous solvent. Because
this contribution increases as the dielectric constant
of the medium decreases, all curves in Fig. 1 would
exhibit a continuous rise if Born charging were the
major governing energy term. Among the ions repre-
sented in Fig. 1, only Nat follows very roughly the
type of function predicted by the Born equation, since
it is an ion which is relatively free of specific solvent
interactions in contrast to Li*+ and Cl— ions for which
there is evidence of significant contributions from

Table IV. Standard free energies of transfer for potassiym chloride from water to methanol-water solvents, AG¢®
(kcal/mol, molal scale) in 25°C

Ref. (7)
w/0 Methanol This study Ref. (5) Ref. (6)* From solubility? From emf Ref. (34)

10 0.407 0.413 0.250 0.281

20 0.837 0.844 0.690 0.554

30 1.277 1.22 1.22

40 1.723 1.739 1.65 1.65

50 2.179 2.15 2.15

60 2.732 2.75 2.74 2.74

70 3.320 3.26 3.26

80 3.974 3.97 3.98 3.93

90 4.574 4.65 4.65

99 5.160 5.25 5.75
100 5.238 5.31 5.90 5.056

1 Calculated in Ref. (5) from data in Ref. (6). *Calculated from the solubility of KCl in water and the methanol-water solvents.
3 Calculated from the emf of a cell composed of a K-glass electrode and a calomel electrode.

Table V. Transfer activity coefficients of LiCl, NaCl, and of the individual ions in ethanol-water solvents

w/0 Ethanol (log myLi + log myci) (log myxa + log myct) log myci1(40) log myrLt 1og myNa
10.0 0.362 0.330 0.05 0.31 0.28
20.0 0.668 0.666 0.19 0.48 0.48
30.0 0.999 1.050 0.43 0.57 0.62
40.0 1.294 1.436 0.79 0.50 0.65
50.0 1.587 1.876 1.24 0.35 0.64
60.0 1.920 2.313 1.59 0.33 0.72
70.0 2.44 2.906 1.98 0.46 0.93
80.0 3.06 3.560 2.24 0.82 1.32
90.0 3.89 4.87 2.67 1.22 2.20

100.0 5.52 6.32 3.45 2.07 2.87
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Fig. 1. Transfer activity coefficients of ions in ethanol-water
solvents.

short-range ion-solvent interactions. The data for
log myk, though available from our previous study
(40), were not included in Fig. 1 because they would
almost overlap the log myna curve. Hydration of the
Cl- ion is known to be reinforced through hydrogen
bonding to water molecules. Since the relative H-
bonding ability of water is superior to that of ethanol
and its mixtures, the transfer of Cl- from water to
these media is energetically disfavored, leading to
even more positive values of log myc: than would be
expected on the grounds of lower dielectric constants
alone. More interesting, however, is the behavior of
log mvLi, which first rises at low ethanol contents, then
drops to a minimum in the middle range of solvent
composition and finally rises again steeply in the etha-
nol-rich region. It is noteworthy that the above pattern
parallels the behavior of the transfer activity coeffi-
cient of the hydrogen ion, log myn, in ethanol-water
media, which was already reported from this labora-
tory (40). The appearance of the minimum in log
myn roughly in the middle range of ethanol-water
composition was interpreted (3, 40) in terms of
changes in the solvent structure that produce an
ethanol-water mixture of maximum basicity. This
corresponds to a minimum in log myn, which has the
value of —0.86 at 70 w/o ethanol (40). While in the
case of the Li* ion, the minimum occurs at a positive
value of log myri (0.33), meaning that water is still
the preferred solvator for Lit (and that Htis a
stronger acid than Lit), the extent to which log mywi
is lowered relative to “normal” behavior, such as
approximated by Nat, indicates that specific acid-base-
type interactions between Li+ and ethanol-water sol-
vents do make a significant contribution. The Li*-
solvent interaction involved here is of the type usually
referred to as lone pair donation from the oxygens of
the solvent molecules and it increases with the donor
ability (basicity) of the solvent. It is not surprising
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that this specific interaction is greatest for the small-
est cation, Lit (r = 0.60A), which has the highest
charge density, and significantly less pronounced for
the larger cations, Nat* (r = 0.95A) and K+ (r =
1.334) (Kt+—not shown here) with log myna and log
myk €xhibiting plateaus rather than minima in the
middle range of ethanol-water composition.

The interesting maximum in the log mywi at low
ethanol content also mirrors its counterpart in log
myn (40). This maximum is believed to occur in a
region where water structure has been reinforced by
the presence of small amount of ethanol. The transfer
of a strongly interacting ion like Li+ from water to a
solvent that is even more structured is enthalpically
disfavored (3), leading to a positive contribution to
log myLt-

This qualitative interpretation of ionic solvation is
obviously far from complete. Significant contributions
to transfer free energies can be expected to originate
also from ion-dipole, ion-quadrupole, dispersion, and
nonelectrostatic interactions, to name just the major
components of solvation energy. Unfortunately, pres-
ent knowledge of the structure of nonaqueous (in-
cluding mixed) solvents and of the parameters that
govern ionic solvation in them is too limited to
attempt a more ambitious interpretation.
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Effect of Carbon on the Reactivity of Lithium with SO. and SOCI.
Battery Electrolytes

Stanley D. James,* Patricia H. Smith,* and William P. Kilroy*
Electrochemistry Branch, Naval Surface Weapons Center, Silver Spring, Maryland 20910

ABSTRACT

The normal inertness of lithium to SOCl, and SO, battery electrolytes changes dramatically if the Li has first been
ground with carbon black. Spontaneous ignition on mixing then becomes common, especially with SOCI, electrolyte. We
examined the effect of the nature and proportion of carbon in Li-C grinds on their reactivity. We concluded that the carbon’s
external surface area acting via local electrochemical cells is crucial to its catalytic activity.

Recent investigations in our laboratory indicate that
carbon black, which is the cathode substrate for most
primary lithium cells, may act as a powerful catalyst for
the reaction of lithium with thinoyl chloride or sulfur
dioxide. It is known that lithium is relatively inert to
the SOCI, or SO. battery electrolytes. This is due to
the formation of a protective film which prevents con-
tinuing reaction while allowing discharge to proceed
via mobile Li ions. However, the presence of carbon
results in an increased activation of the reaction be-
tween lithium and the battery oxidant (1, 2). This
effect may generate potentially hazardous situations
with lithium batteries. In an attempt to study the be-
havior of various carbon blacks, a qualitative and
quantitative (calorimetric) investigation of the reac-
tivity of thionyl chloride or sulfur dioxide clectrolytes
with intimate mixtures of carbon and lithium was
undertaken.

Experimental

Qualitative studies were performed in a Dry
Room (< 0.5% relative humidity) by measuring the
relative reactivity of lithium-carbon mixtures with
SOCl; or SO electrolyte. The mixture reactivity was
assessed using the following qualitative scale: (A) no
reaction, (B) electrolyte boiled, (C) sparks observed,
or (D) spontaneous ignition.

Weighed amounts (7 mg) of lithium (99.9% Foote
Mineral) and carbon (outgassed at 120°C for two
days) ‘were vigorously ground in a Pyrex ignition tube
(Corning No. 9860-10) using the flame-polished end of
a Pyrex rod. The uniform black, compacted mass thus
produced was broken up with a stainless steel spatula
and the process was repeated once or twice more till
the mixture appeared homogeneous. The grinding pro-
cedure took about 10 min at which time the reac-
tivity was recorded after adding 70 ul of electrolyte.
A 1.6M LiAICl;-SOCl. electrolyte was prepared by

¢ Electrochemical Society Active Member.
Key words: battery, carbon, catalysis, cathode.

adding Polaroquality LiAlCl; to SOCls (J. T. Baker)
that had been refluxed under argon for 20 hr
with lithium followed by distillation under argon.
The SO; electrolyte was 72.8, 18.2, and 8.9 weight
percent (w/o) in SO,, CH3CN, and LiAsF;, respec-
tively. It was prepared by Honeywell Power Sources
Incorporated, Horsham, Pennsylvania and is referred
to as “reserve clectrolyte.”

A quantitative investigation of the carbon-cata-
lyzed Li-SOCIl; electrolyte reaction was accomplished
by measuring the heat liberated when Li-C mixtures
were added to 1.5M LiAlCl;-SOCl, electrolyte (ob-
tained from Lithium Corporation of America) in a
calorimeter under an inert argon atmospherc. Samples
were prepared by grinding carbon (outgassed at 100°C)
and lithium (1:1 weight ratio) with a glass mortar
and pestle in a helium glove box. The compacted mass
which was produced was broken up with a stainless
steel spatula and the process repeated for approxi-
mately 15 min until the Li-C particles were no larger
than 2-3 mm in diameter. Between 30-60 mg of this
mixture were accurately weighed into a glass ladle
and set inside the head of the calorimeter (Fig. 1).
The body of the calorimeter contained 25 + 1 ml of
clectrolyte and a Teflon-coated stirring bar. After thj
calorimeter was assembled, the entire apparatus wa
insulated with a ¥ in. layer of Fiberfrax then wrapped
with several layers of Al foil. When the calorimeter
had reached thermal equilibrium, the ladle was low-
ered into the stirred SOCl;-LiAlCl, solution and the
temperature change recorded. Calibration of the sys-
tem was accomplished at the end of each run by deter-
mining the quantity of electrical work (i X V X t)
required to yield a comparable increase in tempera-
ture. During this process a d-c current, i, of 2.5A, was
passed through the heating coil during a known time
interval, t, while the potential, V, across the heating
coil was recorded. The heat capacity of the system was
found to be constant from run to run.
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Fig. 1. Schematic diagram of Teflon calorimeter, (a) heater,
chromel A; (b) Pyrex sample ladle with stainless steel mesh lid;
(c) Teflon-coated stirrer; (d) Ch I-Alumel ther pl

Results and Discussion

A recent differential scanning calorimeter (DSC)
study revealed that carbon black catalyzes reactions
of Li with battery oxidant (1). The mixtures were
highly reactive with an unpredictable initiation tem-
perature, indicating that carbon greatly enhances the
reactivity of Li with SOCI; or SO; battery electrolytes.
The results of the present study reaffirm these observa-
tions.

Qualitative study.—Table I summarizes the effect
of carbon content on the average reactivity of ground
Li-C mixtures with SO, reserve electrolyte and SOCls
electrolyte. Each entry averages the results of 3 to 5
tests. It was observed that traces of carbon are in-
sufficient to activate the lithium-oxidant reaction. Only
when the carbon content of Li-C mixes rose above
approximately 12 and 40 w/o, respectively, for the
SOCl; and SO electrolytes, was perceptible energy
liberated. Of the two electrolytes, the SOCl, electro-
lyte was substantially more reactive; spontaneous
ignition routinely occurred above about 25 w/o carbon.
Spontaneous ignition occasionally occurred with SOz
electrolyte above 60% carbon but this is not apparent
in Table I which depicts only average reactivities. For
both electrolytes, decreasing carbon content led to a
fall in spontaneous flammability.

Several other variables were qualitatively examined.
Investigations on the degree of mixing Li and C re-
vealed that mixtures activated by some grinding or
by hammering the Li and C together were substan-
tially more reactive to SOCl; or SO; electrolyte than

Table I. Reactivity of Li-C ground mixtures with 1.6M LiAICI;-SOCly

Li/C ratio w/o C S0z reactivity SOCI: reactivity
0.1 91 Class C Class D
0.5 67 Class C Class D
10 50 Class B Class D
15 40 Class B Class D
2.0 33 Class A Class D
2.5 29 Class A Class D
3.0 25 _— Class D
4.0 20 _ Class C
5.0 17 _— Class B
7.0 12 _— Class B
8.0 1 —_ Class A
9.0 10 _— Class A

Class A; no reaction; class B; electrolyte boiled; class C; sparks
observed; class D; spontaneous ignition,
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mixtures of Li and C that were merely “pressed.”
Pressed mixtures containing 50-91% carbon only
warmed the SOCI; electrolyte (class B). This contrasts
with the far greater reactivity of ground mixtures
where typical reactivities were found to belong to
class D. Ground mixtures were also found to be far
more reactive than pressed mixtures to SO; reserve
electrolyte.

Further studies were performed to determine what
effect the SO; concentration and the nature of the
conducting salt might have on the reactivity of 1:1
(by weight) Li-C mixtures with SO,. Eight tests con-
ducted on each of LiBr and LiAsFg-sulfur dioxide
battery electrolyte, revealed no divergence from a
class B reactivity. As the SO, concentration in the
electrolyte decreased from 14M SO, the observed re-
activity similarly decreased to the point where very
dilute SO, solutions were no more reactive than AN
or AN-LiAsFg solutions totally free of SOs.

We compared the reactivities of ground 1:1 Li-C
mixtures with (i) various distillate fractions of SOCI;
and (ii) 1.6M LiAlCl;-SOCly (Polaroquality salt) wvs.
1.6M AICl; in SOCly saturated with LiCl. No notice-
able difference in reactivity was observed in either
case, with the exception that the LiCl-saturated solu-
tions were more reactive (class D) than the LiAICly
solutions (class A) with Li-C mixtures containing 12
w/o carbon.

The effect of omitting salt from the electrolyte
was studied. Pressed Li-C mixtures (50% carbon)
consistently (6 tests out of 6) caused LiAlCL;-SOCI,
to boil (class B), whereas they were totally (4 tests
out of 4) unreactive to salt-free SOCl,. Ground mix-
tures were equally reactive (class D) whether salt
was present or absent. As the carbon content of the
ground Li-C mixtures decreased, the reactivity to
salt-free SOCl; decreased until at 13% carbon, the
mixtures appeared totally inert.

Quantitative study.—The reactivity of 1:1 (by
weight) ground mixtures of lithium and carbon with
SOCIl; electrolyte was quantitatively measured under
an inert helium atmosphere. Table II summarizes the
calorimetric data together with various physical and
chemical parameters of the carbons investigated. As
the particle size decreases or the BET surface area of
the carbon blacks increases (Fig. 2), the reactivity
of the Li-C mixtures with SOCI; electrolyte increases.
This is not entirely unexpected as an increase of ac-
tivity with carbon black surface area has been ob-
served in other reactions (3). However, surface area
or particle size is critical, as indicated by the apparent
nonreactivity of the Sterling FT carbon black (15
m2/g) which contrasts with the sudden rise in reac-
tivity with a relatively small increase in surface area.
Conflicting trends in Table II show that degree of
crystallinity is not a controlling factor though it
may have secondary importance. The similar unre-
activity of Sterling and Superior Graphite 9039 cor-
relates with their similar surface area rather than
with their very different crystallinity. On the other
hand, the amorphous Monarch 1300 was significantly
more reactive than the crystalline Superior Graphite
9042 though their areas were very close. Thus crys-
tallinity seems to confer some degree of inertness. It
should be noted that the lithium/carbon black ground
mixtures were solid black masses whereas a similar
mixture of lithium with the Superior Graphite 9039
yielded a golden metallic material, similar in appear-
ance to LiC« and showed no evidence of dispersed
carbon particles.

Shawinigan carbon black containing Teflon was
ground with lithium and its average reactivity with
SOCIl; electrolyte was compared to the average reac-
tivity without Teflon. The presence of Teflon enhanced
the exothermicity by approximately 56%. The heats
of reaction listed in Table II are much smaller than
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Table I1. Effect of carbon type on the reactivity of Li-C ground mixtures (50 w/w %) with 1.5M LiAICl4-SOCI,

. B.E.T. Reactivity
<ma§3rf§€?ure Particle size Carbon purity surface area (calories/g
) Type (mpu) (%) (m2/g) mixture) 2¢ (number of runs)
Sterling FT C i a =
égab‘?ti bgl‘cl:(on 180 99,5 152 0 0 (n=4)
awinigan Carb v =
éﬁ‘t“f (1);“ bla;‘clgn 42 99.5> 60V 3550 616 (n = 4)
ex Carb o =
‘L/C?bot)s blarcl?n 37¢ 99.0¢ 474/43 3984 875 (n=3)
ulcan Carb a -
(Cahot) biaa‘;:l?n 222 99.02 1192 4311 166 (n =3)
Monarch 700 Carbon 18¢ 98.5¢ 200¢ 5190 714 (n=4)
(Cabot) black
Monarch 1300 Carbon 130 90.5¢ 560¢ 7456 880 (n =4)
(Cabot) black
!:gfpmor Syntgfttlc 5000¢ — 164 0 — (n=2)
Graphite) grepiiia
9042 Synthetic <500° —_ 5744 4975 — (n=2)
(Superior graphite
Graphite)
80% Shawinigan, 20% Teflon — — — — 5528 — (n=2)
(Honeywell)

n Cabot pigment brochure.

v Data supplied by Gulf Oil Chemical Company.

¢ Cabot Technical report S-36.

4 Analysis performed by Micromeritics (Norcross, Georgia).
¢ Data supplied by Superior Graphite.

the calculated value for the generally accepted bat-
tery reaction (4Li 4+ 2SOCl, = 4LiCl 4+ SO; + S),
AH = —364 kcal/mol of Li or —26 kcal/g of 1:1 Li-C
mixture. Thus the greatest heat listed in Table II,
1{156 kcal/g corresponds to about 29% reaction of the

i.

Mechanism of carbon catalysis.—We explored four
possible mechanisms for the catalytic behavior of
carbon: (i) local electrochemical cell, (ii) increased
lithium surface area, (iii) formation of an active com-
pound during the grind, and (iv) surface functional
groups on the carbon.

In the first mechanism, each carbon particle in con-
tact with lithium is viewed as a small cathode which

T Y T T i T ! T

KILOCALORIES/g MIXTURE

1 1 1 1 1

0 300 400
BET. SURFACE AREA (m?/g)

Fig. 2. Reactivity vs. surface area for ground mixtures of Li «nd
C (1:1 by weight) with 1.5M LiAICl4-SOClo.

is short-circuited to the lithium anode. When an
electrolyte solution containing SOCI; or SO is added,
this short-circuited cell discharges at a high rate
generating sufficient heat to cause, in the extreme case,
ignition. This agrees with data (4) showing that the
corrosion of a variety of metals in LiAlCl4-SOCl;
electrolyte is greatly accelerated if the metal is elec-
trically contacted to carbon. By analogy with the
behavior of large scale cells, one would expect that
eliminating the supporting electrolyte salt from the
electrolyte solution would significantly increase the
solution resistance, reduce the rate at which the short-
circuited cells could discharge, and, thus, reduce the
heat that would be generated. This was found to be
the case with pressed 1 to 1 Li-C mixtures. In six out
of six tests, pressed Li-C caused LiAlCl;-SOCI; solu-
tions to boil, whereas, the Li-C mixture was totally
unreactive in four tests in salt-free SOCl;. In con-
trast, however, ground 1 to 1 Li-C mixtures were
highly reactive toward salt-free SOCls. We suggest
that these results can, nonetheless, be understood in
terms of a shorted cell mechanism. Grinding the mix-
tures creates an extensive Li-C interface effectively
lowering the path length for electrolyte conduction in
shorted cells to the range of the diffusion layer thick-
ness. Thus in this case, the absence of supporting
electrolyte salt is relatively unimportant, as significant
currents can be maintained through diffusion of the
ions produced by the anode and cathode reactions.
With pressed mixtures, on the other hand, the com-
bination of high path length and low conductance in
salt-free SOCI, apparently depresses the shorted cell
currents to negligible levels.

Another explanation of carbon catalysis may be
increased Li surface area. In this case finely divided
carbon is just a vehicle for producing a very extensive
Li-SOCl, interface. When the carbon becomes coated
with Li the reaction interface is raised by many orders
of magnitude. Thus when electrolyte is added, in
spite of Li passivation, enough heat is generated for
ignition to occur. This theory was tested by grinding
lithium with powdered Al,O; (surface area, 200 m2/g).
If carbon were simply a vehicle for dispersion of Li.
then the alumina should also give rise to increased
activation. However, a calorimetric study indicated
that a ground mixture of Li and alumina (1:1 weight
ratio) was quite inert to LiA1Cl4-SOCl,.

A third plausible explanation involves the forma-
tion of an active compound when grinding the lithium
and carbon together. This active compound would then
be responsible for the catalytic effect. X-ray analysis
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of ground Li-carbon black mixtures indicated forma-
tion of an Li-C compound other than acetylide (5).
The 26 values diftered by approximately 1* trom a
stage 5 lithium-graphite compound. Perhaps this dif-
ference is due to the tact that relatively amorphous
carbon black was used in place of graphite. We ruled
out the participation of other active compounds such
as LisCs, LigN, Li2O, LisOg by testing their reactivity
to battery electrolyte, both alone and after grinding
with lithium. All were inert. The intercalation com-
pound, LiCg, was also found to be inert to SOCI,-
LiAIClL,. It remains possible however that some un-
identified amorphous, Li-C compound, formed during
the grinding, played a part in the enhanced reactivity.
Finally we considered the possibility that surface
functional groups on the carbon particles are re-
sponsible for the catalysis. Carbon black is known to
contain superficial H and O which may control its
absorptive, catalytic, and electrical behavior (6). Re-
cent studies of Shawinigan carbon black have re-
vealed a substantial ESR signal (7). Energetic surface
groups might react with SOCly forming labile species
(8) which could accelerate its reactivity. To check
this hypothesis we heat-treated a sample of Shawinigan
black so as to drive off its O and H content. The carbon
was fired in an He atmosphere at 950°C for 5 hr. This
should remove all of its O and most of its H (9).
The carbon was then cooled under He, ground in He
with Li (50% mixture) and transported in sealed
containers for immediate testing in an Ar glove-bag.
Qualitative reactivity testing with five samples of
these ground mixtures showed a high, consistent re-
activity identical with that of untreated carbon. Thus
it is unlikely that superficial O or H are involved in
carbon black’s catalysis of the Li-SOCI, reaction.

Conclusions

1. Carbon black promotes reactivity of lithium with
Li/SOs or Li/SOCl; battery electrolytes. Lithium-
carbon mixtures that are ground together (as may
occur in severely warped or sheared batteries) can
spontaneously ignite with SO; or SOCIl, battery elec-
trolytes. This reactivity occurs both in dry air and
also in inert gas atmosphere thus excluding air con-
tamination as a factor in this type of hazard.

2. The order of reactivity of the various battery
electrolytes to ground Li-C mixes was SOCIl;-LiAICl4
>> S03-AN-LiAsFg ~ SO;-AN-LiBr. Decreasing the
concentration of SO, in the SO battery electrolyte
lowers its reactivity.
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3. Traces of carbon are insufficient to activate the
Li-oxidant reaction. Perceptible energy is liberated
only when the C content (in Li-C mixes) exceeds
12 and 40 w/o, respectively, for the SOCl, and SO,
electrolytes. Lowering the carbon content of Li-C
mixes gives rise to decreasing flammability with bat-
tery electrolyte.

4. A variety of carbons was examined. The external
surface area of the particles was judged to be the
most important factor in the ability of carbon to pro-
mote reactivity.

5. No evidence was uncovered for any mechanism
of carbon’s catalytic activity on the Li-oxidant re-
actions other than that of shorted electrochemical cells.
Grinding of Li with C black generated some Li-C
compound but this could neither be identified nor
specifically linked with enhanced reactivity.
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Solution Growth and Electrodeposited CulnSe, Thin Films
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The solution growth deposition of BisSe; (1), BixS;
(2), SbheSes (3), a-PbO; and T1,03 (4), and Cu;sS and
T1Se (5) thin films have been reported previously. The
growth and photoelectrochemical solar cell based on
electrodeposited CdSe;—,Te, thin films have also been
reported (6-8). The deposition of CulnSe; thin films
by solution growth and also by the electroplating

Present address: Department of Chemistry, The University of
Texas at Arlington, Arlington, Texas 76019.

method is presented here. The primary interest in such
semiconductor films has been directed toward the ap-
plication for photovoltaic cells.

Solution Growth Method
Thin CulnSe; films with a thickness in the range of
200-300A are produced by the solution growth method
on glass and SnO;: F coated conducting glass substrates
at room temperature. The conducting base SnO;:F is



Vol. 130, No. 10

CulnSe; THIN FILMS

Table 1. X-ray diffraction and TEM data for CulnSey thin films:

calculated and experimental values

Calculated Observed d
d 26 (deg) hkl Relative intensity ¥ TEM X-ray
5.2 17.05 101 4 — —
3.34 26.69 112 100 3.33 3.33
3.22 27.71 103 3 — —
2.52 35.63 211 4 -— -
2.155 41.92 105,213 2 —_— —_—
2.04 44.42 220,204 70 2.03 2.02
1.743 50.50 116,312 40 1.75 1.79
5 64.49 400,008 11 1.44 144
1.327 71.04 332,316 16 132 132

obtained by spray pyrolysis on glass substrates. The
film thicknesses are measured using a Taylor Hobson
Talystep instrument.

The deposition of CulnSe; films is based on the slow
reaction between a solution of triethanolamine com-
plexed with both In3+ and Cul*, and sodium seleno-
sulfate solution. The sodium selenosulfate solution is
prepared by refluxing 5g selenium powder with 12g of
sodium sulfite in 200 ml water for about 10 hr. The
deposition mixture contains 12.5 ml 0.05M In3+ solu-
tion, 10 ml 0.05M Cul!t solution, 20 ml 0.3M sodium
selenosulfate solution, ~0.03% (volume) triethano-
lamine, and ~0.04% (volume) ammonia solution.

The films are analyzed by transmission electron
diffraction (TEM) and x-ray diffraction methods.
Postdeposition treatments are used for the films de-
posited on glass substrates. This included annealing in
argon gas, which results primarily in the recrystalliza-
tion of the films. The films deposited on SnOs: F coated
glass substrates are polycrystalline with a grain size of
about 0.08 um. The calculated and experimental values
of x-ray diffraction and TEM data are given in Table I.

The bandgap is obtained from transmission mea-
surements made using Unicam SP 700 A Spectropho-
tometer. The transmission T as a function of photon
energy hy is measured from four different samples de-
posited on glass substrates with different film thickness
d (d;:800A; dp: 10004 ; d3:2000A; d4:3000A). The opti-
cal energy gap is found to be 1.08 eV (Fig. 1). The
bandgap is determined from the variation of o2 as a
function of energy hy (a: absorption coefficient).

Electroplating Method

The electrodeposited CulnSe; thin films are prepared
under potentiostatic conditions on conducting glasses
(SnOy:F coated). For the electroplating, the plating
solution is prepared from 0.018M InCl; 0.018M CuCl,
0.025M selenium dioxide solution, 0.006% (volume)
triethanolamine, and 0.007% (volume) ammonia solu-
tion. The pH of the deposition mixture is adjusted at
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Fig. 1. Variation of o2 as a function of energy hy for solution
growth CulnSe; thin films deposited on glass substrates.
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Fig. 2a. X-ray pattern of the as-deposited electroplated CulnSes
thin films (scale: 4 X 102 CPS).
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Fig. 2b. X-ray pattern of the electrodeposited and annealed
CulnSe; thin films (scale: 4 X 102 CPS).

~1 by adding dilute HCI. The deposition is carried out
under constant stirring and at room temperature. The
voltage is maintained at ~700 mV vs. SCE. The plating
current is ~15 mA/cm2.

The x-ray analysis of the films is shown in Fig. 2a
and b. Figure 2a represents the as-deposited electro-
plated films. Figure 2b shows the x-ray diffraction
pattern for the single-phase CulnSe; films when the
electroplated films are annealed in argon gas at ~600°C
for 1 hr.

Recently the films have also been deposited (both
solution growth and electroplated) on titanium sub-
strates. The photoelectrochemical solar cell studies of
the CulnSe; thin films are in progress.
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Stability of Conducting Polythiophene and Derivatives

G. Tourillon* and F. Garnier
Laboratoire de Photochimie Solaire, CNRS., 94320 — Thiais, France

Many organic conducting polymers such as poly-
acetylene, PA (1); polyparaphenylene, PPP (2); poly-
paraphenylenesulfide, PPS (2); and polypyrrole, PP
(3) have been proposed in the literature. These poly-
mers show reversibility of the doping-undoping proc-
ess, making them of interest in energy storage. One of
the key problems, however, is the poor stability of
most of these polymers. Polyacetylene, PA, must be
prepared and stored under a rigorously O, free at-
mosphere and at a low temperature (4). Polypyrrole,
PP, although stable in its conducting state, is also
sensitive to O in its semiconducting undoped state
(5). As a matter of fact, a progressive redoping by O
occurs due to the value of the polymer oxidation po-
tential (Eox ~ —0.3) which lies in the same range as
that for the reduction of Os.

PPP and PPS show a higher oxidation stability
mainly in the undoped state (E,x ~ +1.6V), and their
sensitivity to Og is less pronounced, but information on
the doped state is scarce. The authors recently reported
the electrochemical generation of thin films of new
organic conducting polymers, polythiophene, poly-
furan, and derivatives (6) which also appear as inter-
esting candidates for organic electrodes for energy
storage or display.

In this paper, the stability characteristics of these
new polymers is presented under various experimental
conditions (Oz, HyO, H*, OH—, temperature).

Experimental

The polymers have been generated, as previously
described (6), either as thin films grafted on a Pt elec-
trode or as thick deposits which are then scratched off,
rinsed, and dried. The analyzed polymers were poly-
thiophene, PT; poly-3-methylthiophene, PMeT; poly-
3,4 dimethylthiophene, P(Me).T; and polypyrrole, PP
doped with CF3SO3~ from N (Bu)4 CF3SO; salt.

They were characterized by infrared, ESR, elemental
microanalysis, and d-c¢ conductivity initially, just after
their synthesis, and after 8 months storage in air at
room temperature.

The stability in electrolytic medium [CH3CN, N (Bu)4
PFg] has also been determined after 20 cycles between
oxidized and reduced state, using XPS (AEI, Mg ka
anticathode 1253.6 eV).

Results and Discussion

The doped PMeT properties (Table I) show that the
storage in air affects neither the CF3SO3~ doping level
nor the conductivity. These results are confirmed by
the infrared analysis: this conducting polymer is char-
acterized by a large broad band in the near infrared
(4000-1600 cm—1!) due to free carriers and by absorp-
tion patterns (1600-600 cm~—!) associated with the
dopant CF3SO;— (Fig. 1). After 8 months storage time
in air, a very similar absorption spectrum is obtained
which bears out the long term stability.

The undoped PMeT behaves in the same way. After
8 months storage in ambient air, neither oxygen
nor H,O could be detected, in contrast to polypyrrole

¢ Electrochemical Society Active Member.
Key words: organic conducting polymer, thin films, stability.

Table 1. Physicochemical and electrical properties of a
SO3CF3~ doped PMeT just after synthesis and after being kept
8 months in air.

Physicochemical Just after Kept 8 months
properties synthesis in air
Microanalysis
(anion doping level 25% 24.5%
per monomer unit)
Conductivity
g (Q-em-?) 12 10

which has been shown to be very sensitive to oxygen.
Furthermore, PMeT can be doped again after 8 months
by electrochemical oxidation to the same level as be-
fore, about 25-30%.

PT and P(Me).T show the same interesting stability
characteristics, compared to the experimental precau-
tions which must be taken with other types of organic
conducting polymers.

These materials have great thermal stability; 200°-
250°C in air and 700°-800°C in inert atmosphere or
vacuum. They are stable in concentrated acidic
medium but are slowly attacked in basic solution.

The stability under electrochemical treatment was
also studied. PP and PMeT were polarized between
their oxidized and reduced neutral states during 20
cycles in CH3CN-N (Bu)4PFg medium. Their I-V and
XPS characteristics were recorded before and after
this polarization (Fig. 2 and 3).

With PP, the oxidation and reduction peaks are not
well defined and XPS spectra are greatly modified:
the peak due to P is no longer detected, the intensity
of the F peak decreases, but the O peak increases.
Similar results were recently obtained by Salaneck
et al. (7) and Street et al. (8).

These results show that the dopant PFg— is replaced
by O during the electrochemical treatment. The au-
thors do not agree with the results of Street et al. (8)
who proposed that a complex is formed between the
oxygen and the nitrogen atom of the cycle: only one
nitrogen chemical type was always detected. The same
result was also observed with the carbon element. So
oxygen must have the same doping property as Iz or
ASF5.

In contrast, PMeT exhibits good electrochemical
stability as shown by the same I-V curve and XPS
spectra before and after polarization. Two parameters

T%

o
4000 3000 2000 o oot 1000

Fig. 1. Infrared spectra of an SO3CF3~ doped PMeT a) just after

synthesis; b) after 8 months in air.
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Fig. 2. 1-V curves and XPS spectra of thin PMet grafted on Pt
sweep rate, 50 mV/sec; electrolytic medium, CH3CN-N(Bu)4PFg
10—1 M/liter; XPS spectra, AEl with Mg anticathode; kinetic en-
ergy, 1253.6 eV. a) XPS spectrum just after polymerization; b) XPS
spectrum after 20 cycles between oxidized and reduced states.

appear to be important for obtaining stable polymers;
their oxidation-reduction potentials and their chemical
reactivity. In Fig. 4, the authors have reported the oxi-
dation and reduction potential ranges of several poly-
mers together with the Oz reduction potential and the
H,O oxidation potential. The scheme clearly shows
why PP, for example, is not stable in its undoped (re-
duced) neutral state: it lies close to the Oy reduction
potential and will be slowly oxidized by O, to a con-
ducting state which is the electrochemical stable form.
In the same manner, PPP, with a very high oxida-
tion potential (4-1.6V), higher than the oxidation po-
tential of water, should be not stable to HyO in its
doped state but should be stable in its neutral form.
With this scheme, PMeT and PA should be stable in
both states due to the fact that their oxidation-reduc-
tion potentials lie between those for Oy reduction and
H,0 values. This is verified in the case of PMeT but
not with PA. In this last case with PA, the other impor-
tant parameter is the chemical reactivity of the mate-
rial. It is composed of linear chains with an alternation
of single and double bonds. Chemical reaction of Oz with
a double bond can easily occur and leads either to
oxygen bridging between chains or to a break down
of the chains. There is no more n electron delocaliza-
tion and the electrical properties are greatly affected.
In contrast, PMeT is more stable to O», as the authors
have seen. This stability must be related to the bridging
of the polymer double bonds by the sulfur hetero atom.
In conclusion, electrochemically generated PT and
derivatives show good stability to O» and moisture in
both doped and neutral states. Compared to other poly-
mers such as PA or PP, where drastic conditions must
be employed to avoid exposure to air and moisture,
these new polymers appear to be very attractive.
Their stabilities argue for exploitation of the very
promising electrochromic properties that the authors
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Fig. 3. Same as Fig. 2 but for polypyrrole instead of PMeT

oxidation reduction
H,0 ()f
: (-ZV)
r v DPP:
T PMeT,
RPR PMeT [FA 11 PP IPP
I u i 1 |
& 11 1
<
12 0.8 0.4 0o -04

E -Volts/sce

Fig. 4. Oxidation and reduction potentials of several polymers
campared with Qs reduction potential and H2Q oxidation potential.
(PP, polypyrrole; PA, polyacetylene; PPP, polyparaphenylene; PMeT,
poly-3 methyl thiophene). Solid line, oxidation; dashed line, reduc-
tion.

have recently observed (9). It must also be pointed out
that these polymers can be obtained either in thin-
grafted films or as thick deposits with a very high
reproducibility.

Manuscript submitted March 17, 1983; revised manu-
script received June 22, 1983.
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An Analytical Solution of the Nonsteady Convective Diffusion
Equation for Rotating Electrodes

C. Deslouis, C. Gabrielli, and B. Tribollet

Groupe de Recherche No.4 du CNRS, Physique des Liquides et Electrochimie, associé a I’'Université Pierre et Marie Curie,
75230 Paris Cedex 05, France

In electrochemistry, the study of mass transport is
often carried out by means of rotating electrodes. The
development of nonsteady-state techniques such as
electrochemical (1, 2) or electrohydrodynamical (3, 4)
impedances leads to derivations in which increasingly
more complex forms of the convective diffusion equa-
tion are involved.

So far, this equation has only been analytically
solved in a few cases. However, an analytical solution
can be interesting, especially for performing a fitting
procedure on experimental data. Therefore, in this
paper an approximate analytical solution of the con-
vective diffusion equation is given in the vicinity of a
rotating electrode. This derivation is applicable both
to steady-state and nonsteady-state (impedances)
conditions, as will be demonstrated by some examples,

The convective diffusion equation is generally writ-
ten as

ac > -
;:szc—Vgradc [1]

where c¢ is the concentration of the diffusing species,

5
D the diffusion coefficient, and V the fluid velocity, the
normal component of which is proportional to the
square of the distance to the electrode. For a sinusoidal
modulation of small amplitude, the concentration is

(G=v-1)
where ¢, is the steady-state concentration, and « the
angular frequency.

By using a concentration U, 4 8U exp jwt, a normal
coordinate m, and a frequency K put into a dimension-

less form according to the geometry, the nonsteady
part of Eq. [1] can be generally written as

23U , ddU
—_— a
px + an

with boundary condition

¢ = Co + 8C exp juwt

— (bn + jK) 8U = f(n, JK) [2]

8U->0 when n-
By means of the variable change
x=(b+a)iy [3]
s=(b+a)2B3Kj [4]
and the function change
a x3
,8) = 8U (x, ( —_— —) 5
¢ (x,8) (x,5) exp +a+b s [5]
Eq. [2] leads to
d2¢ (
S
dx2 T
where

g(x,8) = (b4 a)~23 f(x,s) exp(

a+bd

a xﬂ)
a+b?

7+8)¢=g(7c.s) [6]k

By the above procedure, 0 = x = 1, so x > x%, and
we must consider the following cases: at mean and
high irequencies |s + x| >> x* and the term

a x4
— ¢(x,s) can be neglected. At low frequencies,
a+t+b 4
. a xt
we can substitute for the term 5 zq&(x,s) the
. . a
first term of its Taylor expansion in s (z.e.,
a+b

x4
3 ¢ (x,0) ) with

% 0) = Uy () exp(—— =)
X, = X) ex =
7 4 P\TFo B
In Eq. [5], indeed, 8U (x,0) may be replaced by the
stationary solution U, (x).
Hence, Eq. [6] becomes
d2¢

F—(x+5)¢_g(x ,$)

a X4U() ( a x3) o
— X) ex —
* a+b 4 ° P a+b 6
The homogeneous equation derived from [7] is an
Airy’s equation whose solution is an Airy function
Ai(x + s) of the first kind according to the boundary
condition.
The solution of full Eq. [7] may then be put as

= Ai{x + s} - q(x,8) (8]

and one finds

Ai{x + s} * @" + 2AV{Xx + s} - ¢

a x3) 9]
7o e/ ¢

@ =Ai~2{x + s} - Y(,5) [10]

cra+—— Zum (
= X S —_— — Up(x
OO+ + o exp -
If

then
Y'(x,8) = Ai{x + s} -

o)+ —— Z um ( £ "3) 1]
K8) A e il

Hns s e o S (R
Hence

8U (x,s8) = exp (-— —%b— —6-)At{x + s}

S i a2 [ [laie+ 90w oa
5 o 225 g (¢, s)d¢

¢ a
+ Ki(s) + fo Ai{g + s} - b Uo (&)

( +
exp
a b

3
-56—)(15' + Ko(s) ] dt 4 Ks(s) } {12}
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K(s) is obtained by using the boundary condition at
the electrode surtface (x = 0) which depends on the
analyzed problem. The boundary condition at infinity
(x = ) leads to

Ki(s) = — "; Ai{g + s} g(¢,8)d¢ [13]
and for low frequencies
= 5 ’ a e"‘ ’
Ko(s) =—fo Ay + s} oy TUo(e)
(= &) na
P \Z+o 6

If Ai{¢’ + s} is expanded as a Taylor series
Ai{g 4 s} = Ai{¢} + sAV{E}
sﬂ
4ot ;’Aiﬂ{E') +... [15]

K, (s) can be calculated as

sl.'l
K,,(s)=1°+sl,+...+;!-1n+... [16]
where
sn ffo a ¢
In=—— ) Ain{g — U (¥
m‘fo z{”a+b y o (¢)
e 3
—dg [17
expa_|_b 5 ¢ [17]

The corrective term K,(s) can be determined when
the stationary solution U,(x) is known. For mean and
high frequencies Kq(s) = 0.

Diffusion impedance for a rotating disk electrode—A
numerical solution of this problem has been given by
Levart and Schuhmann (5). In that case, the relevant
values of the parameters in Eq. [2] are, for large value
of Sc,a =1,b =0, f(n,jJK) = 0, and n = (0.51023
Sc)1/3 \/Q/v 2. For a single electron transfer process
the current may be written as

I=nFAkcy(0) exp (aV) [18]

A is the electrode area, F the Faraday number, k the
reaction rate, and o the Tafel slope.
The diffusion impedance Zp is then defined as

1 b&c 1 dc
Zp(8) = =— — | = — s lo
aCe OI nFDAac, 9(0c)
° 02 o
[19]
where
1 dU
Zp(s) = . C [20]
nFDAa, 9oU ax
x |o oz

The exact solution of the stationary problem with
the boundary conditions

Us(x) >0 when x=

Uos(0) =1 when x=190

j‘x t3
, €XP (—-3—)dt

Us(x) =1 — — : [21]

is

After Eq. [12], the nonstationary solution is
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3
dU(x,8) = exp (— % )Ai{x + s}
J"x . s f€ R €'4
{ , (Aie+s) [ o AHE + 8} Uo(®)

3
exp (%) de + Ko(s) ]de + Ka(9) } (22]

where

© 5'4 '3
Ko(s) = — fo A + s}—4—Uo(s') exp(is—)de'

[23]
K =—— (U,s) =1 24
2(8) ) (u(o,s) ) [24]
Hence
1 Ai{s} 1
Zp(s) = — :
nF DA ac,al/3 Ai{s} Ko (s)
A (8)
[25]
From Ref. (10)
Ai'(s) = — 0.25882 (1 4 s3/3) + 0.35502 s2/2
and from Filinovskii et al. (6)
Ai(s) 1877 + s
Av(s) T 1+s 1261

After computation of I,, I, Is, I3, by Eq. [17] one can
get for |s| < 1 the expression of Zp

12514 /1877 +s
nF DA ac, ' 145

+0.07591 s — 0.07392 s2 + 0.06769 s3) [27]
When |s| > 1, Ko(s) = 0 and the Eq. [27] is simplified

Zp = — (0.93844

1.2514 1.877 4+ s
ZD = — \/ i [278]
nFDAac, 1+s
whence the asymptotic expression of Warburg
Zp —s~%

For comparison, the values of the real (X,) and
imaginary (Y,) parts of the diffusion impedance cal-
culated by Levart and Schuhmann (5) are given in
Table I along with the values calculated from Eq. [27]
and [27a]. Agreement is good over the whole fre-
quency range,

Electrohydrodynamical impedance for a rotating
disk electrode.—The electrohydrodynamical impedance
is the transfer function between the sine wave modu-
lation of the rotating speed and the response of the
electrochemical interface.

The convective diffusion equation is Eq. [2] where
a=1>b =0, and f(n,jK) = n2 exp (—43/3). The
analytical solution is given in Ref. (8).

Diffusion impedance on a hemispherical rotating
electrode.—Recently this problem has been analyzed
by Chin (9). The author has showed that the adimen-
sional concentration M can be expanded in a spherical
coordinate system as a function of the angular co-
ordinate ¢

M = [M((2) + 62M;(2) + ...] efKSHe/r [28]

The notations used are those of Ref. (9), where 7 is
the adimensional time and v = Ot (Q is the angular
rotation speed). The convective diffusion equation is
then equivalent to the system
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Table I. Real and imaginary components of the diffusion impedance
on a rotating disk electrode

Numerical Analytical
From (5) From Eq. [25]
1.566 K Xo -Yo Xo =Y.
0.01 1.6109 0.010 1.611 0.010
0.02 1.6107 0.0199 1.611 0.021
0.05 .6090 0.0498 1.6v9 0.052
0.07 1.6071 0.0696 1.607 0.073
0.1 1.6033 0.0992 1.600 0.104
0.2 1.5806 0.1944 1.574 0.204
0.5 1.4431 0.4314 1.426 0.445
0.7 1.3205 0.5353 1.302 0.553
1 1.1362 0.6183 1.125 0.663
2 0.7304 0.5999 0.7098 0.5962
5 0.4097 0.3961 0.4082 0.3939
7 0.3419 0.3344 0.3406 0.3332
10 0.2840 0.2797 0.2828 0.2789
2y 0.1998 0.1978 0.1987 0.1974
50 0.1263 0.1250 0.1253 0.1250
70 0.1068 0.1058 0.1059 0.1057
100 0.0896 0.0884 0.0886 0.0884
2 0.0635 0.0626 0.0626 0.U626
500 0.0404 0.0396 0.0396 0.0396
1000 0.0287 0.0280 0.028 0.028

From (5) (Sc— «).
From Eq. [25] with LF correction.

d2M; dM,; .
——— + 0.51023 22Sc — jKSc2/3 My =0 [29]
dz? dz

2

3 dM;
—— + 0.51023 22Sc
dz?

— (1.02046 zSc

dM,
+ jKSc2/3) Mg = 0.52762 22Sc [30]

with the boundary condition in 2 = 0: dMi/dz = —1
and dM3/dz = 0.

These equations have been numerically solved in
(9). However, by using the previous derivation an ap-
proximate analytical solution can be obtained. Equa-
tion [29] is equivalent to Eq. [2] where a = 0.51023 Sc,
b = 0, and f(n,K) = 0. This problem is similar, as
mentioned by Chin, to that of the diffusion impedance
on a rotating disk electrode. However, the boundary
condition in z = 0 (dMy/dz = —1) is different from
that given previously.

The solution of Eq. [29] for K = 0 is then

M;°(z) Scl/3 = 1.611

2 0.51023 Sc
— Scl/3 o €XP ——3——53 d: [31]

dM,° ( 0.51023 Sc )
w\-— 7

and

dz

Equation [30] is equivalent to Eq. [2] where ¢ =
0.51023 Sc, b = 1.02046 Sc, and f(z,Kj) = 0.52762
22 ScdM,/dz.

For K = 0, an approximate analytical solution of
the Eq. [30] is

a
Mj° (2)Scl/3 = 0.20682 Scl/8 2 exp( — 3-23)

az3 ) 132]
6

By the way described in the first part of this paper,
an analytical solution of Eq. [30] can then be calcu-
lated. In the low frequency range by using a Taylor
expansion, we obtain

M30Scl/3 = (0.246 — 1.19K2) — j0.53K  [33]

+ 0.69337 Ai{ (3a)1/32} exp(

For |s| > 1, then for K > 0.6 K,(s) = 0 and the ana-
lytical expression of M3Scl/3 can be used
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Table I1. Values of M3g Sct/3

Analytical Numerical
from Eq. [33) Ref. (9)

K Real part Imaginary part Real part Imaginary part

0.01 0.246 —-0.0053 0.24324 —0.00543

0.015 0.2457 —0.00795 0.24309 —0.00760

0.02 0.2455 —0.0106 0.24297 -0.01013

0.03 0.2449 —0.0159 0.24258 -0.01519

0.04 0.2441 -0.0212 0.24207 -0.02021

0.06 0.2417 —-0.0318 0.24066 —0.03022

0.08 0.2384 —0.0424 0.23868 —0.0400

0.1 0.2341 —0.053 0.23617 —0.04967

Analytical Numerical
from Eq. [35] Ref.(9)

8 0.00206 0.000013 0.00216 0.00011
10 0. 00132 0.000007 0.00136 0.00001
20 0.000: 0.0000006 0.00033 ~0
30 0. 000147 0.0000002 0.00015 ~0
40 0.600083 0.0000001 0.00008 ~0
60 0.000037 ~0 0.00004 ~0
80 0.000021 ~0 0.00002 ~0

100 0.000013 ~0 0.000013 ~0
150 0.0000059 ~0 0.000006 ~0
MgoScl/3 =

&, 55 x
. X2Ai{x + s} At { Y + 32135 } dx
—1.294 - : [34]
0 Ai{s} AV{32/3s})

For large value of K, an equivalent of M3,Sc!/3 can be
obtained by substituting the Airy’s function by their
expansions (10).

0.132  0.0223
Tk

The agreement is very good with the numerical solu-
tion given in (9) for K = 10 (see Table II).

In conclusion, analytical solutions of the convective
diffusion equation have been derived for fluid flows
of the same type as the rotating disk system. These
solutions corresponding to the general Eq. [12] are
complementary to a numerical solution of a problem.
They clearly establish the asymptotic behavior and
they can be used for a fitting of the parameter to the
experimental results. [Sc, for instance, and electrical
elements of the equivalent circuit in impedance mea-
surements (2)].

Three applications have been presented in this note;
however, this derivation can be applied to the im-
pedance problem for a ring electrode, a cone electrode
or a Couette flow. More generally, this type of deriva-
tion could be extended to any axisymmetrical problem,

M3¢Scl/3 = — [35]

Manuscript submitted April 17, 1981; revised manu-
script received June 17, 1982.
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Evaluation of Crystalline Quality by Ultraviolet Reflectivity
Measurement (UVRM)

T. ltoh* and H. Takai
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ABSTRACT

The damage distribution in ion-implanted silicon and the crystalline quality of epitaxial films are evaluated by de-
tecting the reflectivity change in a sample at 275 nm with reference to the reflectivity at 330 nm, and experimental results
are compared with the Rutherford backscattering spectra. The damage distribution induced by P* implantation is clearly
distinguished from that by Si* implantation in both P*- and Si*-implanted samples. The recrystallization process of the
Sit-implanted region is identified by UVRM. The distribution profile of crystalline imperfection in a silicon epitaxial film
on a porous silicon layer is evaluated by UVRM, and is in good agreement with the depth profile of dechanneled fraction

obtained by RBS measurement.

Since ion implantation became an indispensable
technique to fabricate silicon devices, many workers
have attempted to investigate the damage distribution
and the recrystallization process in ion-implanted
regions. Successive results can be obtained by Ruther-
ford backscattering (RBS) measurements and trans-
mission electron microscope (TEM) observations, but
it is difficult to obtain accurate depth profiles of the
damage distributions and the recrystallization in the
region of interest.

The optical reflectivity measurement coupled with
stripping of surface layers by anodic oxidation is one
of the most practical techniques for obtaining the depth
profile of crystalline imperfection in silicon (1-3).
The crystalline damage induced by the ion implanta-
tion causes variations of the optical parameters of
silicon. The optical reflectivity of the crystalline sili-
con show sharp peaks at the wavelengths of 275 nm
and 340 nm, which correspond to the threshold energies
for the direct interband transition at x and I points,
respectively. On the other hand, the reflectivity at
330 nm changes only 1-3% for the state from the
single-crystal to amorphous. Evaluation of the
crystalline imperfection by UVRM presented in this
paper is based on detecting variations of the optical
reflectivity in samples.

The authors have developed an apparatus for mea-
suring UV reflectivity, and have investigated the dam-
age distribution profiles in ion-implanted silicon wafers
by measuring the relative reflectivity at 275 nm with
reference to the reflectivity at 330 nm. In addition,
the authors have applied UVRM to evaluate the
crystalline quality of silicon epitaxial film grown on
a porous silicon layer. Profiles of the crystalline im-
perfection obtained by UVRM are compared with
results obtained by RBS.

Experimental
Figure 1 shows the apparatus developed in order
to measure variations of UV reflectivity on a sample
surface. The system consists of a monochromatic light
source, reflectors, and a detector. The incident light
transmits through the half mirror and the polarizer

* Electrochemical Society Active Member.

and is reflected on the sample surface. The intensity
of reflected light is detected by the photomultiplier.
The intensity of incident light is monitored by a solar
cell. The system is set in a box filled with dry N, gas
to reduce the absorption of UV light by oxygen in
air. In this optical system, the reflected light intensity
I is given by the following relation

I =Tum X Tp? X Rum X Rs® X Rr X Ii

where Tyym and Tp correspond to the transmissivity of
the half mirror and the polarizer, and Rum, Rg, and
Rg to the reflectivity of the half mirror, the reflector,
and the sample surface, respectively. The crystalline
imperfection in surface region of a sample is defined
as the following equation

Ic()tl)/Ic(}Vz) — Is (M) /15 (he)
I () /1c(h2) — La(h1) /12 (h2)

where I(%;) and I(22) correspond to the reflected light
intensities at 275 and 330 nm, respectively, and
c and a denote the control samples for the crystalline
and amorphous, respectively, and s to the sample under
test. Values of the crystalline imperfection given by
this method have a correlation to the density of de-
fects and the degree of damage in a sample. Optical

Imperfection =

Monochromator

Solar Cell
@ C1
Xenon 1 /1, |Half Mirror (Rem,Tum )
Lamp / Polarizer ( Tp ) Reflector(RRr )
[ 70}
Chopper / 1
PM. C2  sample(Rs )

L. to Lock-in Amp.

Fig. 1. Schematic diagram of the apparatus for UYRM. Cy, Cs:
collimator, P.M.: photomultiplier.
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parameters depending on the system are eliminated
by calculating the difference of the reflected light
intensities between the measured sample and the
control samples. The experimental errors due to the
surface contaminations can be minimized by calculat-
ing the ratio of the reflected light intensities at 21
and Ag. A depth profile of the crystalline imperfection,
i.e.,, crystalline damage and quality in a sample, is
obtained by successive reflectivity measurements fol-
lowed by the anodic oxidization and stripping of sur-
face layer. In the anodic oxidation process, a mixture
of N-methylacetamide (NMA) and potassium nitride
(KNOg3) is used as the electrolyte in order to form
constant oxide thickness in silicon wafers with vari-
ous impurity concentrations and defect densities. The
depth of stripping by each anodic oxidization process
was defined as an averaged value calcylated from
total etched depth and numbers of anodic oxidization.

To investigate distribution profiles of damage in-
duced by ion implantation, P* and Sit were im-
planted into (100) oriented silicon wafers at room
temperature. Thermal treatments at various tem-
peratures were performed in dry N2 gas for 10 min.
Crystalline quality of silicon epitaxial film was also
evaluated by UVRM. A silicon film with a thickness
of 200 nm was grown on a porous silicon layer by
means of the plasma dissociation of pure silane (4).
A porous silicon layer of 2 um was formed in a p-type
silicon wafer with a resistivity of 0.003 Q-cm by
the anodization in 50% HF solution. The anodic cur-
rent density was controlled at 5 mA/cm?2 Damage
distribution profiles and the recrystallization process
in ion-implanted regions, and the crystalline quality
of epitaxial film were also evaluated by RBS with
400 keV 3He*.

Results and Discussion

Figure 2 shows an aligned and a random RBS
spectra from a P+- and Sit-implanted sample. Silicon
ions of 5 X 1014/cm2 were implanted with the energy
of 140 keV before P+ implantation of 5 x 1014/cm?2 at
100 keV. These spectra show only that the amorphous
state is formed by the ion implantations except for
the surface region. On the other hand, the depth pro-
file of the crystalline imperfection in the same sample
obtained by UVRM indicates, as shown in Fig. 3, that
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Fig. 2. Backscattering spectra of P+ and Si*-implanted silicon.
Silicon ions of 5 X 1014/cm?2 are implanted with the energy of 140
keV before P+ implantation of 5 X 1014/cm2 at 100 keV.
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Fig. 3. Depth profile of the crystalline imperfection in P*- and
Si*-implanted sample.

the amorphous state is not formed in the ion-implanted
region. Two peaks of the crystalline imperfection are
clearly detected by UVRM at the depth of 80 and
200 nm. These peaks seem to correspond to distribu-
tions of damage induced by P+ and Si+ implantation,
respectively. It is revealed that UVRM has high resolu-
tion upon the degree of damage compared with RBS
measurement.

Figure 4 shows RBS spectra of Si*-implanted sili-
con. Silicon ions of 1 X 1015/cm? were implanted with
the energy of 110 keV. The aligned spectra after the
ion implantation seem to indicate that the amorphous
region is formed in the implanted region except for
the surface layer of 40 nm. After the annealing at
500°C, the aligned spectrum of the implanted region
shows that the recrystallization proceeds from the
surface region in addition to the recrystallization from
the substrate. The aligned yield from the implanted
region decreases with increasing the annealing tem-
perature, however, the depth profile of residual dam-
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Fig. 4. RBS spectra of Si+-implanted silicon. Silicon ions of
1 X 10!5/cm2 were implanted with the energy of 110 keV, and
annealed at 500°, 700°, 900°, and 1000°C for 10 min.
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age after the annealing above 700°C cannot be de-
termined in these spectra.

Depth profiles of the crystalline imperfection in
the same samples obtained by UVRM are shown in
Fig. 5. It is evident that the amorphous state is not
formed by Si* implantation with a dose of 1 x 1015/
cm?, and that the degree of damage in the surface
region of 40 nm is less than that in the region be-
tween 40 and 240 nm. It is considered that the
amorphous state was not formed in the implanted
region because of increase of the substrate tempera-
ture during the ion implantation. As observed in RBS
spectra, it is evident from UVRM spectra that the
recrystallization proceeds from the substrate toward
the surface, and that the recrystallization also takes
place from the surface by the annealing at 500°C. It
is clear that the damage induced by the ion implanta-
tion remains in the region between 80 and 180 nm.
In the case of the annealing at higher temperature,
the residual damage can be detected by UVRM. The
implanted region is recrystallized mainly from the
substrate toward the surface by the annealing above
700°C. After the annealing at 1000°C, the damage
still remains in the surface region of 100 nm, and
it is considered that the surface region is not recrystal-
lized completely because the crystalline quality of
this region, that acts as a seed for the recrystalliza-
tion from the surface, is poor compared with the sub-
strate. The annealing for a longer time is required
for the complete recrystallization of the implanted
region.

The depth profile of both the crystalline imperfec-
tion obtained by UVRM and the dechanneled fraction
by RBS in the epitaxial film on a porous silicon layer
are shown in Fig. 6. Dechanneled fractions were cal-
culated from the ratio between the aligned yield and
the random yield at the same depth, and have a
correlation to the defect density. A large value of the
dechanneled fraction near the interface indicates
existence of a transition region from the porous struc-
ture to a uniform epitaxial film, where micropores
are pinching off quickly according to the film growth.
A tendency of increase of the crystalline imperfection
given by UVRM is in good agreement with the dis-
tribution profile of the dechanneled fraction obtained
by RBS measurement. It is revealed that UVRM is
also available in the evaluation of the crystalline
quality of silicon epitaxial films.
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Fig. 5. UVRM spectra of Sit-implanted silicon
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Fig. 6. Comparison between the crystalline imperfection given by
UVRM and the dechanneled fraction by RBS measurement. Silicon
film of 0.2 um was grown on a porous silicon layer of 2 um. A
shows the crystalline imperfection of original surface of the porous
silicon layer measured before the epitaxy.

Conclusion

Ultraviolet reflectivity measurement is an excellent
technique for the evaluation of the crystalline qualities
of epitaxial films and damage in ion-implanted regions.
Though the dependence of the optical reflectivity on
the lattice damage is not well identified, it is con-
sidered that the aligned yield obtained by RBS mea-
surement depends on the density of atoms displaced
from the crystalline sites, and that the reflectivity
change at 275 nm is caused by the increase and broad-
ening of state density near the conduction band
bottom to the lower energy side by the lattice dam-
age. Accordingly, the degree of crystalline imper-
fection given by UVRM does not always agree with
the experimental results obtained by RBS measure-
ment, but detailed distribution profiles of the crystal-
line imperfection in silicon can be obtained by
UVRM with successive stripping of the surface layer.

Manuscript submitted Oct. 22, 1982; revised manu-
script received May 31, 1983.
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ABSTRACT

An explanation is presented for the (100) texture and <100> orientation observed in Si graphoepitaxy by laser and strip
heater recrystallization. With radiational heating, solid crystalline ribbons and islands, having a predominance of (100) tex-
ture, can coexist with molten Si. Crystallites with (100) texture and <100> parallel to the axis of a surface-relief grating are
preferentially retained in partially molten regions, and these crystallites seed subsequent solidification, yielding the overall

orientation.

In earlier papers (1-4), experiments on a type of
graphoepitaxy in which amorphous or polycrystalline
Si films were deposited over surface relief gratings in
SiO; and then recrystallized® using a scanning laser
beam or a strip heater oven were described. The re-
sulting films were composed of large grains with (100)
texture and a preferred orientation of <100> crystal-
lographic axes along the grating axis. In this paper,
we present an explanation for this texture and orien-
tation [see also Ref. (4)].

The initial silicon graphoepitaxy research (1, 2)
utilized a CW Ar-ion laser to recrystallize amorphous
or polycrystalline silicon deposited over surface relief
gratings of 3.8 um spatial period in fused silica. A
(100) texture and orientation of a <100> direction
relative to the grating axis were observed only if
recrystallization was carried out in an oxygen contain-
ing ambient (generally air was used). The oxygen
caused an SiO; layer or cap, ~100 nm thick, to form
over the Si. The (100) texture and <100> orientation
showed angular spreads of ~+2° and ~=*10°, respec-
tively (1-3). The orientation effect was reduced if the
grating profile was degraded. Over a narrow range of
laser power the silicon appeared to be partially molten
and only under these conditions was orientation ob-
served. (The partially molten condition was apparent
in an image formed with the laser beam reflected off
the sample.) If the silicon was fully melted, or if the
recrystallization was carried out in an inert gas, or
nitrogen, no orientation or texture was observed.

When these results were initially reported, there was
considerable skepticism that a silicon film, heated by
laser radiation, could exist in a partially molten con-
figuration. However, recent work by Bosch and Lemons
(5-7) and Biegelson and Hawkins (8, 9) has shown
that one can indeed achieve a stable configuration of
solid silicon crystallites in a pool of molten silicon,
provided that the silicon is heated radiatively. This
liquid-solid coexistence is stable only when the Si is
contacted on both sides by an oxide. (The oxide on the
top side can form in an O containing ambient such as
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TWe' use the term “recrystallization” to encompass both the

traditional meaning (solid-state processes involving grain nuclea-

tion and/or growth) and melting followed by solidification, in ac-
cord with recent usage.

air, or be deposited.) The silicon crystallites are
generally a few micrometers wide and have charac-
teristic elongated shapes. They have been variously
referred to as ‘“filaments,” “lamellae,” or “worms”
(5-9). However, since the solid extends through the
thickness of the film, which is usually 5-10 times
smaller than the width of the crystallites, we will refer
to elongated crystallites as solid ribbons and to isolated
segments of roughly equal length and width as solid
islands. The width of the ribbons is remarkably con-
stant, as is their spacing, if ribbons are densely packed.

Figure 1 illustrates the pattern of ribbons and islands
in a film heated in air with an Ar-ion laser. As dis-
cussed below, it is believed that the <100> graphoepi-
taxial orientation effect is a product of the interaction
of such ribbon and island crystallites with the surface
relief grating.

The configuration of solid crystallites separated by
molten Si is stable in that the fraction of material that
is solid and the fraction that is liquid remain constant
with time, for constant laser power input. Under Ar
ion laser irradiation, the individual ribbons change
shape with time and appear to move about. In some
cases, small crystallite islands appear to break off
from ribbons and move independently through the
melt. Such motion is only apparent; the solid material
itself is fixed relative to the substrate and cap. As
material solidifies on one edge of a crystallite an equal
amount tends to melt from the opposite edge, giving
the appearance of motion. Careful observation has
shown that ribbons and islands do not nucleate spon-
taneously in the melt. They are either unmelted rem-
nants of the polycrystalline material, or they are the
product of growth from unmelted crystallites.

Hawkins and Biegelson (8, 9) have presented a
theoretical model to explain the dynamic stability of
the partially molten configuration. This model takes
into account the large increase in reflectivity of Si
when it melts (a semiconductor-to-metal transition).
The power density required to maintain a pool of
fully molten Si, P,, is higher than the power density
required to heat solid Si up to the threshold of melting,
Py. At any power density intermediate between P; and
P,, the fraction of the film that is in the solid phase is
intermediate between one and zero. If silicon is melted
nonradiatively, such as by thermal conduction (9) or
an electrical discharge (10), no ribbons or islands
form.
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Fig. 1. Ar* laser irradiated area of a ~1/2 um thick poly-Si
film on fused silica. (a, top) Optical micrograph made from the
back side in reflected light. Solid Si appears dark, molten Si
appears bright. (b, bottom) Optical micrograph made in reflected
light from the front side [a different sample than in (a)]. A thin
SiO2 encapsulation layer is formed in the air ambient. The granular
appearance on the perimeter of the partially molten region probably
indicates solid-state recrystallization or grain growth. Some islands
in the partially molten region also have a granular appearance
suggesting they have remained unmelted.

For an elliptical laser spot, such as shown in Fig. 1,
ribbons extend inward from a perimeter of poly-
crystalline silicon. The material on the perimeter has
a rough, granular appearance, as shown in Fig. 1b.
This suggests that rapid solid-state recrystallization or
grain growth (11) occurs in this material, which is
close to the melting temperature. If so, the grain size
appears to be of the order of micrometers, which is
much larger than the size of polycrystalline grains

away from the high temperature region ( < 0.1 ym).
If the laser power is increased, the perimeter expands
and the central region can become fully molten. As the
laser power is decreased, the solid ribbons grow in-
ward, leading eventually to complete solidification.
The solid ribbons and islands tend to be parallel-
sided and take on shapes with angular features close
to 90°, suggesting (100) texture (see Fig. 1). As de-
scribed elsewhere (10) and below, x-ray measure-
ments, taken after solidification of the partially melted
“transition region,” confirm a predominance of (100)
texture. The development of (100) texture among
solid ribbons and islands may be explainable by ther-
modynamic arguments. It is speculated that the inter-
facial energy between Si crystallites and the SiOs of
the cap and substrate is lowest for crystallites with
(100) texture. Although there is no direct proof that
this interface is the least energetic, it is well known
that it has the lowest densities of fixed oxide charge
and interface electronic states (12). Also, oxidation-
enhanced diffusion and the rate of growth of stacking
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faults are maximum for (100) Si-SiO; (13). We do
not believe a direct calculation of the interfacial energy
would be meaningful in the absence of an experi-
mentally verified model for the Si-SiO; interface.

Given that Si crystallites with (100) planes parallel
to the cap and substrate oxides have the lowest sur-
face-energy contributions to their total energy, grains
with (100) texture should dominate in solid-state
recrystallization or grain growth immediately prior to
melting. Also, (100) textured crystallites, isolated by
partial melting, will have a slightly higher melting
temperature (~10-2K if one assumes a surface-
energy difference of 0.01 J/m? for (100) Si-SiO;, as
shown in the Appendix). Since the temperature of the
entire partially molten region is stabilized by the
mechanism described by Hawkins et al. (9), even this
small difference in melting temperature might lead to
preferential retention of (100)-textured crystals. Re-
gardless of whether solid-state grain enlargement or
melting-temperature differential is responsible for
preferential retention of (100)-textured crystallites, if
a surface relief structure of square-wave cross section
is present, unmelted crystallites having (100) texture
and <100> directions perpendicular to (and therefore
also parallel with) the grating axis should be prefer-
entially retained (14, 15).

Recently, we studied laser recrystallization over
surface relief gratings (3.8 um period, 0.1 um depth,
square-wave cross section) in SiOs using an Ar-ion
laser and an apparatus that permitted optical micros-
copy during laser irradiation (5-7). As the laser
power was increased and total melting approached, the
last crystallites to melt were located along the grating
corners, and these tended to have oriented, square
shapes (Fig. 2), suggesting <100> orientation along
the grating axis. Also, ribbons tended to be parallel to
the surface relief grating. When molten Si came in
contact with the relief grating in SiOs, the profile was
very rapidly rounded due to plastic flow at the high
temperature (1412°C). Grating profile was preserved
only underneath those crystallites which had not been
melted (Fig. 2). We believe such unmelted crystallites
seed solidification. Since the resolidified material is
oriented with <100> predominantly along the grating
axis, the seeds from which it originated must also have
been oriented. Thus, orientation can take place only if
the seeds are located on a grating whose profile has not
been degraded by plastic flow. This speculation is fully
consistent with earlier observations that total melting
eliminated orientation (1-4).

In the initial experiments using a stationary strip
heater oven (3), larger grains were obtained than in
the case of the laser and somewhat narrower angular
spreads in the texture (~=0.5°) and azimuthal orien-
tation (~=5°). The Si films were intentionally capped
with ~2 um of SiOs, rather than a natural oxide.
Recently, we investigated the mechanism of orienta-
tion for the case of strip heater Si graphoepitaxy, using
substrates of thermal SiO; over silicon wafers. Grat-
ings of 3.8 um period were etched into the SiOs over a
central 1 cm?2 region prior to deposition of 0.5 ym of
Si and a cap of 2 um SiOs, 30 nm SizN4. Using a
stationary strip heater, samples were preheated to
1100°-1300°C on the lower strip and then radiation
from the upper strip melted an elliptically shaped
molten zone, which grew radially at 10-100 mm/sec.
When the power to the upper strip was turned off, the
molten zone solidified rapidly. If this resolidification
took place after the elliptically shaped molten zone had
grown beyond the area of the grating, (100) texture
was observed, but no orientation relative to the grat-
ing. (This is consistent with the observation discussed
above that total melting destroys the grating and
eliminates orientation.)

After resolidification, three distinct zones are
clearly discernable: zone 1, a central region that had
been fully melted and resolidified, composed of large
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Fig. 2. Art laser irradiated area of @ ~1/2 um thick poly-Si
film on a fused silica substrate in which a 3.8 um-period surface
relief grating has been etched to a depth of 0.1 um. Photographs
have been taken from a TV monitor. Corners of groting appear as
dark lines at the edge of crystallites. (a, top) Note that grating
profile is retained only underncath unmelted crystallites. (b, bot-
tom) Same area after further melting.

(,>.1 mm) crystalline grains; zone 2, a narrow, annu-
lar transition region at the border of zone 1, composed
of crystalline grains a few «m in diameter; and zone 3,
beyond the transition region, composed of fine grain
(<0.1 um) polyerystalline silicon which had not melted
or seen any significant grain growth. We believe the
transition region corresponds to the condition of partial
melting described above. X-ray diffraction analysis
shows that there is a strong predominance of (100)
texture in the transition zone, even for SiO; encapsu-
lants <250 nm thick, as shown in Fig. 4 of Ref. (10).
We were unable to determine if there was <100>
orientation with respect to the grating within the
transition region (zone 2) either during or after
recrystallization, Efforts to prepare samples of transi-
tion regions for TEM analysis were invariably unsuc-
cessful. Because of this difficulty, a “grid-of-etch-pits”
technique (16) was developed to analyze grain orien-
tation in zone 1, immediately adjacent to the transition
region, zone 2. The orientation of grains in zone 1 was
assumed to reflect the orientation of the smaller grains
within the transition region from which they had
grown. [Grains within the transition region are too
small (~2 um) to analyze by the grid-of-etch-pits
technique.] Figure 3 is a histogram of the azimuthal
orientation of those crystalline grains that have (100)
texture and are located immediately adjacent to the
transition region. Clearly, there is a preference for
orientation of <100> parallel to the grating axis.
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Fig. 3. Histogram of measurements of the angle between the
grating axis and the <100> directions of etch pits immediately
adjacent to the transition region. The etch pits were located on
a square grid of 50 um period. Measurements were taken only
when the pit shape indicated (100) texture.

Histograms of grain orientation along the edges of
transition regions that are not over gratings show no
preferential azimuthal orientation. From these results,
we conclude that orientation with respect to the sur-
face relief grating takes place in the transition region
and that crystallites in the transition region act as
oriented seeds during solidification of zone 1. This is
the same mechanism as is operative in laser recrystal-
lization, discussed above: orientation takes place only
in a region of partially molten silicon; (100) texture
is predominant among crystallites in this partially
molten region; if a surface relief grating is present, the
(100) -textured crystallites have a predominant <100>
orientation along the grating axis, and seed subsequent
solidification. During solidification of the melt in zone
1, the grating has no further influence on orientation.
The grating profile is destroyed by contact with molten
Si. Moreover, even if its profile were preserved, a
surface relief grating would not be expected to alter
the orientation during solidification. No orientation
relative to a surface relief grating was observed with
a movable strip heater. In this case, orientation is
along the direction of zone motion, due to directional
solidification and occlusion (10, 17).

A surface relief grating does, however, change the
characteristics of zone melting in one interesting way.
On smooth SiO; surfaces, dendritic growth competes
with (100)-textured growth at zone scanning speeds in
excess of ~1 mm/sec (10, 17). Over surface relief grat-
ings, the onset of dendritic growth occurred at ~3
mm/sec. We believe the surface relief structure
greatly decreases the distance between interior corners
of the faceted solid-liquid interface, which would
support a higher rate of solidification (18). This
speculation is supported by the observation that sub-
boundaries are frequently entrained by, and run
parallel to, the grating lines.

In addition to the grains having (100) texture, there
are grains in the transition region, and adjacent to it,
that have other textures but no specific orientation rel~
ative to the grating. These can also act as seeds during
solidification of zone 1. However, as discussed in Ref.
(10, 17), their growth is occluded by the growth of
(100) -textured grains. The occlusion phenomenon may
explain why larger grains and better texture were
obtained with the stationary strip heater than with
the laser (3). The analysis of orientation by x-ray pole
plotting was done only in the solidified zone 1, so that
grains whose texture deviated from (100) were elimin-
ated by the occlusion effect.
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The in situ observations of the morphology and dy-
namics of ribbons and islands in laser recrystallization
(Fig. 1 and 2) lead us to speculate that high quality
orientation (i.e., much smaller angular spread in tex-
ture and orientation) with respect to artificial surface
relief gratings might be realizable by laser recrystal-
lization if one could avoid degradation of the grating
profile, for example, by use of substrates with higher
softening temperature. Furthermore, by oscillating the
input power density, the solid ribbons and islands
might be induced to settle into their lowest free-energy
highly oriented configuration. However, the general
view is that graphoepitaxy, especially of Si and other
semiconductors, will have a far greater impact if it
can be accomplished by means of low temperature
processes that do not involve melting (19).
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APPENDIX

The Dependence of Melting Temperature on
Crystallographic Texture

Consider two crystals of Si with equal cross-sec-
tional area A and thickness t surrounded by liquid Si.
We assume one of the crystals has (100) texture, that
the surface energy for the interface between the crys-
tal and an amorphous SiO; layer is vi00, and that the
other crystal has (111) texture with surface energy
v111. The interfaces between the crystals and the melt
also have equal area, A’, and will be assigned the sur-
face energy vis. For the sake of simplicity, it will be
assumed that s is isotropic. For a bulk free energy
AGy and atomic volume V, the chemical potential for
the (100) crystal is

#100 = (— 2v1004 — y1s4’ + At AGy) / (At/V)
similarly

mn = (= 2vinA — vsA’ + At AG,)/ (At/V)
The difference in chemical potential is therefore

ZA‘H7

Ap = p100 — pi11 =

where Ay = y111 — 7100. Assuming a small difference
in the heat capacities of the liquid and solid (20)
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Ap = ASt ATn

where AS; is the entropy of fusion per atom and ATy,
is the difference in melting temperature [(ATnm =
Tm(100) — Tm(111)]. Thus

tAaSs

If we assume that the average surface energy is about
0.1 Jm~2 and that the difference in the surface energy
between (100) and (111) is about 10% (i.e., Ay = 0.01
Jm~2) then for a 0.5 um thick film, the difference in
melting temperature should be 0.016°C. This effect is
enhanced by larger surface-energy anisotropy and
smaller film thicknesses.
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Oxidation of Sputtered Niobium Nitride Films

P. K. Gallagher, W. R. Sinclair,* D. D. Bacon, and G. W. Kammlott
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Isothermal (440°-540°C) weight change measurements were made in 0.1% O, in Ar on films of cubic niobium nitride
deposited on fused silica or sapphire substrates. The data were fit to various rate laws using a fraction-reacted from 0.2 to
0.9. The best fitting rate equation over these ranges of temperature and fraction-reacted was the Avrami equation, but sev-
eral others fit nearly as well. The Arrhenius parameters derived from these data had an activation energy of 44.3 kcal mol !
and alog pre-exponential term of 9.26 sec™'. The value of the activation energy was virtually independent of the choice of the
best fitting rate law. This apparent activation energy agrees well with that reported for the diffusion of oxygen in Nb,O,. Itis
suggested that the mechanism is analogous to the oxidation of niobium metal and the rate controlling step is diffusion of
oxygen through a thin continuous layer of initial product. Studies of the oxidation showed no significant dependence of
reaction rate on P,,. The average weight gain was 25.0+0.9 (weight percent) w/o which leads to a film stoichiometry of
NbN g5-0.06 based upon a stoichiometric Nb,O; product. X-ray diffraction above 450°C studies indicated that the product films
were the low temperature polymorph of Nb,O;. Below 450°C, the entire product films were amorphous or microcrystalline.
In spite of the large lattice expansion associated with this oxidation, scanning electron microscopy revealed that the prod-
uct films were adherent and continuous without large (>0.1 um) cracks or pores. Matching the thermal expansion of the
substrate and film does not seem important since similar results were obtained with both substrates.

Superconducting niobium nitride films are of inter-
est as materials for Josephson junction devices (1, 2).
These films have been prepared by d-c reactive mag-
netron sputtering of niobium in nitrogen-argon mix-
tures (3). The preparation of a thin continuous insulat-
ing surface layer on these films is an essential part of
such devices. These surface layers are prepared by
controlled oxidation of the film.

Earlier studies (4) on polycrystalline §-NbNyg pre-
pared from bulk powder arrived at the following
conclusions: (i) there is an enormous expansion ac-
companying the oxidation of §-NbNyg. (ii) The oxida-
tion best followed a pseudo first-order rate law. (iii)
Both isothermal and dynamic studies gave an apparent
activation energy of 50 kcal mol—!. (iv) The product
of the oxidation was Nb2O; without the formation of
intermediate oxynitrides or lower valent oxides of
niobium.

It is the purpose of this study to determine if these
conclusions are valid also for the oxidation of thin
films, and if there are any significant effects induced
by changing the substrate or partial pressure of oxy-
gen.

Experimental Procedures and Results

Film preparation.—Niobium nitride films were pre-
pared by d-c reactive magnetron sputtering in a 15%
N3-85%Ar ambient as has been recently described (3).
This procedure leads to films having a T, = 14.2 K and
an average grain size of 5 nm. Sputtering was upwards
from a Research Sputter Gun (5) onto substrates
(1 X 2 X 0.1 cm). Substrates were either cleaned fused
silica or cleaned single-crystal sapphire. After deposi-
tion of about 1 um of film, the process was stopped,
the system opened to air, and the substrates turned
over for a similar deposition on the other side.

Weight change—A Theta TG system was used to
follow the isothermal weight change. An Omega Model
165 temperature controller replaced the controller
packaged as part of the apparatus in order to achieve
better isothermal operation. The output from a thermo-
couple in close proximity to the suspended sample and
the output from the balance were fed to a Fluke Model
2500 data acquisition, control, and processor system. A
premixed atmosphere of 0.093% O: in Ar or pure O,
was flowed through the fused quartz hang down tube
(1 in. diam) at 100 ml min—1.

The data were least squares-fitted to those calculated
for a variety of models for solid-state reactions or
decompositions (6). A relatively wide range of frac-

¢ Electrochemical Society Active Member.
Key words: kinetics, mechanisms, niobium oxide.

tion reaction («) was used in this procedure, i.e., 0.2
= a = 0.9. Of the 16 equations tested, three fit reason-
ably well. These were the Avrami equation (Eq. [1]),
the Prout-Tompkins equation (Eq. [2]), and the simple
linear equation (Eq. [3]), in which k represents the
rate constant in sec—1

[—In(1l — a)]1/3 = k4t [1]
Infa/(1 — @)] = kot [2]
o = kat [3]

Table I presents the rate constants derived for these
three equations. A plot of the data according to the
Arrhenius equation (Eq. [4]

log k = log A — E/2.303RT [4]

is shown in Fig. 1 for the Avrami and the Prout-
Tompkins equations. The linear equations gave rate
constants very similar to those of the Avrami equation.
The lines in Fig. 1 represent the least squares fit to this
equation for the data determined in 0.093% O, in Ar.
Values of the apparent activation energy E and the
log of the pre-exponential term A are given in Table I
for each equation.

From the weights of the samples before and after
oxidation, it is possible to make inferences with
regard to the stoichiometry of the initial material,
assuming that the final product is stoichiometric
Nb2O5 and that the initial sample contained no signifi-

Table I. Rate data for the oxidation of cubic niobium nitride
films in 0.1% Oz in Ar or in pure O2 (see Eq. [1], [2], and [3]

in the text)
Temper-
ature (K) Substrate k1 (sec-1) k2 (sec-1) ks (sec-1)
708.6 Sapphire 4.65 x 2.27 x 10-*  4.79 x 10
708.6* Sapphire 6.15 x 3.00 x 10~ 6.49 x 10=
708.8 Fused quartz 3.65 X 1.78 x 10+ 3.79 x 10=
723.9 Fused quartz 7.63 x 3.74 x 10-+  7.92 x 10=
729.7 Fused quartz  8.79 x 4.30 x 10-¢  9.14 x 10~
733.9 Sapphire 1.43 x 7.00 x 10-¢+ 1.53 x 10~
747.4 Fused Quartz 194 x 9.54 x 10~ 2.02 x 10~
754.8 Sapphire 2.10 x 1.02 x 10-3 223 x 10—+
772.1 Sapphire 4.28 x 2.08x 10-3  4.60 x 104
769.0 Fused quartz 5.00 x 2.45 x 108 5.27 x 10~
773.0 Sapphire 4.94 x 2.39 x 10-3  5.34 x 10+
780.0* Sapphire 6.16 x 3.00 x 10-3  6.41 x 10~
817.7 Fused quartz  3.15 x 1.54 x 10-2 3.28 x 10
E (kcal mol-1) 443 443 146
log A (sec!) 9.26 9.94 9.36

* Run in pure Oz Not used for the calculation of Arrhenius pa-
rameters.
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Fig. 1. Arrhenius plots for the oxidation of sputtered films of
cubic niobium nitride.

cant impurities. The average weight gain of the
samples oxidized to completion was 25.0 = 0.9 w/o.
This leads to a calculated initial stoichiometry of
NbNo.gs=0.06. The nitride content is somewhat higher
than NbNy.g observed in the previous study of the poly-
crystalline target material (4). This calculation ne-
glects the contribution of carbon which is a known
impurity.

Structure.—X-ray diffraction studies were made of
the starting film and product films prepared at various
temperatures in both 0.1%0O; in Ar and pure O,. The
starting material was the cubic form generally referred
to as 8-NbNpy. At the lowest temperature used for
oxidation, 709 K, the product films were amorphous or
microcrystalline. At higher temperatures, the same
product was observed as for the oxidation of bulk
polycrystalline powder (4), i.e., the low temperature
polymorph of NbsOs.

Figure 2 presents SEM micrographs of films before
and after oxidation. The product films are insulating

NbN NbOs

ng. 2. Scanning electron micrographs of sputtered films of
cubic niobium nitride before and after oxidation.
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and a covering layer of carbon has been deposited to
reduce charging.

The change in film thickness for both amorphous and
crystalline products was determined by the step height
for as-deposited nitride on sapphire and after complete
oxidation at 440° and 500°C. Results are presented in
Table II.

Discussion

Overall weight gain and x-ray diffraction of the
initial and final films indicate that the reaction under
investigation is the oxidation of cubic substoichiomet-
ric niobium nitride, 8-NbNjg5, to Nb2O;. In spite of
the very large change in volume known to accompany
this oxidation (4), see Table III, the SEM results in
Fig. 2 do not indicate any blistering, cracking, or peel-
ing of the films at this magnification. It would appear
that any cracks or pores formed are less than about 0.1
um. This is true whether the substrate is fused quartz
or sapphire. Oxidation of the metal, on the other hand,
requires an even greater volume change, see Table III,
and the initial oxide film is protective but at greater
thicknesses, blisters and cracks develop which are ini-
tially a few tenths of um in size (7).

From the data in Table III, one would expect the
product oxide film to be considerably thicker by a
factor of about 2.3, depending upon its porosity, than
the starting nitride film. The data in Table II indicate
an increase by a factor of three in the thickness after
oxidation. This does not appear to be greatly affected
by the crystallinity of the product. The greater expan-
sion would imply significant microcracks or micro-
porosity. These pores or cracks do not arise from dif-
ferences in thermal expansion of the substrate and film
as substantiated by the lack of any observed difference
between films deposited on fused quartz or on sap-
phire.

No single rate law provided consistently the best
fitting oxidation rate equation. The best were those of
Eq. [1], [2], and [3], and mechanistic inferences can-
not be made solely from the data fitting. Substantiating
evidence, generally microscopic, is necessary to con-
firm a particular reaction path (8). For comparison, a
change from the parabolic to the linear rate law is ob-
served for the oxidation of niobium metal once the
protective nature of the oxide film has broken down
by blister and crack formation. The parabolic rate is
attributed to the rate being determined by diffusion of
the reactant through an ever growing product layer.
The linear law implies free access of the reactant and
an essentially constant reaction cross section.

Examination of Fig. 1 and the Arrhenius parameters
given in Table I suggests that any “reasonably” fitting
rate equation will yield nearly the same value of ap-
parent activation energy. The value of 44 kcal mol—1
is in good agreement with previous work on oxidation
of nitride powders (4, 9) and of polycrystalline plates
(9), 45-50 kcal mol.

Marker measurements for the oxidation of niobium
have shown that oxide formation occurs at the metal/
oxide interface (7). This is consistent with the fact that

Table I1. Thickness measurements before and after oxidation

Nitride Temperature Oxide
thickness (um) of oxidation (°C) thickness (zm)
0.33 440 1.00
0.32 500 0.97

Table I1I. Molar volume of selected compounds of niobium

Compound Molar volume (cm3/Nb)
Nb (bee) 10.9
NbNo.» (cubic) 12.8
NbN (hexagonal) 12.25

Nb20s (monoclinic) 29.15
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NbyO3 is an n-type semiconductor having an oxygen
deficient stoichiometry. Chen and Jackson (10) have
measured the oxygen diffusion constant in nearly
stoichiometric Nb2Os over the temperature range from
850° to 1200°C and obtained an activation energy of
49.4 + 3.3 kcal mol. Comparison of the oxidation of
the nitride herein with that of the metal (7) suggests a
similar mechanism. During the very early stages or at
low temperatures (<400°C), the amorphous product
layer (oxide or oxynitride) is impervious and severely
inhibits further growth. At higher temperatures, how-
ever, either rapid grain boundary diffusion becomes
effective or microcracks or micropores are formed and
the rate tends toward linearity. These pores or cracks
need not be large to allow for sufficient diffusion of
oxygen (11).

One would expect that the diffusion of oxygen
through the continuous, amorphous, product film would
be rate controlling in the low temperature regime pro-
vided that the out-diffusion of nitrogen occurs more
readily. At higher temperatures where the rate law
becomes more linear, one might expect the solid-state
diffusion of oxygen to no longer be the rate determin-
ing step. However, the regime of constant rate does
not preclude the diffusion of oxygen from being deter-
mining but merely requires the length of the path,
presumably the impervious film thickness, to remain
constant. Since the oxygen diffuses inward to the
product/metal interface, it is suggested that the prod-
uct formed at this point is the continuous, probably
amorphous, phase. As the thickness increases beyond
a certain value, the exterior surface becomes micro-
porous or cracked, allowing for relatively free access
of oxygen to the bulk oxide/amorphous product film
interface. This transformation may be associated with
strains, crystallization, or further oxidation of initial
amorphous phase. The good agreement between the
observed apparent activation energy for the oxidation
of cubic niobium nitride during all stages of the reac-
tion and that of the reported activation energy for the
diffusion of oxygen in Nb2O; (10) strongly suggests
that this mechanism applies.

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY
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In the high temperature regime where linear rate
behavior is approached, the values of k3 given in Table
I can be converted directly to a rate of interface mo-
tion if the motion is assumed inward and perpendicular
to the surface. The film thickness for the kinetic
samples was approximately 1 um. Hence da/dt of
2 X 10~% sec~! corresponds to about 2 A/sec. Despite
the great caution which should be exercised in extrap-
olating from the data in Table I to the low temperature
regime, there is excellent agreement with recent Auger
s(;lxgc):troscopic results obtained near room temperature

Manuscript submitted Jan. 9, 1983; revised manu-
script received June 24, 1983.

Bell Laboratories assisted in meeting the publication
costs of this article.
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Thermal Oxidation of Niobium Nitride Films at Temperatures from

20°-400°C

l. The Surface Reaction

R. P. Frankenthal,* D. J. Siconolfi,* W. R. Sinclair,* and D. D. Bacon
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

The air oxidation of cubic 8-NbN has been studied by Auger electron spectroscopy at temperatures from ambient to
400°C. At temperatures of 180°C or less, only the first one or two monolayers are oxidized, the reaction product being an
oxynitride of niobium. Above 200°C, oxidation is not limited and obeys a linear rate law. At these higher temperatures, the
reaction product initially is an oxynitride but, as the reaction proceeds, eventually becomes Nb,O;. The reaction proceeds
by the diffusion of oxygen through the reaction product to the NbN interface. Grain boundary diffusion of oxygen into the

NbN is rapid and competes with the oxidation reaction.

In some recent studies, superconducting niobium
nitride has been used as the base electrode in Joseph-
son tunnel junction devices (1-4). Several oxides,
including niobium oxide, have been proposed as the
barrier layer on NbN to provide tunnel diodes, and
it has been shown that the air oxidation of niobium
nitride at temperatures from ambient to 90°C pro-
duces suitable junctions (4). There have, however,

* Electrochemical Society Active Member.

Key words: Auger electron spectroscopy, Josephson junction,
oxynitride, superconductor.

only been a few studies of the oxidation of niobium
nitride, all at temperatures above 400°C (5-7). At
these temperatures, bulk oxidation is rapid, and the
thin films required for a good junction cannot be
formed reliably. Therefore, we have undertaken a
study of the oxidation of niobium nitride thin films
in air over the temperature range from 20° to 400°C.

Experimental

Films of cubic NbN, commonly referred to as &-
NbNop.g, 150-550 nm in thickness, were deposited on
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silicon substrates by d-c reactive magnetron sput-
tering of niobium in a 15% N»-85% Ar gas mixture
(4). The films have an average grain size of 5 nm
and a superconducting transition temperature of 14 K.
The thickness of the films was calculated from the
weight gain during deposition, assuming a density
of 8.4 g/cm? for NoN. Films of Nb,O;, 15-28 nm in
thickness, were deposited on silicon substrates by
d-c reactive magnetron sputtering of niobium in
an Oy ambient. The thickness of these films was also
calculated from the weight gain, assuming a density
of 4.47 g/cm3 for NbyOs.

The NbN films were oxidized in air at temperatures
from ambient to 400°C for times ranging from 0.5
to 64 hr.

The oxidized films were analyzed by Auger electron
spectroscopy. All spectra were obtained in the de-
rivative mode with a Physical Electronics Industries
thin film analyzer (TFA) system. Operating condi-
tions were 5 kV electron gun voltage, 10 xA beam
current, and 2 eV modulation amplitude. The spectral
data were digitized with a TransEra 752 A/D con-
verter that interfaced a Tektronix 4052 microcom-
puter to the TFA. Depth profiles through the films
were obtained by argon ion sputter etching and
measuring the intensities (peak-to-peak heights) of
the Nb 167 eV, O 510 eV, and N 380 eV peaks. The
argon pressure was 7 mPa (5 x 103 Torr). The ion
beam voltage and emission current were 2 kV and
30 mA, respectively. The sputter rates, determined
from the time to sputter through the films and their
known thicknesses, were 5.7 = 0.3 nm/min for the
NbN films and 11 = 1 nm/min for the NbyO; films.

Results and Discussion

Electron stimulated effects.—Initially, both the
oxygen and nitrogen peaks rapidly decrease in in-
tensity due to electron-stimulated desorption of ad-
sorbed oxygen and nitrogen. The O peak continues
to decay, but more slowly, for an additional 10-20
min betore it attains its steady-state intensity. The
behavior of the N peak is a function of the reaction
product thickness. For very thin films about 1 mono-
layer in thickness (see below), i.e., those formed below
100°C, the N peak also continues to decay slowly until it
reaches a steady state at about the same time that
the O peak does. For reaction products of inter-
mediate or several monolayers in thicknesses, the
N peak, after the initial rapid decrease, reaches a
minimum and then slowly increases until it reaches
a steady state. For films formed at 400°C, the N peak
rapidly reaches its 'steady-state value with the initial
desorption. It is concluded that after adsorbed oxy-
gen and nitrogen are desorbed, some electron-stimu-
lated decomposition of the reaction product occurs.
This accounts for the slow decrease in the O intensity
after the initial rapid decrease. It also explains, for
the films of intermediate thickness, the increase in
the N intensity after the minimum. As the film is
decomposed, i.e., thinned by the electron beam, the
signal from the NbN substrate becomes stronger.
This is not observed for the films formed at 400°C
because the quantity decomposed is most likely only
a fraction of a monolayer and is too little to have a
measurable effect when the reaction product is rea-
sonably thick. The continuing decrease in the N peak
intensity during electron-stimulated decomposition of
the films formed below 100°C indicates that the re-
action product contains some N and is probably a
niobium oxynitride. Additional data confirming this
is given below.

Ion sputter profiles—Nitrogen depth profiles are
shown in Fig. 1 for three reaction product films of
different thickness. Each profile is the intensity, In,
of the N peak normalized against the intensity, Iny,
of the Nb peak from the bulk NbN film. Normaliza-
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Fig. 1. Nitrogen depth profiles for oxidation at (a) 20°C for 24
hr, (b) 270°C for 16 hr, and (c) 400°C for 2 hr.

tion removes the effect of any instrumental variations
tfrom one experiment to the next.

During sputter etcning or the thinnest films, i.e.,
those tormed at temperatures below 100°C, the N
peak decreases slowly in intensity until it reaches
the steady state, corresponding to bulk NbN (Fig. 1,
curve a). For hlms of intermediate thickness tormed
at 180°C, or at 270°C for oxidation times less than
20 hr, the N peak first increases in intensity, goes
through a small maximum, and then decreases to
the steady state (Fig. 1, curve b). For the films
formed at 400°C, the N peak intensity first exhibits
a small decline that is followed by a continuous
increase as the reaction product is etched (Fig. 1,
curve c). For the products of intermediate thickness,
the initial increase in the N intensity is due to the
thinning of the film with sputtering. The decrease
after the maximum may be caused by some prefer-
ential sputtering of N from NbN. For the thin film,
the initial decrease in the N intensity indicates that
there is N associated with the outer layer of the
surface. This means either that the oxidation product
is discontinuous, that is, NbN is exposed at holes in
the film, or that it contains both O and N. Since it is
known that these films are good junctions and that
they are made reproducibly (4), the film cannot be
be discontinuous. Thus, it is thought that the thin
reaction product is not a pure oxide but, more likely,
an oxynitride. Additional confirmation for this is an
observed change in shape of the N peak as the
oxidation product is etched and the NbN film is
exposed (Fig.2), indicating that the N-spectral peak
comes from a species other than NbN.

The oxygen depth profiles are shown in Fig. 3-5
as a function of temperature and time of oxidation.
Since the reaction products formed at temperatures
of 180°C and below are probably oxynitrides of
niobium, the sputter rate most likely lies between
those for NbN and NbyO;. At 20°C, the product is
limited to a thickness of less than 0.5 nm, that is, to
the first molecular layer (Fig. 3).! It does not grow
thicker with further exposure to air. As noted above,
the film formed at this temperature is probably an
oxynitride. At 95°C, the limiting thickness is also
onlv a monolayer of an oxynitride (Fig. 3). The
initial O intensity at this temperature is greater than
that observed at 20°C, which implies that the com-
position of the oxynitride is not fixed but is a func-
tion of the oxidation conditions. At 180°C, the steady
state appears to have been reached after oxidizing
for 64 hr. At this temperature, the product is 1-1.5
nm in thickness and extends into the second or,
perhaps, third molecular layer (Fig. 3). The shape of

1For NbNos, do is 0.439 nm and the unit cell contaihs 4 mole-
cules of NbN (8).
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() (b)

Fig. 2. N KLL Auger electron peaks from (a) specimen oxidized
at 95°C and (b) NbN.

the N peak indicates that this film is also an oxy-
nitride.

At 270°C, a limiting thickness for the reaction
product is not observed (Fig. 4, 6). Instead the
oxidation reaction appears to follow a linear rate
law. The same phenomenon is observed at 400°C
(Fig. 5, 7) and is consistent with the results of
Gallagher et al. (7) who studied the oxidation of
similar NbN films at temperatures above 435°C.
Since, as is shown below, the reaction product
at these temperatures contains NbyOs, the thicknesses
in Fig. 6 and 7 were calculated assuming the sputter
rate for NbgOs. Although at temperatures below
435°C, the oxidation reaction could not be followed
by techniques that measure changes in bulk prop-
erties (5-7), Auger electron spectroscopy in con-
junction with depth profiling can do so easily.

At 270°C, the presence of an oxynitride in the oxi-
dation product is indicated by the shape of the N
peak. However, it is not possible to determine
whether the oxynitride is present throughout the
product or only at the NbN interface. At 400°C, N
is detected at low levels throughout the oxidation
product (Fig. 1), the concentration at the surface
being slightly higher than in the bulk of the product.
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Fig. 4. Oxygen depth profiles for oxidation at 270°C for (a) 0.5
hr, (b) 16 hr, (c) 30 hr, and (d) 64 hr.

The N peak at this temperature is too small to
analyze its shape. However, as the NbN substrate
is approached during sputter etching, the peak cor-
responding to the oxynitride is observed.

To understand better the composition of the oxida-
tion product, the shape of the MNN Nb peaks from
each oxidized specimen was compared wih the shape
of the peaks from the NbN substrate and from NbyOj
(Fig. 9). For temperatures from 20° to 180°C and
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Fig. 7. Reaction product thickness vs. oxidation time at 400°C,
showing apparent linear rate law.

for films less than 2 nm in thickness at the higher
temperatures, NbyOs was not detected. At 270° and
400°C for reaction product films thicker than about
2 nm, the product appears to be NbyOs, except at the
surface, where the N concentration is greater than
in the bulk (Fig. 1). There the Nb-peak shape is
more like that of the oxynitrides. This suggests that,
after initial formation of an oxynitride, the reaction
proceeds by the inward diffusion of oxygen to the
NbN interface where it reacts. In all cases, as the
oxidation product is etched down to the NbN sub-
strate, the shape of the Nb peak slowly changes to
that for NbN.
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The data in Ref. (7) obeyed a linear rate law
a=kt [1]

in which k is the rate constant, t is the time, and « is
the fraction of film reacted, i.e., I/l° in which l is the
depth of NbN film of original thickness lo that has
been oxidized. Plots of the rate constant against
reciprocal temperature yielded an apparent activa-
tion energy of 44.6 kcal/mol and a pre-exponential
term of 2.3 X 109 sec—!. Since the extent of oxidation
in the present study is independent of NbN film
thickness, a new rate constant k’ is defined

k' = lok 21
so that
l=k't [3]

To determine whether the rate constants obtained in
the present study at 270° and 400°C are consistent
with those reported at higher temperatures (7), k’
was calculated from the data in Fig. 6 and 7 by
multiplying the slopes of the linear plots by the ratio
of the molar density of NbyOs (3.36 x 10~2 mol/cm3)
to that of NbN (7.86 X 10—2 mol/cm3). These rate
constants, as well as those calculated from ‘he data
in Table II of Ref. (7), are plotted against the
reciprocal temperature in Fig. 8. The solid line is
calculated from the activation energy and pre-expo-
nential term in Ref. (7). The agreement between
the two sets of measurements is excellent, especially
when it is realized that one set was done thermo-
gravimetrically (7), a bulk measurement, and the
other was done by Auger electron spectroscopy, a
surface sensitive technique. At lower temperatures,
the apparent activation energy is expected to change
as the mechanism shifts from one that gives a linear
rate law to one that produces a limiting film thick-
ness.

As seen in Fig. 3-5, O is found in the bulk NbN
film and extends through it to the silicon substrate.
It is believed that this results from the diffusion of

500 400 200 260
T

LOG k'

-6 | fe |

I

1.2 13 1.4 15 1.6 17 18 19
T,k (x103)

Fig. 8. Linear rate constant vs. reciprocal temperature. @ —High

temperature data from Gallagher et al. (7); O—This study. Solid
line from Ref. (7).



2060

(a) (b) (c)

Fig. 9. Nb MNN Auger electron peaks from (a) Nb2Os, (b) spe-
cimen oxidized at 95°C, and (c) NbN.

oxygen down grain boundaries at a rate that must
be more rapid than the rate of oxidation, at least
after the first molecular layer has been oxidized. This
is being studied further.

Conclusions

Based on the present data, it is concluded that at
temperatures below about 200°C, surface oxidation of
NbN is limited to one to two molecular layers, and
the reaction product is most likely a niobium oxy-
nitride. At higher temperatures, oxidation is not
limited and follows a linear rate law. Initially, the
reaction product is an oxynitride, but as the reaction
proceeds, NbyO; is formed. Since the oxynitride is
maintained at the surface, the reaction probably pro-
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product/NbN interface. Oxygen not only reacts at
that interface but also diffuses through the entire
NbN film, presumably along grain boundaries. It
appears, therefore, that grain boundary diffusion is
rapid compared to the oxidation rate, at least after
the first monolayer has reacted.
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The Influence of Back End Processing on the Fixed Charges Density in
the Si-SiO:. Interface

R. M. Levin*/
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Variations in the density of fixed surface charges (@,/q) at the Si-SiO, interface during back end processing steps are
reported. After the deposition of phosphosilicate glass (P-glass) films (LPCVD at 630°C, from TEOS, phosphine, and oxy-
gen), Q,/q measured on aluminum gate capacitors is in the range of 5-30x10' cm 2 Densification of the P-glass by means of
heat-treatment affects @,/q in a similar fashion to previously reported post thermal oxidation treatments. The effectiveness
of the densification ambient in reducing @,/q can be ranked in the order: steam > oxygen > argon > steam + argon. After
polycrystalline silicon/aluminum metallization, which involves polysilicon deposition followed by heat-treatment (doping)
and aluminum deposition, @,/q depends very strongly on the premetallization treatment. When this metallization is applied
over undensified glass, @,/q can be higher than 1x10'? cm~2. It increases with increasing the doping time, the doping tem-
perature, the glass thickness, or the phosphine to oxygen flow rate ratio during the P-glass deposition.
Polysilicon/aluminum metallization applied over densified glass yields much lower @,/q, with the final @,/q value de-
pending strongly on the densification conditions. For example, densification in steam or oxygen at 950°C for 10 min yields
Q//q of less than 5x10' cm™* after the silicon/aluminum metallization. The results can be explained on a basis of oxygen
deficiency in as deposited P-glass films and rearrangement of the Si-SiO, interface in the presence of a polysilicon cap film
over the glass.

face states, it is generally agreed that the main con-
tribution comes from the astoichiometric nature of the

The quality of the Si-SiO; interface has been a sub-
ject for extensive studies during the last two decades,

due to its importance in the MOS (metal-oxide-semi-
conductor) technology (1). In particular, charges and
states in the vicinity of the Si-SiO; interface play a
significant role in determining the electrical properties
of MOSFET’s. Although there is a difference of opinion
concerning the origin of the surface charges and sur-

* Electrochemical Society Activé Member.
1 Present address: National Semiconductor
Herzliya-B, 46103, Israel.
.Keyt words: dielectric, capacitor, glass, anneal, CVD, integrated
circuits.

Isracl Ltd.,

interface and from bonds and structure defects in the
interface (2). Most of the published works deal with
the dependence of the density of the surface charges
and surface states on the oxidation process and the post
oxidation heat-treatments. Very little is reported on
the influence of back end processing steps (after poly
gate definition in a standard IC process) on the inter-
face (3-5). In the present work, we concentrate on
the influence of P-glass (phosphorus-doped SiO»)
deposition and densification, and polycrystalline sili-
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con/aluminum metallization process on the fixed sur-
face charge density (Qr).

P-glass is widely used in the integrated circuits
technology to passivate the devices. The P-glass, which
is applied by means of chemical vapor deposition
(CVD), usually suffers from nonconformal step cover-
age (6-8). High temperature heat-treatment (~1050°C)
is used to flow the glass in order to smooth its surface
(6, 7). This treatment is intolerable in VLSI technol-
ogy where very shallow p-n junctions in the source
and drain are desired. Recently, it has been demon-
strated that by using a P-glass deposition process in
which tetraethyl orthosilicate (TEOS), phosphine, and
oxygen are the reactive gases (to be referred to as P-
TEOS glass), an excellent step coverage of the P-glass
can be achieved, making the high temperature glass
flow unnecessary (8, 9, 10). A moderate temperature
(800°-950°C) heat-treatment is still necessary to
densify the P-glass in order to increase its resistance
to water absorption (11, 12).

A major problem of VLSI circuits, aluminum spik-
ing through shallow p-n junctions into the Si substrate,
has led to the use of polysilicon/aluminum structure
for metallization (13-15). In this process, a polysilicon
layer is deposited at 600°-700°C, and doped at 900°-
1100°C before the aluminum metallization.

To study the influence of the three processes, P-
TEOS deposition, P-TEOS densification, and polysili-
con/aluminum metallization on Qr, we carried out high
frequency capacitance-voltage measurements on sili-
con/thermal oxide/P-TEOS/aluminum and on silicon/
thermal oxide/P-TEOS/polysilicon/aluminum capaci-
tors. We have found considerable variations of Qs
which are induced by the above treatments. The value
of Q¢ is affected not only by the final heat-treatment
given to the sample before the aluminum evaporation,
but also by previous treatments as well. The results
can be explained qualitatively on the basis of oxygen
deficiency in the P-TEOS glass.

Experimental Procedure

Wafers of 0.7-1.0 Q-cm p-type single-crystal (100)
silicon were thermally oxidized at 1000°C to a thick-
ness of 10004, and annealed in argon for 15 min at the
same temperature. P-TEOS glass was deposited at
630°C in a low pressure CVD reactor (9). The phos-
phorus oxide concentration in the films was determined
from infrared absorption spectra as described by Levin
and Adams (9). Unless otherwise noted, the phos-
phorus oxide concentration is 6 = 1 mol percent (m/o),
and the glass thickness is 5000 + 500A. The deposition
samples were heat-treated at 700°-950°C in argon,
oxygen, or steam ambients (densification). Polysilicon,
when it was used, was then deposited by LPCVD at
625°C using SiH;. It was phosphorus-doped at 950°C
from a PBr3 source, then dip-etched in 50:1 HF for
10 min to remove the P-glass grown on top of the
polysilicon. Some samples were annealed in argon
after the polysilicon deposition and the polysilicon
was stripped using CF4/O plasma etching. We
will refer to the heat-treatment after the polysilicon
«deposition (PBrs or argon ambient) as “polysilicon
treatment.” Silicon nitride was deposited on a few
samples (instead of polysilicon) by LPCVD at 750°C,
from SiHyCl,-NH;. The nitride was etched in hot
phosphoric acid after argon annealing.

Typically, capacitors were prepared and measured
at three points of the processing; after the P-TEOS
deposition (“as-deposited” samples), after the densifi-
cation treatment (“densified” samples), and after the
polysilicon treatment. The samples were annealed in
hydrogen at 450°C for 30 min. Aluminum was evapo-
rated on all samples with only the doped polysilicon
samples having polysilicon/aluminum gates, and dots
of 40 mil diam were photolithographically defined and
etched (aluminum in wet chemicals, polysilicon in
CF4/0, plasma). Every dot is surrounded by a ring
electrode which is used to control the surface potential

INFLUENCE OF BACK END PROCESSING

2061

near the edge of the capacitor in order to prevent the
formation of an inversion layer at the silicon surface
beyond the field plate. In the presence of such an in-
version layer, the capacitance-voltage characteristic is
distorted (16), making it impossible to extract the
dopant concentration in the silicon from the character-
istic. The back surface layers were then removed and
aluminum was evaporated to form the back side con-
tact. Some small variations in the sample preparation
will be mentioned later.

High frequency (1 MHz) capacitance-voltage mea-
surements were made with a Boonton 72AD capaci-
tance meter connected to a minicomputer-controlled
measurement system. The minicomputer determined
capacitance values in accumulation and inversion,
computed a value for flatband capacitance, and then
found the flatband voltage. This procedure was re-
peated for 36 devices on a wafer, so that statistics
could be obtained for fixed charges, oxide thickness,
etc. (The work function values used to calculate Qg
were: Al-3.35 eV; Nt-doped poly-3.25 eV; intrinsic
Si-3.8 eV.) The distribution in Q¢ on a wafer is typi-
cally less than +10%.

Experimental Results

As-deposited glass—The number of fixed surface
charges measured on samples having the 1000A
thermal oxide only, is always in the low 1010 cm—2
range. After the P-TEOS deposition, the shift in the
flatband voltage corresponds to surface charges density
of 5-30 X 1010 charges/cm2. There is no clear correla-
tion between the surface charge density and the depo-
sition conditions or the phosphorus oxide concentration
(up to 8 m/0). A large distribution in the surface charge
density after the P-glass deposition was reported pre-
viously by Drobek and Adda (17), who used P-TEOS
films deposited at atmospheric pressure as well as silox
glass films deposited at reduced pressure.

Densified glass.—To improve their properties, the P-
glass films are usually densified by means of heat-
treatment (11, 12). At 950°C, the glass is densified dur-
ing the first 10 min with very small additional effects at
longer heat-treatments. Table I presents the de-
pendence of Q¢/q (where q is the electronic charge)
on the densification time and the densification ambient.
The densification was carried out at a temperature of
950°C in argon, oxygen, and steam. After densification
treatment of 10 min, @¢/q is highest for steam ambient
(~3 X 10 cm~—2) and lowest for argon ambient
(~1.6 X 10!! cm—2). Longer dry heat-treatment yields
lower Q. Further reduction in Q¢/q can be achieved
by a two step densification treatment in which densifi-
cation in steam ambient is followed by a densification
in argon (0.5 X 10! cm~2), This is in agreement with
the results of Drobek and Adda (17).

To confirm that the charges are located at the Si-
SiO; interface, we etched off small thicknesses of the
glass and measured the shift in the flatband voltage as
a function of the glass thickness. (To thin the P-glass,
the field plate was stripped, some P-glass was etched,
aluminum was evaporated on the sample, and dots
were redefined.) We found that the shift is linearly

Table I. Number of charges per cm2 (Q¢/q) in the Si-SiOs interface,
after various densification treatments at 950°C
(aluminum metallization).

Ambient Densification time (min) Qt/q (10 cm-2)
Argon 10 10-17
Argon 60 10
Oxygen 10 23
Oxygen 60 16
Steam 10 28
Steam 60 29
Steam + argon 10+10 9
Steam + argon 10+30 6
Steam + oxygen 10+10 17
Steam + oxygen 10+30 16
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dependent on the glass thickness (i.e., the calculated
Q¢/q is independent of the glass thickness within 5%)
for a thickness range of 0-5000A. The same flatband
shift was measured even after etching 500A of the
underneath thermally grown SiO,. These results indi-
cate that the charges are indeed located at the Si-SiOs
interface. Similar measurements and results were ob-
tained on some of the samples reported below.

Polysilicon treatment of undensified glass.—Deposi-
tion and phosphorus doping of polysilicon over unden-
sified glass has been found to degrade the quality of the
Si-SiO; interface. Figure 1 shows that Q¢/q increases
from 1 x 10! em—2, measured for undoped samples
(poly-deposited and immediately stripped before the
aluminum metallization), to 1.4 X 10!2 em—2 after 60
min doping at 950°C. Qi/q increases sharply at the
first few minutes of the doping and then tends to satu-
rate. Stripping the doped polysilicon layer prior to the
aluminum metallization as well as replacing the PBrg
doping treatment by argon annealing of the samples
(and then stripping the polysilicon before the alumi-
num metallization) do not change these results. The use
of an SigNy4 film instead of polysilicon has no effect on
the results. Doping temperatures lower than 950°C
yield lower Q¢/q (Fig. 2). Doping at 700°C for 60 min
does not affect the interface. Figure 3 indicates that
Q¢/q is linearly dependent on the P-TEOS glass thick-
ness in the polysilicon treatment. Extrapolation of the
results to zero glass thickness yields Q¢/q of 1 x 101!
cm~2, which is a typical result measured on as-
deposited or argon densified samples. In contrast, @:/q
is independent of the thickness of the thermally grown
SiO; (in the range of 0.1-1.0u).

The dependence of @¢/q on the glass deposition con-
ditions is summarized in Fig. 4 and 5. In Fig. 4, the
phosphorus oxide concentration was changed by
changing the phosphine flow rate, while keeping the
oxygen flow rate constant. Q¢/q increases slowly with
increasing phosphorus oxide concentration up to 5.5
m/o, from which it starts to increase much faster.
Figure 5 shows that the important parameter is not the
phosphorus oxide concentration but the phosphine to
oxygen flow rate ratio during the deposition. Samples
containing 3.9 and 7.0 m/o P30; have almost the same
Q¢/q when the phosphine to oxygen flow rate ratio
used in the deposition is the same, while samples with
similar PyOs concentration (4.6 and 4.7 m/o) show a
large difference in Q¢/q (1.0 x 10 and 1.6 x 1012

Q¢/q (102 cm-2)

o
3]
T

0 1 | 1 | i | .1 I T I R |
(6] 20 40 60 80 100 120

DOPING TIME (min)
Fig. 1. Qi/q after polysilicon treatment pertormed on undensified

glass as a function of the polysilicon doping time. The doping
temperature is 950°C.
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Fig. 2. Q¢/q after polysilicon treatment performed on undensified
glass as a function of the doping temperature. The doping time is
60 min.
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Fig. 3. Qs/q after polysilicon treatment (950°C, 60 min) per-
formed on an undensified glass as a function of the P-glass thick-
ness.

cm™2, respectively) when the flow rate ratio is differ-
ent. It is shown in Fig. 5 that Q¢/q increases with in-
creasing the phosphine to oxygen flow rate ratio.

It should be mentioned here that quality of the Si-
Si0; interface can be recovered by further heat-treat-
ments. For example, steam annealing of the samples
after stripping the polysilicon layer reduces Q:/q to
the low 10!1 cm—2 range.

Polysilicon treatment of densified glass.—Polysilicon
treatment carried out on samples having densified P-
TEOS glass yielded lower Q;/q compared to samples
having undensified glass. The dependence of Q;/q on
the densification time and the densification ambient is
presented in Fig. 6. Polysilicon treatment carried out
on glass which was densified in stream or oxygen am-
bients at 950°C for more than 10 min yielded low Q¢/q
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Fig. 4. Q¢/q after polysilicon treatment (950°C, 60 min) per-
formed on an undensified glass as a function of the phosphorus
oxide concentration in the glass. The phosphorus oxide concentra-
tion is varied by varying the phosphine flow rate, keeping the
oxygen flow rate constant (95 cm?3/min).

(3-6 X 1010 cm—2). This number is independent of the
densification time (if it is longer than 10 min), and the
original Q;/q measured on the as-deposited glass. The
influence of densification done in argon is more gradual
and depends on the densification time. The dependence
of Q¢/q after the poly treatment on the densification
temperature is also presented in Fig. 6. It is shown that
while steam densification carried out for short time at
850°C is less effective (from the point of view of Q¢/q
after the polysilicon treatment) than that carried out at
950°C, they are equivalent after densification of 60 min.
After 60 min, the 850°C steam densification is more
effective than the 950°C argon densification.

Discussion

Before discussing the experimental results it should
be mentioned that two parameters which may affect
Q¢ have not been monitored in this work; the presence
of water molecules in the deposition and subsequent
annealing ambients, and the possible presence of car-
bon monoxide in the glass deposition ambient. It is well
known that Q; is affected by the presence of water
species in silicon dioxide (18), and therefore, it de-
pends on the concentration of water molecules in the
ambient during heat-treatments. Carbon monoxide
may be one of the products in the decomposition of
TEOS (8). It was proposed by Fowkes and Hess (19)
that CO may remove oxygen atoms from the oxide, and
as a result affect Q.

1t is usually stated in the literature that the surface
charge density in the Si-SiO; interface is mainly deter-
mined by the last oxidation or annealing condition
(20). This also has been found to be true up to a cer-
tain degree when P-TEOS glass/SiO,/Si structure is
used without the polysilicon treatment (see Table I).
Also, the dependence of Q¢ on the densifying ambient,
Q¢ (steam) > Q¢ (oxygen) > Qr (argon) is similar to
that reported in the literature (20). However, after the
polysilicon treatment, Q¢ depends strongly on former
heat-treatments (Fig. 6).

One possible explanation for the dependence of Q; on
former heat-treatments given to the sample is that
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Fig. 5. Q¢/q after polysilicon treatment (950°C, 60 min) per-
formed on an undensified glass as a function of the phosphine to
oxygen flow rate ratio in the P-glass deposition.
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Fig. 6. Q¢/q after a polysilicon treatment (950°C, 60 min) as a
function of the P-glass densification time, with densification am-
bient and densification temperature as parameters.

during the heat-treatment, which is a part of the poly-
silicon treatment, undensified glass starts to be densi-
fied. Since the glass is covered with a polysilicon film,
large stresses may be introduced into the Si-SiO; inter-
face, and the interface quality degrades. However, this
model fails to explain the gradual effect of a prior ar-
gon densification on the Q;/q measured after the poly-
silicon treatment (Fig. 6). It was reported previously
(11, 12) that at 950°C the P-glass densification takes
place during the first few minutes of the treatment,
when oxidizing ambients as well as inert ambients are
used. Also, this model does not explain the strong de-
pendency found between the P-glass deposition condi-
tions and Q¢/q (Fig. 4 and 5).

The increase in Q¢/q with increasing the phosphine
to oxygen flow ratio in the deposition (Fig. 5), as well
as the effectiveness of the densification done in oxidiz-
ing ambients in reducing the Qs/q after the polysilicon
treatment (Fig. 6), indicate that the source of the
phenomenon is oxygen deficiency in the P-TEOS glass
films. The deposition process of the P-TEOS glass is
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described by
Si04CsHgo — SiO2 + 4CoHy 4+ 2H2O
2PH; + 4 O2 — P305 4 3H:0

It has been reported that if oxygen is not introduced
into the system during the deposition, unoxidized
phosphorus ions exist in the deposited glass (9). Thus,
it is possible that even in the presence of oxygen the
oxidation of phosphorus is not completed when the
phosphine to oxygen ratio is too high. When the un-
densified glass is capped with the polysilicon layer and
heat-treated, oxygen is reduced from the Si-SiO; in-
terface to complete the oxidation of the phosphorus
ions and the density of the fixed surface charges in-
creases.

The experimental results presented in this paper can
be explained qualitatively on the basis of oxygen de-
ficiency in the P-glass and oxygen reduction from the
interface. It is expected that the process of oxygen
reduction from the interface will be slower at lower
temperatures, which explains the results of Fig. 2. The
linear dependence found between Q¢/q and the P-glass
thickness (Fig. 3) also becomes clear, because the num-
ber of the initially unsatisfied phosphorus-oxygen
bonds in the glass depends linearly on the glass thick-
ness (assuming the glass structure is uniform). The
more oxygen introduced into the deposition system the
less unsatisfied phosphorus-oxygen bonds there will be
in the glass, which explains the results of Fig. 4 and 5.
The influence of the densification treatment is also ex-
plained. The phosphorus oxidation is completed by
oxygen ions which are supplied from the ambient in
the course of the densification treatment of the un-
capped glass. The supply of oxygen from the ambient is
slower at lower densification temperatures, and at
lower partial pressure of oxidizing species (which is
the case of argon treatment). As a result, the influence
of the densification treatment done in steam at 850°C
or in argon at 950°C on Q¢/q after the polysilicon treat-
ment is more gradual than that of densification treat-
ment done at 950°C in oxidizing ambients.

To further verify the proposed model of oxygen de-
ficiency in the P-glass, oxygen ions were implanted
into undensified P-glass (120 keV, 1 x 104 cm—2), and
polysilicon treatment was given to the samples. Indeed,
we measured Qs/q of 1.2 X 10!1 cm~2 for the implanted
samples, as compared to 7 X 10!! cm—2 measured for
the control unimplanted samples.

Conclusion

The influence of some back end process steps on the
density of the fixed surface charges in the Si-SiO; in-
terface has been studied. The results can be summar-
ized as follows:

1. Q¢/q varies in the range 5-30 X 101° cm~—2 after
the P-TEOS glass deposition (aluminum metallization).

2. Densification of the P-glass by means of heat-
treatment affects the Si-SiO; interface. Q¢/q is a func-
tion of the densification ambient and can be ranked as
Q¢ (steam) > Q¢ (oxygen) = Q¢ (steam + oxygen) >
Q¢ (argon) > Q¢ (steam 4 argon). Q¢/q decreases
with increasing densification time in dry ambients
(aluminum metallization).

3. Q¢/q increases sharply after polysilicon treatment
when it is performed on undensified P-TEOS glass
films. It increases with increasing doping time (and
tends to saturate), doping temperature, glass thick-
ness (linearly), and phosphine to oxygen flow rate
ratio during the glass deposition. It is independent of
the initial thermal oxide thickness.

4. By densification of the glass in oxidizing ambients
prior to the polysilicon treatment, one can achieve low
Q¢/q (<5 X 1010 cm—2) after the polysilicon treat-
ment. The effect is very fast for a densification treat-
ment done at 950°C, but more gradual for densification
done at lower temperatures.
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5. An argon densification ambient (prior to the
polysilicon treatment) is not as effective as oxidizing
ambients in reducing Q¢/q after the polysilicon treat-
ment.

6. Oxygen implantation into the P-glass prior to the
polysilicon treatment is also effective in lowering
Q¢/q after the treatment.

7. The experimental results of this work can be ex-
plained qualitatively on the basis of oxygen deficiency
in the as-deposited P-TEOS glass film, and rearrange-
ment in the Si-SiO; interface for capped P-TEOS glass/
Si0y/Si structure.

Acknowledgments

The author wishes to thank W. T. Lynch for his con-
tinuing interest and support, and for the suggestion to
do the oxygen implantation experiment. Thanks are
also expressed to L. P. Adda, J. Drobek, H. J. Levin-
stein, S. P. Murarka, E. H. Nicollian, and F. Vratny for
valuable discussions, E. I. Povilonis for his assistance
in the preparation of the samples, and P. Heimann,
J. G. Barnes, and T. E. Smith for their help in the
electrical measurements.

Manuscript submitted Feb, 14, 1983; revised manu-
script received June 6, 1983.

National Semiconductor Corporation assisted in
meeting publication costs of this article.

REFERENCES

1. For reviews of the subject see: (a) R. P. Donovan,
“Integrated Silicon Devices Technology, Vol. VII,
Oxidation,” Technical Report No. ASD-TDR-63-
316, RTI, June (1965); (b) A. Goetzberger, E.
Klausman, and M. J. Schultz, Crit. Rev. Solid
State Sci., 6, 1 (1976); (c) E. N. Nicollian and
J. R. Brews, “MOS Physics and Technology,”
John Wiley & Sons, New York (1982).

2. B. E. Deal, in “Semiconducting Silicon 1977,” H.
Huff and E. Sirtl, Editors, p. 276, The Electro-
chemical Society Softbound Proceedings Series,
Princeton, NJ (1977).

. E. (IiI. S%I)IOW and B. E. Deal, This Journal, 113, 263

966).

. J. M. Eldridge, R. B. Laibowitz, and P, Balk,
J. Appl. Phys., 40, 1922 (1969).

. J. M. Eldridge and D. R. Kerr, This Journal, 118,
986 (1971).

. W. Kern, R.C.A. Rev., 34, 655 (1973).

. W. E. Armstrong and B. L. Tolliver, This Journal,
121, 307 (1974).

. K. Sugawara, Y. Yoshimi, and H. Sakai, in “5th
International Conference on Chemical Vapor
Deposition,” J. M. Blocher, Jr., H. R. Hinterman,
and L. H. Hall, Editors, p. 407, The Electrochemi-
cal Society Softbound Proceedings Series,
Princeton, NJ (1975).

9. R. M. Levin and A. C. Adams, This Journal, To be

published.

10. J. Drobek and M. K. Becker, Private communica-

tion.

11. W. Kern, R.C.A. Rev., 37, 55 (1976).

12. R. M. Levin, This Journal, To be published.

13. R. C. Henderson and G. Nash, Annual Report pre-
pared for Naval Electronic Systems Command
under contract N00173-76-C-0144, October (1977),

14, R. K. Wallace, A. J. Learn, and K. W. Schuette,
IEEE ISSCC Tech. Dig., 148 (1980).

15. T. Tsujide, N. Yasuoka, T. Tara, K. Tokushinge, N.
Hirakawa, S. Matsue, and O. Kurakawi, IEEE
ISSCC Tech. Dig., 20 (1981).

16. E. H. Nicollian and A. Goetzberger, IEEE Trans.
Electron Devices, ed-12, 108 (1965).

17. J. Drobek and L. P. Adda, Private communication.

18. E. H. Nicollian and J. R. Brews, “MOS Physics and
’{fchzr;ology," John Wiley & Sons, New York

982).

19. F, M. Fowkes and D. W. Hess, Appl. Phys. Lett., 22,
377 (1973).

20. B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow,
This Journal, 114, 266 (1967).

0 o O s W



Comparative Study of Phosphorescence and Photostimulated

Luminescence in Zinc Silicate Phosphors and Their Description by a

Tunneling Model

P. Thioulouse, I. F. Chang,* and E. A. Giess
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

A tunneling pair recombination model has been proposed to describe the themostimulated luminescence in an earlier
paper (1). Under the same concept but assuming two tunneling levels for the electron trap, a description of phosphorescence
decay (PP via one tunneling level) and photostimulated luminescence (PSL via a second tunneling level) is presented. Ex-
perimental results on PP and PSL for manganese-doped silicates with and without arsenic codoping are reported. A novel
method of comparing PP and PSL in the temperature and time domain leads to the determination of energy values of the

tunneling states.

In an earlier paper (1) (referred to as I), we studied
the thermally stimulated luminescence (TSL) of zinc
silicate phosphors and applied a tunneling pair recom-
bination model for its description. We also derived a
general expression and a simplified analytical expres-
sion for TSL as a function of temperature and corre-
lated them with experimental data obtained from
manganese-doped zinc silicate single crystals with or
without arsenic codoping. To obtain trap activation
energies, one generally applies the so-called Hoogen-
straaten method, which analyzes the shift of the
TSL peaks with changes in the temperature scanning
rate (T = T, 4+ BT). Tm being the temperature of
the maximum of a TSL peak, Hoogenstraaten (7) cal-
culated that the slope of the curve In(8/Twm2) vs. 1/Tn
would give the activation energy E. In Paper I, we
showed that the Hoogenstraaten method, once estab-
lished assuming that electrons were thermally released
into the conduction band, was still valid in the tun-
neling model, providing that E is defined as the energy
of the trap tunneling level above trap ground state. In
this paper, using the same tunneling interpretation, we
develop a parallel analysis of phosphorescence decay
(PP) and photostimulated luminescence (PSL) peak
intensity with a two tunneling state model and de-
scribe a novel method for quantitatively determining
the trap energy levels, The photostimulation effect,
described elsewhere (2-4), was introduced in phos-
phor studies as a means of investigating deep traps.
In the two-tunneling state model, we assume that the
photostimulation excites the trapped electron to a
higher tunneling state whereas the thermostimulation
excites to a lower tunneling state as schematically
shown in Fig. 1. We present the model first, then re-
port supporting experimental results of PP and PSL
measurements carried out on the same zinc silicate
samples as the ones used in Ref. (1) and using the
experimental setup as illustrated in Fig. 1. The nu-
merical values for the trap energies are then derived.

Identity of Traps Involved in PP, TSL, and PSL

Connecting a coulomb meter to the output of a pho-
tomultiplier tube, we measured the total quantity of
photons (with QrsL1 a proportionality constant) re-
leased during a thermoglow experiment after expos-
ing the Zn,SiOs: Mn sample to UV light (A = 254 nm)
for 2 min at a temperature Tyy. We then measured
the quantity of photostimulated light Qpsi released
during 2 min by 633 nm photostimulation on the same
sample at the same temperature Tyy after the same
UV excitation conditions. Finally, we measured the
quantity of light Qrspz released by thermolumines-
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cence, i.e., by warming the sample up at the same rate
as for TSL,, after red light was removed. For various
temperatures of Tyv (—190°, —150°, and —100°C, se-
lected because of high photostimulation efficiency), we
obtained an invariant relation: @rsL1 = Q@rsLz + QpsL.
Measurements on a sample codoped with arsenic
yielded the same equality. This means that the traps
emptied by the photostimulation effect are the very
same ones involved in thermal stimulation. Conse-
quently, one may conclude that thermally originated
phosphorescence and photostimulated luminescence
involve the same distribution of traps. This very im-
portant statement emphasizes the interest of compara-
tive measurements of PP and PSL discussed below.

Single Tunneling Level Model

Phosphorescence.—Let us recall the details of the
tunneling model presented in I. Long-lived PP is ac-
counted for by the tunneling of trapped electrons to-
wards ionized manganese centers and their radiative
recombination with captured holes. The state of the
phosphor after UV excitation is characterized by a
concentration (5, 6) of ionized pairs: that is pairs
with an activator having captured a hole and a trap
having captured an electron. This concentration p is
a function of the separation R between donor and acti-
vator; p(R,t)dR is the number of closest donor-acti-
vator ionized pairs which have a separation between R
and R + dR, p(R,t) may include a “nearest neighbor
factor” for large impurity densities. It decays radia-
tively at a rate

dp (R, t)
BT = p(R,t)W1(R) [1]
where
Wi(R) = Aje~2R/af [2]

The parameter f is the fraction of ionized pairs whose
trapping center is in a tunneling state. After UV light

removal at t = 0, the phosphorescence intensity is
given by
dp fw dp
L(t) = ——(t) = — — (R,t)dR
t) T t) T (R, 1)

- fo p(R, )Wy (R)AR [3]

which is a function of time. At steady temperature and
with no photostimulation or excitation, and noting that
exp — E/kT << 1, we obtain: f = exp (— E/kT).
Therefore, the PP intensity is

Li(t,T) = AjeE/T j; p(R,t)e"2R/adR  [4]
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AL(PSL)

254 nm INTERFERENCE
FILTER

SAMPLE HOLDER
MONOCHROMETER PMT

SAMPLE
TEMPERATURE
Fig. 1. Apparatus for investigation of PP and PSL

PSL peak intensity.—Let us assume as a first step
that, in both thermal PP and optical PSL effects, the
trapped electrons are excited to the same tunneling
level located at energy E above the ground state of
the trap. If, at time t, after UV removal, we expose
the sample to visible photostimulating light, the over-
all luminescence is instantaneously raised to a new
value Ly

Ly(T,I) = Aif(T, D) fo p(R,t)e"2R/adR  [5]

where p(R) is the pair concentration after a to second
PP decay and where f(T,I) is the new value under
an incident photostimulating light of intensity I. The
expression for f(T,I) has been found in Ref. (1) by
considering that the trapped electrons are in equilib-
rium between the ground state and the tunneling state

F(T,I) == (exp (—E/KT) + a1l/C1)/ (1 + &41/Cy)
(6]

In all practical cases, we have o;I/C; << 1. Then,
f(T,1) = exp (— E/kT) + «1/Ci.

Taking the ratio of PSL intensity, AL(T,I) =
Ly(T,I) — Li(t, T) over PP intensity Li(ty, T) at time
to, we find

f(T,I)

F=tT]) =———
"D =T

— 1= (a1l/Cy) exp (E/KT)
[7]

This ratio is independent of the time t, elapsed be-
tween UV removal and PSL excitation and can be
rewritten as

1 E I ( arl ) 8
nY——- —_—

oy T C, [8]
Therefore, measuring the ratio r at different tempera-
tures T and plotting In 7 vs. 1/kT would give a straight
line with a slope E, the activation energy of the tun-
neling level.

The particular interest of this method arises because
the ratio 7 of instantaneous PSL luminescence over PP
intensity at the same time cancels the contribution of
the pair distribution [the integral in (4) and (5)]; the
analytical expression for r does not require any as-
sumption concerning this distribution.

However, using a 633 nm He-Ne laser as PSL excita-
tion source, we experimentally found that, at any
temperature, the ratio » was dependent on the time
elapsed between UV removal and the red PSL excita-
tion, thereby invalidating our single tunneling level
model for the 633 nm PSL effect. This discrepancy can
be explained by the significant difference between the
He-Ne laser optical energy 1.96 eV and the trap acti-
vation energy 0.7 eV as determined by the Hoogen-
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straaten method (7) (see the section on Experimental
Results below). However, this simple single tunneling
level should be valid for the PSL effect using an
infrared source with optical energy close to the acti-
vation energy E. Such experiments are yet to be car-
ried out with a tunable infrared laser.

Two Tunneling Level Model

We shall assume in this section that, although ther-
mal activation and optical stimulation involve the
same trap distribution, the PSL activated electrons are
excited to a shallower and less localized tunneling
state. Let us call E’ the energy of the shallower tun-
neling level above the ground state of the trap and W
the corresponding tunneling rate. Let ¢ be the ground
state energy of the trap measured with respect to the
conduction band. Figure 2 shows the energy band
diagram of this model.

PP expression.—PP is occurring from tunneling of
electrons from the same trapping state (State 1 in Fig.
2) as in the single tunneling level model. Equations
[1]-[4] are still valid. Here we derive a more explicit
expression of L;(t, T) needed for further calculations.
Starting from expression [3] for luminescence, the
following calculation is very similar to Delbecg’s (5)
and our analysis in section ILE of I. The PP intensity
is

Li(t, T) = J:) Wi(R)p(R,t)dR

= J; Po(R)Wi(R)e~WiR}dR [9]
with
P(R,t) = po(R)e~WilR)t

where po(R) is the ionized pair concentration when
UV light is just removed.

The function g(R) = W;(R)e-Wi(R)t reaches its
maximum at R = R,, i.e.
Wi(R)t=1
or
a
R(t) = Eln (Aje—E/KT¢) [10]

We shall keep the same assumption, the relation
[13] in section ILE. of I, that is: A; exp (E/kKT) >>
1 sec~1. Then, for t larger than 1 sec, R.(T) is much
larger than a. In the same manner as in section ILE,
one can demonstrate that g(R) is much smaller
than g(R.) outside a “narrow” region of width a
around R.. Assuming that po(R) is varying slowly
with R compared to g(R), we can take the concentra-
tion function out of the integral and obtain

CONDUCTION BAND

______ e,
TUNNEL STATE 2

______ -——— TUNNEL STATE 1
- EI E
‘— GROUND STATE

VALENCE BAND

Fig. 2. Energy band diagram for manganese activated zinc silicate
(with or without arsenic codoping) in the two tunneling level inter-
pretation of phosphorescence and photostimulated luminescence.
Thermally activated electrons are transferred from traps to excited
Mn centers through the low energy tunneling state 1 while optically
excited electrons are proceeding through the higher and thereby
less localized tunneling level 2.
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Li(t,T) = po(Rc) J; Wi(R)e~WiRtdR  [11]

Employing an intermediate integration variable v =
e~ WiR)t and using again A; exp E/KT >> 1 sec™!
andt > 1 sec, we get

Li(t, T) = zit po(Re) 2]

where R.(t) is given by [10].

This expression is similar to that obtained by
Delbecq (5), except that we keep a nonexplicit term
for the pair concentration po(R).

PSL peak intensity.—Let to be the time elapsed after
UV removal when we apply PSL light and AL be the
PSL peak intensity at that time. At time t,, the pair
concentration is the one after a PP decay of to sec,
that is p(R, tp) = po(R)e~WitR)to, The PSL peak is due
to photoexcited electrons tunneling to manganese cen-
ters from the shallower tunneling level at a rate
W2(R) and can be expressed as

AL(T,I) = J; P(R,t)) Wo(R,I)dR

=J; po(R)e~WiRto Wy (R, AR [13]

The rate Wy (R, I) is given by
W2 (R, I) = Aze=2R/ fo (T, I)

where b is the radius of wave function for the shal-
lower trap tunneling level overlapping with the man-
ganese (b > a) and where f; is the fraction of trapped
electrons excited to this shallower level. This level,
located high above the ground state, is likely to be
only populated by photoexcited electrons; therefore
agl
e BT <o —:- < T ang FalTy 1) el ]
2

where C; and ay are the capture cross section and
photoexcitation efficiency associated with the shal-
lower tunneling level. Similar to g(R), the function
h(R) = W3 (R, I)e~WiR)te reaches its maximum at R4
a b
Rd:—z-[ln (toA e —E/KT) +1n(—)] [14]
a
Assuming the relation in [13] in I as above, and noting
that b/a is experimentally found to be of the order of
2,} we find that Rq is almost equal to R, and much
bigger than the “width” a + b/2 of the function h.

Following the same reasoning as in the previous sec-
tion, we have

agl 0
AL(T,I) sAzc—po(Rd) J; e—2R/b g~ Wi(R)tdR
2

We define a new integration variable: w = W;(R)t,.

2
Then: dw = — — wdR and the integral becomes
a

0
G = J; e~2R/b g~ Wi(R)todR —
O e fo
— — (Aje—E/KT ¢,)—b/a (a/b)—1 g—
2 (Ay 0) —— e~vdw [15]

wh_ere the lower integral limit is much greater than
unity. Therefore, we have

o a (Aje—E/KT t;) (a)
=— e~ to) T| —
P "\

and
AL(T,I)
a a
) a a I Y +_b—kT
=4 —Ar<_)“i R
1 2 AT\ 3 A Po(Ra)to e [16]
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Expression for the ratio AL/L;—Comparing [10]
and [14], we have

(Rd—Rc)/Rn
.
=(1n—>/ In (teA; exp (— E/KT)) << 1
a

Thus we can assume po(R4) == po(R;) and derive the
expression for the ratio r(to, T,I) = AL(T,I)/Ly(to, T)

to be
E
(-5 22
b b kT
T(tl, T, I) = Kto e [17]

where K = A;=@/®A,r(a/b) asl/Cs. One notes that,
in our tunneling level model, r becomes time-depen-
dent (comparing [17] and [7]). This time dependence
is a simple power law as opposed to the case of PP (Ly)
and PSL (AL) whose individual behavior with time is
complicated by factors of po(Rc(t)) and po(Ra(t))
with unknown t-dependence.

Experimental application.—Based on the theory
above, one can devise the following experimental
methods to verify its validity:

Experiment 1—Keeping a steady temperature, mea-
suring the ratio 7(ty) of the PSL peak AL over PP in-
tensity L; at a time to after UV excitation removal and
repeating this experiment at the same UV excitation
conditions but for various values of t, should give us
the time-dependence of 7. A plot of log r(ty) vs. log to
should yield a straight line with a slope of 1 — a/b,
thereby determining the value of a/b.

Experiment 2—Repeating the same experiment for
a fixed amount of time to, but at various temperatures,
should give us the temperature dependence of r. A
plot of Inr(t) vs. 1/kT should give a straight line
with a slope of (a/b)E. Knowing a/b from experiment
1 we can then determine E.

We shall defer the discussion of experimental re-
sults to a later section.

A simple quantum analysis.—Let E; (and E;) be the
energy depth of the deeper (and shallower) tunneling
level with respect to the conduction band. The con-
stants a and b in the tunneling rate expressions are
in fact the Bohr radii of the two electron excited levels
in the trapping centers. Quantum theory yields that a
and b are respectively proportional to E;~% and E;—%.
Therefore, we have

E\/E; = b%/a? (18]

From [18] and e = E + E; = E; 4+ E’ (see Fig. 2), we
obtain

E; = (E' - E)/(1 — a2/b?)
and

Ey = (E'—E)/(b%/a2 — 1) [19]

Knowing the values of E and a/b from the experi-
mental method described above and determining the
energy E’ of the oy .ical excitation separately, one
could then obtain the numerical values for Ej, Eg, and
e and get a complete and quantitative energy level
relationship for the trapping centers.

Experimental Results

The experimental methods described above have
been shown to be self-sufficient and to give straight
forward values for E and a/b from measurements of
the time and temperature dependence of the ratio
AL/L,. However, in order to verify their accuracy, we
apply the Hoogenstraaten method (validated in the
tunneling process scheme in I) to get a fairly accurate
value of E from TSL measurements. We then deter-
mine a/b from Experiment 1, the time dependence of
r, and from Experiment 2, the temperature dependence
of r, a second value of a/b which can be compared with
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each other to check the validity of our two tunneling
level model.

Two manganese-doped zinc silicate single crystals
(8) were studied: the first one is codoped with arsenic
(2228B, Mn:0.067 w/o, As:0.0011 w/o0), the second one
is arsenic-free (2159°C, Mn:0.6 w/0). The experimental
results are discussed below.

Mn-As codoped sample.—(i) Our thermoglow mea-
surements show a well-defined peak at 260 K for vari-
ous heating rates and the Hoogenstraaten method
yields an activation energy E of 0.69 eV as shown in
Fig. 3.

(ii) We irradiated the sample with a 254 nm Hg line
for 3 min and exposed it to a 633 nm He-Ne laser
beam 3 min after UV removal (t, = 180 sec). At time
to, we measured the PP intensity Ly (just before red
light illumination) and the PSL peak intensity AL
and calculated the ratio . The same experiment was
repeated every ten degrees from —80° to —10°C.
Figure 4 gives an Arrhenius plot of L; (PP) and AL
(PSL) showing their temperature dependence. An
Arrhenius plot of » gave a straight line over more than
two orders of magnitude as shown in Fig. 5. The slope
determines that (a/b)E = 0.46 eV. One may point out
that the experiment is limited on the high temperature
side by the weakness of the PSL signal compared to
PP fluctuations. The deviation of the experimental
curve from the straight line on the low-temperature
side can be explained in the following way: at low
temperature, In (toA; exp (— E/kT)) can no longer be
assumed to be much greater than In b/a (or unity),
R4 can no longer be considered equal to R. and thus
po(R) may not be considered as a constant in the in-
tegral of the luminescence expression.

(iii) Combining the value of (a/b)E found in (ii)
with the value of E determined by the thermoglow
measurements in (i), we obtain a/b = 0.667.

(iv) We selected the temperature —40°C in the
straight part of the curve and repeated the same ex-
periment for various times t,. Log-log plots of PP
intensity and PSL peak intensity as a function of time
show two different nonlinear curves (Fig. 6). How-
ever, the ratio r = AL/L; displays a power law de-
pendence on time t; as t%28 yielding a value of 0.72
for a/b. This is in good agreement with the value
(0.667) obtained from the temperature dependence
measurements thus confirming the analysis in a pre-
vious section,

(v) The energy E’ of the higher tunneling level of
the traps is limited by the He-Ne laser energy which
is 196 eV, i.e., E' =196 eV,

N
o

-
o
]

E=.69 eV

3]
I
°
|

N
T

108 BITZ (°K~1sec™ 1)

-
P ) |

1
3.8 3.9 4 41 415
1000/Tm (°K—1)

Fig. 3. A Hoogenstraaten plot for the 260 K thermoglow peak
of the ZnySiO4.mn,as sample. We measured the temperature Ty
of the TSL peak for various heating rates 8. For all thermoglow
runs, the sample was irradiated with UV light of 254 nm for 2 min
at —190°C. The slope yields the activation energy: E = 0.69 eV.
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Fig. 4. Temp e depend of the phosph ence i ity
(PP) measured 3 min after UV exposure was stopped and of the
photostimulation luminescence peak intensity (PSL) induced by 633
nm He-Ne light exposure at the same time. The phosphor is
ZnySi0y:Mn, As. Conditions of UV exposure are 254 nm light for

3 min.
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Fig. 5. Temperature dependence of the ratio r = AL/Ly for the
ZnoSi04:Mn,As sample. We used the values of AL (PSL) and Ly
(PP) plotted in Fig. 3. The slope yields (a/b) E — 0.46 eV.
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From expression [19], E = 0.69 eV and a/b = 0.667,
we obtain
E; =228 eV

E;=1.02 eV



Vol. 130, No. 10

1 AR T ——T1—T1 7110
—
sl \. +/4- i
I p 1 3
|+ T t-28 | ~
A
a
a o
% 1 \A\A . 11 o
2 \ %
050 pp (o) s 1 7
L PSL (2) \o J a
PSL/IPP (+) % o
.01 U O 1 | 1 1 A
1 5 10 50 100 200 300
TIME (seconds)
Fig. 6. Dependence of phosph L;(PP), photostimulated
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UV light is removed (temperature is at —40°C, excitation is 254
nm light for 3 min). The ratio shows a power dependence on time:
t0-28 which yields a/b = 0.72.

This yields a ground state energy for the trap that is
equal to or less than 2.97 eV below the conduction
band. The precise value of the ground state energy
can be determined if one can use a high power tunable
light source to determine E’ precisely.

Mn doped sample.— (i) For this sample, thermoglow
measurements show one strong peak, noted 1, at 229 K
and another well separated one, noted 2, at 361 K. We
did not study the first two TSL peaks (located at 140
and 179 K) because it is difficult to isolate them from
the main peak. Again using the Hoogenstraaten
method, we obtain an activation energy 0.68 eV for
the first peak and 0.96 eV for the second one shown in
Fig. 7 and Fig. 8, respectively.

(ii) The same experiments as for the Mn-As co-
doped sample were carried out. Arrhenius plots of PP
intensity and PSL peak intensity (Fig. 9) at (to = 180
sec after UV removal) show curves similar to those
for Mn-As codoped samples (Fig. 7) for the low tem-
perature region though shifted towards lower temper-
atures. The high temperature TSL peak introduces an
additional peak in these curves. Applying the same
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Fig. 7. A Hoogenstraaten plot for the 229 K thermoglow peak of
the ZnS5i04:Mn,As sample. We excited the sample with 254 nm
UV light for 2 min at —190°C. The slope yields: E = 0.68 eV.
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Fig. 8. A Hoogenstraaten plot for the 361 K thermoglow peak of
the Zn2SiO4:Mn sample (we used the same TSL experiments as in
Fig. 7). The activation energy found is: E = 0.96 eV.
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Fig. 9. Temperature dependence of Li(PP) and AL(PSL) for the
ZnySi04:Mn sample. The measurements were carried out in exactly
the same conditions as for the sample codoped with arsenic (Fig.
4-6).

method as for the Mn-As codoped sample, the plot of
Inr vs. 1/T yields a straight line over almost two
orders of magnitude in the peak 1 temperature region
(Fig. 10) and over one and a half orders of magnitude
in the peak 2 region (Fig. 11). In Fig. 10 (peak 1), the
data were limited on the low temperature side by
interaction with the first two TSL peaks, on the high
temperature side by involvement of the higher tem-
perature peak in the PSL effect.

(iii) Analysis of peak 1. Plot of the temperature-
dependence of r gives: (a/b)E = 0.45 eV (Fig. 10).
Substituting the value of E (0.68 eV) found in the
thermoglow measurements yields: a/b = 0.662. A plot
of the time dependence of 7 at T = —61°C shows a
power law behavior: r = 1928 which yields a/b = 0.77
(Fig. 12) which again is in good agreement with the
first value calculated from the temperature depen-
dence of 7.

Similar to section above on an Mn-As codoped
sample, taking the red laser energy (1.96 eV) as the
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Fig. 11. Temperature dependence of ratio AL/Ly for the Zn,SiO4:
Mn sample in the TSL peak 2 region. We used the data plotted
in Fig. 8. The slope of this curve yields: (a/b)E = 0.47 eV.

maximum value for E’, E = 0.68 eV, and a/b = 0.662,
we obtain: Ey = 2.28, E; =1 eV, and ¢ = 2.96 eV. One
notes that these energy values are close to those de-
termined for the Mn-As codoped sample. Moreover,
for both samples, there is a similar temperature de-
pendence of r as shown in Fig. 13. These similarities
suggest that the traps responsible for PP and PSL
observed (peak 1) in the Mn doped sample may be of
the same nature as those in the Mn-As codoped sam-
ple. Differences in apparent PP and PSL magnitudes
and their temperature dependence (compare Fig. 4
and Fig. 9) observed from one sample to the other
may be due to very different pair distributions,
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samples both with and without arsenic codoping. Both curves follow
the same pattern over more than two orders of magnitude.

(iv) Analysis of peak 2. A plot of the temperature
dependence of 7 for the peak 2 region yields (a/b)E =
0.47 eV (Fig. 11). Taking the Hoogenstraaten value of
E as 0.96 eV, we obtain that a/b = 0.49. However, as
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shown in Fig. 14, the time dependence measurement
at T = 447°C (Fig. 14) yields: a/b = 0.65. Thus,
there is a large discrepancy between the two values
(= 30%). Furthermore, as one recalls the peculiar
behavior of the TSL peak 2 to the variation of excita-
tion conditions (see Fig. 4 and 5 of paper I), one may
suggest that the charge transfer from the peak 2 set
of trapping centers to luminescent centers is not lim-
ited to a tunneling process and may involve the con-
duction band.
Summary

Using a pair recombination model with two tunnel-
ing levels, we carried out a comparative study of PP
and PSL in Mn-doped zinc silicate phosphors (with or
without As) for 254 nm UV excitation and 633 nm
photostimulation. Using a single tunneling level model,
one predicts that the ratio r of AL(PSL)/L;(PP) is
independent of time and follows an exp —E/kT tem-
perature dependence (the activation energy E may be
obtained from a Hoogenstraaten plot). However this
is inconsistent with experimental data which showed a
power law behavior for r vs. time and an exp —aE/kT
dependence of r upon temperature with « < 1. We
presented a two tunneling level model which could
account for both of these experimental t- and T-
dependencies of r. Moreover, in this interpretation we
could predict, in good agreement with experiment,
that t- and T-dependences of r were related to each
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other by a common parameter a/b, that is: r(f) =
Kt(1 —a/b) whereas 7(T) = K’ exp — a/b E/KT.
Furthermore, this model yielded, through experimen-
tal determination of a/b, a complete energy level dia-
gram of the traps responsible for PP and PSL. We de-
termined numerical values for the depths of trap
ground state and tunneling levels which are as follows.
For Mn and As codoped sample, E = 0.69 eV, a/b =
0.66 by temperature dependence data and a/b =
0.72 by time dependence data; thus E; = 2.3 eV, E;
= 1.0 eV, and E = 3.0 eV. For Mn-doped sample, E
= 0.68 eV, a/b = 0.67 and 0.77 corresponding to the
two methods. The traps present in samples both with
and without arsenic are found to be of the same type
but with different distribution (we exclude the high
temperature set of traps of the sample without As).
These results may suggest that arsenic codoping may
induce a change in the trap spatial distribution rather
than in the nature of the traps themselves. In the limit
that the photostimulation energy is the same as the
thermostimulation energy, the two tunneling level
model should be reduced to a single tunneling level
model which can account for the PP and PSL be-
havior. This should be observable if one uses a tunable
light source in the infrared cf sufficient intensity.

Acknowledgment
We would like to thank Ms. Sandy Macuirzynski and
Ms. Evelyn Margulis for typing this manuscript. One
of us (PT) would like to thank the CNET and IBM
T. J. Watson Research Center for supporting this work
and his one-year stay in the Phosphor Research Group
at the IBM Yorktown Heights Research Center.

Manuscript submitted June 25, 1982; revised manu-
script received March 15, 1983.

IBM T. J. Watson Research Center assisted in meet-
ing the publication costs of this article.

REFERENCES

1. P. Thioulouse, E. A. Giess, and I. F. Chang, J. Appl.
Phys., 53, 9015 (1982). Also see 1. F. Chang and
P. Thioulouse, ibid., 53, 5873 (1982).

. I. F. Chang and G. A. Sai-Halasz, This Journal, 121,
2458 (1980).

3. 1. F. Chang, G. A. Sai-Halasz, and M. W. Shafer,
J. Lumin., 21, 323 (1980).

. I. F. Chang, P. Thioulouse, E. E. Mendez, E. A. Giess,
D. B. Dove, and T. Takamori, Int. Lumin, Conf.
Proceeding, Berlin, July 1981; J. Lumin., 24/25,
313 (1981).

. C. J. Delbecq, Y. Toyozawa, and P. H. Yuster, Phys.
Rev., BY, 4497 (1974).

. P. Avouris and T. N. Morgan, J. Chem. Phys., 14,
4347 (1981).

. W. Hoogenstraaten. Philips Res. Rep., 13, 515 (1958).

. E. A. Giess, C. F. Guerci, J. D. Kuptsis, I. F. Chang,
and D. J. Robbins, J. Cryst. Growth, 60, 219 (1982).

[

>

I o O



Aspects of GaAs Selective Area Growth by Molecular Beam Epitaxy
with Patterning by SiO. Masking
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ABSTRACT

The selective epitaxy of GaAs through windows in SiO, deposited on semi-insulating GaAs substrates has been studied.
Etching of the (100) substrates for planar inlaid deposition may incur problems of irregular nonflat-bottomed profiles to
the troughs, and problems of voids after deposition because of the SiO, undercutting. It is shown that flat-bottomed holes
may be obtained by use of an etch of composition 1H,S0,:2.5H,0,:50H,0 and that this has a suitable etch rate. The problem
of voids because of SiO, undercutting may be solved by an extra step that removes the overhangs. Many orientations of
patterns were studied on the substrates to confirm the effectiveness of the recommended procedures.

Selective epitaxy is likely to become an increasingly
important technology for the fabrication of monolithic
gallium arsenide integrated circuits since it opens up
the possibility that structures may be made that differ
from those currently achieved in GaAs by ion implan-
tation or diffusion processes.

Typically, the selective epitaxy process uses de-
posited SiO; or thermal oxide Ga203 patterned to form
windows on semi-insulating (100) GaAs through
which the growth takes place. The GaAs under these
windows may be etched to form troughs into which
epitaxial GaAs is inlaid or the GaAs may be epi-
taxially grown on the original substrate surface to
form low profile mesa structures. The epitaxy tech-
nologies that have been considered are liquid phase
epitaxy LPE (1-4), vapor phase epitaxy VPE (5-10),
and molecular beam epitaxy MBE (11-20). In MBE,
the growth is by impinging thermal energy beams of
atoms or molecular species such as As4 or As; onto the
heated substrate. The result is that deposition occurs
both on the exposed GaAs in the window area where
the growth is epitaxial and on the insulator region
SiO; or GaO; where the deposit is fine grain poly-
crystalline GaAs that is effectively semi-insulating. If
the polycrystalline GaAs is very high in resistance, it
may be left in place or, if it is unwanted or lower in
resistance because of doping during the growth, it may
be removed after deposition.

A special feature of the MBE process is that it is a
direct line of flight process and therefore in the etch-
and-fill technology, epitaxy of monocrystalline GaAs
takes place from the bottom of the etched trough and
there is virtually no overgrowth problem at the edges
of the trough. This is in contrast to LPE and VPE
techniques where growth proceeds from the walls in-
ward as well as from the bottom upward. This leads
to low quality monocrystalline growth at the perime-
ter of the trough, facet formation, and a tendency for
overgrowth of the edges with rough large grain poly-
crystalline GaAs. This distorts the size and shape of
the effective window and the effect is orientation de-
pendent. Hence LPE and VPE are not good processes
unless overgrowth is deliberately being sought, as
when burying the metal grid of a permeable base
transistor or in the cleaved film process for solar cells.

However, in MBE selective epitaxy by etch-and-fill,
there is need to prevent an insulator profile that arises
from undercutting and results in the presence of edge
voids in the refilling stage. Furthermore, for planar

¢ Electrochemical Society Active Member.

Key words: etching, orientation, semi-insulating GaAs, poly-
crystalline GaAs.

filling, the etched hole must be flat-bottomed. This
paper discusses etching and masking procedures that
accomplish these ends.

Specimen Preparation

The (100) substrates of GaAs used in the experi-
ments were either Cr-doped or LEC semi-insulating
material or conducting substrates with Si or Te
doping. A normal organic solvent and acid cleaning
procedure was applied and the clean polished surfaces
were then coated with SiOy by chemical vapor deposi-
tion from SiH; and oxygen or by sputtering. SiOs
thicknesses ranging from 3000 to 1000A were used.
Standard photolithographic techniques were applied
and the SiO; in the photoresist window areas was
removed by etching with buffered HF solution.!

After a further organic solvent treatment, the sub-
strates on which mesas were to be grown were given
an oxide removing etch of 10% HCI and rinsed in
deionizing water, The substrates for the etch-and-fill
experiments were etched to depths of several microns
through the SiO; windows with a solution of 1H2SOy4:
2.5H20,: 50H20 at room temperature (these etch pro-
portions are discussed in the section that follows) and
rinsed in DI water.

Selective Etching Studies

The surface preparation for the procedure shown in
Fig. 1(a) has the aim of merely cleaning the original
substrate surface of residual SiO;, photoresist, and
native oxide prior to growth and for this 10% HCI is
the acid etch used. For the etch-and-fill technology of
Fig. 1(b), the flatness of the bottom of the etched hole
is of importance and we have studied this for a num-
ber of etch solutions.

The H2SO4-H02-H,0 system is the one most com-
monly used as a surface polishing etchant for GaAs
and this is the one we have concentrated on. The
proportions of this etch were found to have a con-
siderable influence on the profile of the etched hole.
Shaw (21) has reported that when using the mixture
5HyS04: 1H209: 1H,O for selective etching the bottom
of the holes were very nonplanar with the greatest
etching occurring near the mask edges. The etching
process is considered to be as follows

GaAs + 4H;0; = GaAsO4 4 4H0
2GaAsO4 + 3H2S04 = Gag (S04) 3 + 2H3AsO4

1Supplied by the Transene Company Incorporated, Rowley,
Massachusetts, and consisting of a fluoride, bifluoride, and hydro-
fluoride acid buffer solution. U.S. Pat. 2,732,326.
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Fig. 1. Structure of specimens for selective epitaxy. (a) For
growth on original substrate surface. (b) With etching of the GaAs
showing the undercut effect.

These are oxidation and dissolution processes where
H20; is the oxidizer and HsSO4 causes the dissolution.
The process may be limited either by diffusion rates or
chemical reaction rates. Shaw attributes the enhanced
etching rates near the mask edge to the surface diffu-
sion of adsorbed moleculars along the protective mask
which effectively results in a greater flux of etchant at
the mask edge. Improved results were obtained when
Shaw used 0.7M H30;-1M NaOH as the etchant.
Other etches also have been studied (24-29).

Representative etching profiles in our work as de-
termined by a Sloan Dektak surface profiler are shown
in Fig. 2. We see preferential etching at the mask
edge of a 25 um wide window for etches of composition
6:1:1 and 3:1:1. However, for the composition 1H,SOy4:
2.5H20,:50H;0 very flat-bottomed results are ob-
tained, Fig. 2(c). The advantages of low HySO4 solu-
tions have been observed by Iida and Ito (22).

The etched depths vs. time for the various solutions
are shown in Fig. 3 for (100) GaAs at 30°C. The rate
for the preferred 1H,SO4:2.5H202:50H;0 solution is
seen to be a convenient 0.38 ym/min and is indepen-

S

5KA /div
3l

2Kk R /div 5k A& /div
6:1:1 1:2.5:50
(a) (b) (c)

Fig. 2. The flatness of hole bottom after etching GaAs in various
composition ratios of the H2SO4:H202:H20 solutions. (a) 6:1:1,
(b) 3:1:1, and (c) 1:2.5:50.

Etching Time (min)

Fig. 3. Etching depth vs. etching time in various composition
ratios of H2$04:H202:H20 and various substrates (n+ GaAs and
SI GaAs) at 30°C. (Error bar lines represent edge effect.)

dent of whether the GaAs is n* doped or semi-in-
sulating. The other compositions are rather fast etch-
ing and exhibit deeper edges as shown by the bars and
the rates are increased by ultrasonic stirring to quite
unsuitable values.

The effect of temperature was explored as part of
our calibration of the 1:2.5:50 etch and is shown in
Fig. 4. Since this etch seemed to be a reproducible
and very well-behaved one, we used it in our subse-
quent studies in conjunction with a mask capable of
creating many orientations of rectangular windows in
the SiO; layer.

Selective MBE Growth
The MBE system used was a Perkin Elmer Model
400 and the procedure followed that described else-
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Fig. 4. Etching rate vs. reciprocal absolute temperature in various
composition ratios of the H2S04:H202:H20 solutions.
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where (23). The substrates after leading were pre-
heated to about 610°C in the analysis chamber for 5
min to heat clean the surface and then were trans-
ferred to the growth chamber. The substrate temper-
ature was 570°C during growth and the arsenic Asg
pressure from an arsenic effusion cell was 4.5 x 10—8
Torr. The Ga oven temperature was 1030°C and the
Asy to Ga flux ratio therefore about 5:1 with a growth
rate of about 0.8 um/hr. Ge was used as the n-type
dopant and Be as the p-type dopant in some of the
growths.

In one set of growths, no etching of the GaAs sub-
strate was made except a light HCI etch to clean the
original surface after the window was opened in the
SiOy by buffered HF solution, Fig. 1(a). The GaAs
(~101¢/cm3) deposited in the window was single
crystal and that deposited on the SiO, was fine-grain
polycrystalline material of high resistivity. The win-
dow edges showed no signs of faceted over-growth of
large grain material unlike the effects seen with LPE
and VPE. A scanning electron microscope photograph
showing no distortion or overgrowth of the windows
of all orientations is shown in Fig. 5.

In the second set of experiments, the GaAs in the
window regions was etched with the flat-bottom etch
1H,S04: 2.5H50,: 50H20 to a depth of typically 2 um.
This procedure, however, results in undercutting of
the SiO, mask as suggested by the sketch in Fig. 1(b).
The result after MBE growth is that voids are left
under the overhanging SiOy as seen in the scanning
electron microscope photograph of Fig. 6. The epitaxial

Fig. 5. An SEM photograph that shows the various window
orientations in which GaAs has been grown on the original (100)
substrate and the absence of any edge growth distorting the
window shape.

HIGH RESISTANCE

POLY GoAs
VOID
SINGLE MBE

GaAs CRYSTAL

SUBSTRATE GaAs

Fig. 6. An SEM photograph of an etch-and-fill growth showing the
SiO2 overhang and the resultant voids between the single crystal

GaAs in the window area and the fine grain high resistance GaAs
on the SiO;.
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GaAs layer in the window region is seen to be similar
in thickness to the GaAs deposition on the SiO;.

The GaAs undercut action and the effect of the SiO;
overhang in creating crevasse-like perimeters between
the grown epilayer in the window and the surrounding
polycrystalline GaAs has been reported previously
by Cho and co-workers (11-14, 16). In some applica-
tions, this is a desirable effect. For instance, Tsang
and Cho point out this could be of value in the fabri-
cation of integrated optics components such as chan-
nel optical waveguides.

In other applications such as the incorporation of
refilled GaAs regions in semi-insulating substrates for
monolithic circuit fabrication, the crevasses are un-
desirable and a complete fill is required so that metal-
lization may cross as a planar structure. The overhang
problem may be solved in principle by making the
SiO; layer thicker than the overhang.

Removal of the overhanging SiO; is then possible
by etching in HF (diluted to 20:1) as shown in Fig.
7(a), although this at the same time thins the com-
plete SiO, layer. Since the SiO; overhang may be
several micrometers long (depending on the depth of
the etching in the GaAs window area), this procedure
usually requires an excessive thickness of SiO; to be
grown.

A Dbetter solution to the problem, we believe, is to
leave the SiO, protected with photoresist while etch-
ing away the SiO, overhang from the underside as
suggested by the sequence of Fig. 7(b).

We have demonstrated the practicality of this pro-
cedure using both Shipley AZ positive photoresist and
Kodak negative photoresist and lateral etching with
the Transene buffer HF solution. The SiO, etching vs.
time for this solution at room temperature, without
stirring or ultrasonic vibration, is shown in Fig. 8 and
the rate is observed to be convenient.

After etching away the SiO; overhang to the perim-
eter of the GaAs trough as seen in Fig. 9, the photo-
resist is still in place and must be removed by solvents
before the MBE growth is made. The results after
MBE growth show no voids between the trough sides

PHOTORESIST Si0, OVERHANG

THICK SiO,

e NS
siog
OVERHANG
GoAs
GoAs l

OVERHANGING SiO,
REMOVED BY HF

OVERHANG
ETCHED AwAY

l

RESIST REMOVED AND MBE
GROWTH MADE

(7777] L7/

POLY GaAs

GaAs REFILL

(a) (b)

Fig. 7. Procedures for removal of $iO»> overhang. (a) With thick
SiOz and HF etching. (b) With thin SiOz protected by photoresist.
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Fig. 9. GaAs trough with SiOs overhang etched back to the
edge and the photoresist still overhanging.

and the epigrown single crystal GaAs, see Fig. 10. Also
there is no sign of facet growth between the GaAs in
the window and the polycrystalline GaAs on top of
the SiOs. Depending on the doping of the GaAs in the
window, the polycrystalline GaAs may be high enough
in resistance to leave in place in some circuit applica-
tions. In other applications, it may have to be removed.

Conclusions
The selective etching and selective deposition of
GaAs has been studied on (100) substrates.

tig. 10. The specimen of Fig. 9 after MBE growth, showing no
voids at the edge between the refill GaAs and the substrate. The
masking SiOz and the polycrystalline high resistivity GaAs de-
posited on it are still in place.
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An etching solution with 1HySO4:2.5H;05: 50H;0
composition was found that gives flat-bottomed holes,
constant and suitable etching rates, and can be with-
stood by the photoresist.

Different shape and size patterns were used for se-
lective MBE growth studies. Selective MBE growth
does not cause overgrowth and edge distortion effects
that are problems in selective LPE and VPE growth.

Etching undercutting effects can cause crevices to
occur at the window edge. If these are not desired\
they can be eliminated by removal of the SiO; over-
hang with buffered HF solution and the etching rates
for this are given.
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The Relation Between the Correction Factor and the Local Slope in
Spreading Resistance

John Albers

Semiconductor Devices and Circuits Division, National Bureau of Standards, Washington, DC 20234

ABSTRACT

Dickey had proposed a technique, known as the local slope method, for the calculation of the correction factor which is
used to obtain resistivity profiles from spreading resistance data. The technique is founded upon two asymptotic models
for the conduction process involved in the spreading resistance measurement for the cases of (1) a conducting layer over an
insulating substrate, and (ii) a high resistivity layer over a low resistivity or conducting substrate. The results of these two
extreme cases are bridged by means of an assumed functional relation between the correction factor and the local slope of
the spreading resistance data. This paper examines the two asymptotic models as well as the assumed functional relation
between the correction factor and the local slope. It is shown that the asymptotic models adequately describe the behavior
of the correction factor for a thin uniform layer over insulating or conducting boundaries. In addition, the single-valued
relation between the correction factor and the local slope, which is assumed by the local slope methaqd, is shown not to be an
adequate representation of the multiple-valued relation between these two quantities found from multilayer data. For the
cases considered, this distinction leads to an error in the resistivities as interpreted by the local slope method by as much as
60%. Nonetheless, the local slope results qualitatively follow the multilayer results thus making the technique a usable one
for the calculation of approximate correction factors. A comparison of the two correction factor vs. local slope relations
provides a basis for the behavior of the interpreted resistivities when they are compared with the input resistivities.

Spreading resistance measurements on bevel-sec-
tioned materials of nonuniform resistivity provide a
technique for the determination of the resistivity pro-
files of these materials. The relation between the
spreading resistance, R(x), and the resistivity, p(x),
is given by the equation

R@ =22 () 1)
2a

where x is the depth, a is the electrical probe radius,
and C(x) is the correction factor which depends upon
the details of the underlying resistivity structure and
the electrical probe radius. Central to the effective use
of this technique is the calculation of the correction
factor which provides for the extraction of the resis-
tivity from the spreading resistance. In the calculation
of the correction factor, Schumann and Gardner (1,
2) have presented a technique based upon the multi-
layer solution of the Laplace equation. The focal point
of the multilayer Laplace equation analysis is that the
correction factor may be expressed as

® i
C(@) :afo A1) { ‘(ma)

Jo(AS)

} L(ha)adr [2]

where S is the separation between the probes, Jo( a)
and J;(AS) are the Bessel functions of zero and first
order, respectively, A(x,%) is the kernel of the in-
tegral and is related to the resistivity structure, I, (Aa)
is the Hankel transform of the generalized probe-
current density (3), and A is the integration variable.
In the analysis presented here, the origin of the co-
ordinate system is at the substrate so that the variable
x increases away from the substrate, The implementa-
tion of this technique has been greatly simplified by
the recursion relation for the kernel of the correction
factor integral as developed by Choo et al. (4). The
first successful use of this method has been presented
by D’Avanzo et al. (5, 6) who make use of the re-
cursion relation in conjunction with a partial integral
scheme for the kernel of the correction factor integral.
More recently, Berkowitz and Lux (7) have greatly
simplified the implementation by making use of a 22-
point integration scheme.

An alternative technique for the calculation of the
correction factor, known as the local slope method, has

been presented by Dickey (8, 9). The focal point of
this method is the investigation of the behavior of the
correction factor for thin layers over insulating or
conducting boundaries. By making use of parallel or
series conduction models, Dickey has proposed that
the correction factor may be related to the local slope
of the spreading resistance data, M (x), defined as
dInR(x)
M(x) = ——— [3]
dx

where the derivative is evaluated in the direction of
the substrate. This analysis is based upon the asymp-
totic models for the cases where M(x) » 4+« and
M (x) » — . The behavior of the correction factor as
a function of the local slope between these limiting
cases is provided for by an assumed single-valued re-
lation between the correction factor and the local
slope. This relation is required by construction to yield
the parallel and series conduction limits as M (x) be-
comes large and positive or large and negative., It
should be noted that the philosophy of the local slope
method is to bypass the integral inversion required by
Eq. [2] and focus upon the spreading resistance data
directly. In other words, in order to use Eq. [1] and
[2], the resistivity is varied until the calculated
spreading resistance agrees with the measured spread-
ing resistance to within a given accuracy. The local
slope method, on the other hand, employs the value
of M (x) to extract C(x) by means of an assumed sim-
ple algebraic relation.

Previously, a comparison of the results of the tech-
nique of D’Avanzo et al. and the local slope technique
for correcting model spreading resistance data has
been presented (10). There it was found that the tech-
nique of D’Avanzo et al. gave back the resistivities
used in the original model data calculation. The local
slope method gave rise to resistivities which qualita-
tively followed the original resistivities. This agree-
ment was particularly impressive in that the model
data was constructed to take the local slope between
negative and positive values. The question which
naturally arose was whether the local slope equation
could be derived from the more general multilayer
Laplace equation. In particular, the possibility of the
local slope equation being the first-order form of a
more general equation relating the correction factor
to the local slope was considered.

The purpose of this paper is to address this question
and to show that the more general multilayer Laplace
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equation does not admit to a single-valued relation be-
tween the correction factor and the local slope. In
general, the multilayer equation gives rise to a multi-
ple-valued relation between the correction factor and
the local slope, which implies that the local slope is
not a good variable in which to express the correction
factor. Nonetheless, the local slope relation does fall
in the region of the curve given by the multilayer
equation. This behavior provides a basis for the un-
derstanding of why, for example, the resistivities in-
terpreted by local slope are sometimes larger than and
sometimes smaller than the original resistivities.

The Local Slope Method

The first of the asymptotic models used in the local
slope derivation is that of the parallel conduction
model. This is assumed to correctly describe the con-
duction mechanism in a thin nonuniform layer over
an insulating substrate. In this model, the conduction
is assumed to take place in parallel through the sub-
layers between the probes (akin to the model used in
sheet resistance measurements). In both this model
and the series conduction model, the conductivity (or
resistivity) is assumed to be constant over the thick-
ness, Ax = t, of the sublayer. The conductivity at the
position x in the structure (measured from the in-
sulating boundary) is then related to the differences
between the inverses of the spreading resistances (or
spreading conductances) at the positions x and & — ¢t
according to

g(x) =

In (S/a) 1 1
{ - } [4]
R(x) R(x —1t)

where R(x) and R(x —t) are the spreading resist-
ances at the positions x and x — t, respectively. The
corresponding relation between the correction factor
and the local slope of the spreading resistance is

C(x) = KiM(x) (5]

where the local slope of the spreading resistance,
M (x), is given by Eq. [3] and

2aIn (S/a)
K; = —n—— [6]

nt

The second asymptotic model, known as the series
conduction model, is assumed to hold for the conduc-
tion mechanism in a thin nonuniform layer of high re-
sistivity over a conducting substrate. In this model, the
conduction through the high resistivity material is
viewed as taking place through a cylinder of radius a
until the conducting substrate is encountered where
the current is shorted to the second cylinder under
the second probe. For this case, the model would pre-
dict that the resistivity at the position x is related to
the differences between the spreading resistances at
the positions x and x — t according to the relation

na2
p(x) =7t—{R(x) —R(x—1)} [71

The corresponding relation between the correction
factor and the local slope of the spreading resistance is

Ks
(o} S
(x) @) [8]
where
4
Kz = — [9]
na

and M (x), the local slope, is defined by Eq. [3].

For most cases of physical interest, the resistivity
structure will lie somewhere in between those used
in the parallel and series conduction models. For the
intermediate cases, the local slope method assumes
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that it is possible to express the correction factor as
a single-valued function of the local slope. In particu-
lar, this single-valued function is required to reduce
to Eq. [5] as M(x) » 4« and to Eq. [8] as M(x) -
—o0. The general form of the function which is pro-
posed to satisfy these requirements is given by

KM KiM 2 Ya
c@ = B ($)+{{ 12(30)}-}-;:}

2
[10]

The three commonly used forms of the function, «, in-
clude: (i) « = K;Kp, (ii) « = 1, and (iii) « = Kj,
where

2 R(x)
K3 =1+ (KlKg — 1}—tan—‘ log——-
n R(x —a)

[11]

where R(x) is the spreading resistance of the point
being considered and R(x — a) is the spreading re-
sistance one probe radius deeper into the structure, It
should be obvious that the above forms of « in the re-
lation between the correction factor and the local slope
are arbitrary, subject only to the limiting conditions
where M (x) » +o0, M(x) > —o0, and M(x) - 0. In
particular, the first form, i.e.,, x = K;Ks, gives rise to
the correct asymptotic results in the limits as M (x) -
+ 00, M(x) > —oo but does not give rise to a correc-
tion factor of unity when the local slope is zero. The
second form, i.e.,, x = 1, does not yield the asymptotic
model results exactly but does reproduce a correction
factor of unity for a zero value of the local slope. The
third form, i.e,, x = Kjs, is an attempt to remedy both
of these situations. However, as has been shown pre-
viously (10), this particular form has a difficulty of
yielding very large resistivities (very small correction
factors) in the regions where the local slope is large
and negative. As indicated previously, the purpose of
the present paper is to investigate the validity of Eq.
[5], [8], and [10] in terms of the spreading resistance
calculated from the multilayer Laplace equation,

Calculations

Test of asymptotic models.—The first set of calcula-
tions to be discussed addresses the validity of the two
asymptotic models embodied in Eq. [4] and [7]. In
particular, if these are adequate descriptions of the
conduction processes in these two extreme cases, then
their validity should be easily checked in the cases of
uniform layers over insulating or conducting bound-
aries. For the case of a uniform layer over an in-
sulating boundary, it is straightforward to show from
Eq. [1] that Eq. [4] reduces to the form

2aln (S/a) 1 1
at Cx) Cx—1

} = Unns(x) =1
[12]

Also, for the case of a uniform layer over a conducting
boundary, Eq. [7] reduces to the form

’;—': (C@) —Cx—t)) = Un(@) =1  [13]

In order to test Eq. [12] and [13], model spreading
resistance data were generated for the cases of a uni-
form layer over an insulating boundary and a con-
ducting boundary, respectively. In all cases, a probe
radius of ¢ = 2 um was used. For these two situations,
the kernel of the spreading resistance correction factor
integral (as given by Eq. [2]) is of the form A (Ax) =
coth(rx) and A(Ax) = tanh(lx), respectively (7).
In addition to using each of these two forms of the
kernel, the correction factor calculations made use of
several forms of the probe-current density (3). The
results of these calculations are presented in Fig. 1-4.
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Fig. 1. Behavior of the left-hand side of Eq. [12] for the case of
a uniform layer over an insulating boundary. The curves correspond-
ing to the three current densities are as follows: Schumann and
Gardner (A); Choo uniform (B); and ring delta function (C). The
specific value of the probe spacing is S = 50 um.

In Fig. 1, the left-hand side of Eq. [12] is plotted as a
function of the distance from the insulating boundary
for the three current densities and for a value of the
probe separation, S = 50 um. In particular, the three
probe-current densities which were used were the
Schumann and Gardner, the Choo uniform, and the
ring delta function forms. These current densities and
their extent of current constriction are discussed in
detail elsewhere (3). These three forms of the current
density gave rise to the curves denoted by A, B, and C,
respectively. It is clear that the ring delta function re-
sults yield a value of unity for this situation. In Fig. 2,
the ring delta function current density results are pre-
sented for several values of the probe separation. For
small distances from the boundary, all values of S
yield identical results. For large distances from the
insulating boundary, the agreement improves with in-
creased values of S as might be expected from the
similarity of the model with the sheet resistance
model. For the case of a conducting boundary, the
plots presented in Fig. 3 represent the left-hand side
of Eq. [13] for the three forms of the probe current
density for a value of S = 50 um. The Choo uniform
current density clearly yields the best results, In addi-
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Fig. 2. This figure depicts the behavior of the left-hand side of
Eq. [12] for the ring delta function current density for several
values of the probe separation. The specific values of the probe
separation are as follows: 25 um (A); 50 um (B); 100 um (C); 200
um (D); 500 um (E); and 1000 um (F).
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value of the probe separation used is S = 50 um.
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tion, the behavior of the uniform current density re-
sults for several values of S is presented in Fig. 4. It is
clear that the results are independent of S as would
be expected from the nature of the conduction mech-
anism.

From this analysis, it can be concluded that the
asymptotic models contain the correct conduction
mechanisms for thin uniform layers. In addition, the
two asymptotic models are in agreement with the
forms of the probe current densities which would be
assumed to describe the current flow pattern at the
probe-material interface, The insulating boundary
causes current constriction and allows current flow
only at the perimeter of the probe while the conduct-
ing boundary allows current flow to be approximately
uniform over the entire area of the probe-material
interface.

Correction factor-local slope relation for nonuniform
layers.—While the above analysis indicates that the
two asymptotic models provide a good description of
the conduction process for the appropriate boundary
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Fig. 4. This figure depicts the behavior of the results of Eq. [13]
for a uniform layer over a conducting boundary for the Choo uni-
form current density. The curves for the values of the probe
spacing used (25, 50, 100, 200, 500, and 1000 um) all lie on top
of each other. This indicates that the correction factor and, hence,
the spreading resistance, is independent of the probe spacing.
This is contained in the fact that the dominant contribution is the
series conduction through the top layer.
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conditions, the most important question focuses on the
validity of the assumed single-valued relation between
the correction factor and the local slope. In order to
test the validity of this relation, model spreading re-
sistance data were used. In particular, resistivity pro-
files typical of implant structures were employed in
this investigation. The correction factor and the
spreading resistance were calculated according to the
Laplace multilayer equations (10) as given by Eq. [2]
and [1], respectively. The local slope was then ob-
tained from Eq. [3] and was used in Eq. [10] to
obtain the corresponding local slope results, Typical
resistivity results obtained for « = K;K; are con-
tained in Fig. 5. In addition, typical results of the cor-
rection factors as a function of depth are presented
in Fig. 6. It is clear from Fig. 5 that the resistivity
profile obtained by the local slope method semiquan-
titatively agrees with the resistivity used in the multi-
layer method. However, there does appear to be an
inconsistency in the way in which the resistivity is
obtained. This is borne out by the corresponding cor-
rection factor plots presented in Fig. 6. In particular,
from Fig. 5 it can be seen that there is a region up to
about 0.3 um where the local slope results are larger
than the input resistivities and a region past 0.3 um
where the local slope results are smaller than the
input resistivities. The reason for this nonsystematic
difference can be explained by comparing the correc-
tion factor vs. local slope results obtained from the
local slope method and from the multilayer calcula-
tions. A comparison of this type is presented in Fig. 7.
The local slope results, denoted by B, are seen to be
single-valued, i.e., for a given value of the local slope
there is only one value of the correction factor. On
the other hand, the multilayer results, denoted by A,
show a multiple-valued behavior, i.e., for a given
value of the local slope there is no unique value of
the correction factor, Indeed, the feature of the multi-
layer curve which is most striking is that the correc-
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Fig. 5. This figure contains the original resistivity used to gen-
erate the model spreading resistance data (denoted by curve A)
and the resistivity obtained by using the KiKs form of the local
slope equation on the calculated spreading resistance data. This
interpreted resistivity profile is denoted by the curve B.
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Fig. 6. This tigure contains the correction factor as a function
of depth as obtained from the multilayer equations (curve A) and
from the KKy form of the local slope equation (curve B). The
multilayer results are obtained from the input resistivities used
in the multilayer equations while the local slope results are ob-
tained from the local slope analysis of the calculated spreading
resistance data. Note that the plot is not logarithmic along the
y-axis. The correction factors in the region near the origin are less

than unity, being on the order of 0.1.

tion factor depends upon the location along the profile.
It is clear that up to about 0.3 um, the local slope cor-
rection factor is smaller than the multilayer value,
thus making the local slope resistivity larger than the
input values. Beyond 0.3 um, the local slope correction
factor is larger than the multilayer value thus making
the local slope resistivity smaller than the input
values. In fact, the local slope curve lies in the same
region of the correction factor-local slope plane as
the multilayer curve, It is this fact which makes the

10 T T T T T T T

CORRECTION FACTOR

0 L L ! ! L 1
5 0 5 10 15 20 2% 30 35
LOCAL SLOPE
Fig. 7. These curves depict the Cex[M(x)] and Cis[M(x)] rela-
tions obtained from the multilayer and the K;Ks form of the local
slope equation on the model spreading resistance data. The multi-
layer equations yield the C(x) vs. M(x) curve denoted by A while
the local slope method gives rise to the C(x) vs. M(x) curve de-
noted by B. The arrow on the A curve indicates the path taken
during the calculation from the top surface to the substrate. The
path taken by the local slope method proceeds up the B curve to
the maximum value and then changes direction and goes back down
the B curve. The region before the crossing of the two curves is
that where Cex(x) > Cis(x) [or pex(x) < pis(x)]. The two correc-
tion factors are equal at the crossing point [which corresponds to
the depth point at x = 0.3 um of Fig. (5)]. Beyond the crossing
point, Cex(x) < Cis(x) [or pex(x) > pis(x)]. Similar results are
obtained for the k = K3 form and the xk = 1 form of the local

slope equation.
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local slope results qualitatively correct when com-
pared with the multilayer results. It is important to
emphasize that while the above results are obtained
for the « = K;K; form of the local slope equation,
similar results were obtained for the other two forms
of «. In particular, the x = 1 form gave the correct
substrate resistivity value and reproduced the x =
KiK, form for the implant region of the structure. On
the other hand, the x = K3 form gave rise to larger
resistivities in the surface region of the implant and
followed the ¥« = K;K; form from the peak to the
substrate where it went over to the correct substrate
resistivity value. In all cases, the plot of the correction
factor vs. local slope from each of these forms were
very similar and did not reproduce the multiple-
valued multilayer Laplace equation results. It might
be argued that the square root form of the local slope
equation is really double-valued. However, there is no
a priori reason to choose one sign of the square root
over another. One possible ad hoc way of dealing with
this is to let the sign of the derivative of the local
slope determine which sign to choose. This has been
attempted with the present data. It was found that
choosing the sign one way led to the usual local slope
results while the other choice led to negative values
of the correction factor, which is clearly unphysical.

Similar results were found for a number of struc-
tures. It is clear that the expansion of the correction
factor in terms of the local slope is only of limited
value, While the construction of a function of the form
of Eq. [10] subject to the agreement with the asymp-
totic results as M(x) » +c and M(x) > —c ap-
pears to be a potentially useful one, there is implicit
in it an assumption of single-valued behavior. How-
ever, the above analysis demonstrates that the correct
relation is multiple valued. This means that the local
slope is not the only variable at play in the deter-
mination of the correction factor. An alternative way
of viewing this may be obtained from the expression
between the spreading resistance and the correction
factor as given in Eq. [1]. By taking the derivative of
this equation with respect to x, it is possible to show
that

dlnp(x) dInC(x)

M(x) = i + T [14]

For the case of a uniform layer, the first term on the
right-hand side is zero. In this case, the resulting equa-
tion can be evaluated as

C(x) = C(0) exp{ J;I M(x’)dx’ } [15]

For this situation, the correction factor depends only
upon the local slope. However, for a nonuniform re-
sistivity case, Eq. [14] may be simply rearranged to
yield

dIn C(x)

dx

In this form, the equation states that the correction
factor depends upon not only the local slope but also
on the local variation of the resistivity. It is this ad-
ditional term which gives rise to the multiple-valued
behavior of the multilayer results when compared
with the local slope prediction. Implicit in the use of
the local slope method is the assumption that the cor-
rection factor may be obtained simply from the mea-
sured local slope. It is clear from Eq. [16] that the
variation of the resistivity is neglected. In point of
fact, it is not just C(x) which is responsible for the
specific form of M(x), but it is really the product

[16]

dl
- M) — np(x)
dx
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p(x)C(x) which is mirrored in M(x). This fact
hinders the derivation of the local slope equations
from the multilayer equations and causes the kind of
behavior found in Fig. 7.

Conclusions

The asymptotic models used in the local slope
method, as well as the local slope method itself, have
been critically investigated. 1t has been shown that
the asymptotic models give a good representation of
the correction factor when compared with the pre-
dictions of the multilayer theory supplemented with
either insulating or conducting boundary conditions.
In addition, the assumption that the correction factor
may be written as a single-valued function of the
local slope has been addressed from the point of view
of model spreading resistance data. The model data,
which were calculated from the multilayer theory,
show a multiple-valued relation between the correc-
tion factor and the local slope. This precludes the
derivation of the local slope equations from the more
general Laplace equation multilayer technique. In ad-
dition, the basic assumption implicit in the local slope
method has been shown to be that the variation of
the resistivity may be neglected and that the correc-
tion factor depends only upon the local slope. This
assumption has been shown to be incorrect. It is the
variation of the resistivity which leads to the multiple-
valued relation between the correction factor and the
local slope, which is obtained from the Laplace equa-
tion technique. This distinction accounts for the non-
systematic difference between the multilayer and local
slope calculations exemplified in Fig. 5.

In conclusion, it is important to note that while the
local slope method may not be obtained from the mul-
tilayer equations, the technique does offer qualitative
and semiquantitative results which are useful in pro-
file analysis.
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Growth of Single-Crystalline Epitaxial Group Il Fluoride Films on
InP(001) by Molecular-Beam Epitaxy

C. W. Tu, T. T. Sheng, M. H. Read, A. R. Schlier, J. G. Johnson,! W. D. Johnston, Jr., and W. A. Bonner
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Twin-free, single-crystalline, lattice-mismatched as well as lattice-matched, epitaxial dielectric films of group II cubic
fluorides (SrF,, CaF,, and Ba,Sr,_,F,) have been grown on InP(001) substrates by molecular-beam epitaxy. The InP(001)
surface was cleaned in vacuum by heating under phosphorus overpressure until a well-ordered and stoichiometric surface
was obtained. The film growth of MF,,where M is Ba, Sr, Ca, or Ba,Sr,_,, was followed by reflection high energy electron
diffraction (RHEED). The diffraction patterns indicate a parallel epitaxial relationship: MF,(001)|InP(001) and
MF,[110]||lInP[110 ]. At low growth temperature (~250°C) and low growth rate we could obtain twin-free single-crystalline
CaF, films. Transmission electron microscopy show the absence of any grains. At higher growth temperature (~350°C) we
could obtain twin-free single-crystalline SrF,, CaF,, and Ba,Sr, .F, films. The latter can be lattice-matched to InP(001) at

room temperature.

InP(001) has become very important in recent years
because it is the substrate material for long-wave-
length optical communication and high speed de-
vices. If a dielectric film on a semiconductor substrate,
such as InP(001), can be single crystalline and lattice
matched to the substrate, the interface trap densities
may be lowered (1). Thus, the film may be suitable
for passivation and metal-insulator-semiconductor
structures. Recently Harrison et al. showed that a CaF,
film, E-beam evaporated on Si(111), could be a candi-
date as an electron resist and optical storage medium
(2). Furthermore, Cho has grown epitaxial GaP on
CaF;(111) substrate by molecular-beam epitaxy
(MBE) (3). Thus, there exist possibilities for epitaxial
III-V semiconductor-insulator-semiconductor struc-
tures, which may be a basis for three-dimensional in-
tegration, waveguiding and device isolation in inte-
grated optics, and other novel devices. In fact, recently
we have grown the first epitaxial InP/fluoride/InP(001)
double heterostructures by MBE (4). The results will
be presented elsewhere.

Group II cubic fluorides are interesting for III-V
compound semiconductors because they have similar
crystal structure to InP and related compounds. The
cubic fluorite structure consists of three interpenetrat-
ing face-centered cubic (fcc) lattices (5), whereas the
zinc-blende structure of the substrate consists of two
fce lattices. Furthermore, the lattice constants of the
fluorides bracket that of InP, the lattice mismatch
ranging from —6.9 to +5.6% (5). Farrow et al. first
showed epitaxial growth of BaF; on the (001) face of
CdTe and InP at a substrate temperature of > 200°C
(6). For room temperature deposition the films were
polycrystalline. By modulated beam mass spectroscopy
they showed that the fluoride films grow by simple
nondissociative molecular sublimation and condensa-
tion (6, 7). They found film resistivities in the range
of 1012-1013 9/cm at room temperature. Then, Ishiwara
and Asano grew epitaxial CaF; on Si(001) and (111)
surfaces and Si/CaFy/Si(111) at a substrate tempera-
ture of ~600°C by vacuum evaporation (8). Concur-
rent with the present work, Phillips et al. deposited
epitaxial BaF; on Ge(111) and InP(001) also by vac-
uum evaporation (9). The last two groups confirmed
the stoichiometry of the films by Rutherford backscat-
tering. More recently, Sullivan et al. reported results
on BaF; CaF; and Ba,Ca;-.Fs; grown on InP(001)
(10).

In this paper we report on the epitaxial growth of
the group II cubic fluoride films, i.e., CaFy, SrF,, BaFs,
and Ba,Sr;—;Fs, on InP(001) by MBE. All except BaF,
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are single crystalline without twinning. We charac-
terize the films by reflection high energy electron dif-
fraction (RHEED), transmission electron microscopy
(TEM), x-ray texture pattern, ellipsometry, and No-
marski interference-contrast microscopy.

Experimental Setup

The MBE system.—The MBE system, shown in Fig.
1, consists of a loadlock and an 18 in. diam Varian
RHEED chamber. The loadlock has a magnetically
coupled transfer rod and is pumped by an 8 liters/sec
ion pump. The main chamber is pumped by a 500 liter/
sec ion pump, and the wall of the chamber can be
cooled by chilled water, Two Knudsen cells, sur-
rounded by a liquid-nitrogen (LNz) shroud, contain
pieces of single-crystalline fluorides, and the third cell,
also surrounded by an LN, shroud, contains undoped
polycrystalline InP for the phosphorus source. The
base pressure of the chamber could be in the mid 10~11
Torr (10-9 Pa) range, but normally between runs the
base pressure was in the low 10—10 Torr (108 Pa)
range. During film growth the pressure was ~ 2-5 X
10-9 Torr (~3-7 x 10-7 Pa). The MBE chamber con-
tains a cylindrical mirror analyzer (CMA) with an
integral electron gun for Auger analysis, a residual
gas analyzer (RGA) for monitoring background gas
composition and phosphorus overpressure during sub-
strate cleaning, a 5 keV RHEED gun, a phosphorus
screen, and a thin-film quartz monitor for thickness
monitoring. The film thickness and refractive index
were measured with an ellipsometer.

Substrate cleaning.—S-doped (10! cm—3) n-type
InP(001) substrates were used. Many authors have
shown that the surface prior to epitaxial growth is a
critical factor in the quality of the grown film (11).
Therefore, we shall describe our cleaning procedure
in detail. The substrate was polished in Br-methanol.
The final polish was done with 1% Br-methanol,
rinsed with methanol, and spun dry. The quality of
the polish was checked by the amount of scattering
of a laser beam from the substrate. With proper pol-
ishing the Auger signals for C and O could be small
[Fig. 2(a)], but the RHEED pattern was diffuse, in-
dicating an amorphous oxide film on the surface. To
produce an atomically clean surface on InP, Farrow
et al. cleaned their surface by low energy (500 eV) Ar
ion bombardment and annealing at 250°C to produce a
(1 x 1) RHEED pattern (6). As in the case of GaAs
(001), the (1 X 1) pattern can mean an In-rich sur-
face (14) or the presence of carbon on the surface
(11). From our own experience with ion bombardment
(12) and annealing (13) of InP(001), the resulting
surface, although clean, is never stoichiometric. The
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Fig. 1. A schematic diagram F'L"M(T,:l%:“s
of the MBE system. After the
initial study of cleaning pro-
cedures the CMA was removed

from the chamber.

ratio of P/In as determined by x-ray photoelectron
spectroscopy is about 0.9 after prolonged annealing at
300°C (13).

Our approach to cleaning the substrate is similar to
that of Cheng et al., who, before depositing an
In;Ga;-:As film on InP, cleaned the InP substrate by
heating it under As overpressure (15). We heated the
substrate to < 500°C under a P; beam (16) exposure

from a Knudsen cell containing polycrystalline InP
pieces. The total pressure as read by an ion gauge was
z 3 X 1076 Torr (4 X 10— Pa) during exposure. The

gas composition was monitored by RGA, which showed
almost all phosphorus. In the beginning of the experi-
ment the surface was monitored by Auger electron
spectroscopy (AES) and electron energy-loss spec-
troscopy (ELS). The AES spectrum in Fig. 2(b),
which is identical to that of vacuum-cleaved InP(110),
shows that the surface was atomically clean and stoi-
chiometric after being heated in phosphorus overpres-
sure. To check further the presence of metallic In,
which cannot be revealed by AES easily (12), an ELS
spectrum was taken (Fig. 3). The ELS spectrum shows
only the bulk and surface plasmon of InP, but not of

InP (0OOI)
2| (@
z i
@ B
x
3
w
N
= (b)/J
W
z
w
&,
o
(0] 100 200 300 400 500

KINETIC ENERGY (eV)

Fig. 2. (a) An AES spectrum of a freshly polished InP(001) sub-
strate. (b) An AES spectrum of the substrate after being heated
in phosphorus overpressure. The spectrum is identical to that ob-
tained on a vacuum-cleaved InP(110) surface. The incident 3 keV
electrons were normal to the surface. The peak-to-peak modulation
voltage was 1.6V.
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InP OVEN

In. Because the surface !S stabilized by the phosphorus
beam, the [110] and [110] azimuth show %- and Y-
order diffraction streaks from surface reconstruction
(15) as shown in Fig. 4(a) and Fig. 8(a).

Results and Discussion

Low growth temperature (~250°C).—Once the sur-
face was cleaned, the substrate temperature was low-
ered to ~250°C. Figure 4 shows RHEED patterns for
different stages of BaF, film growth. Figure 4(a)
shows the l%2-order surface reconstruction along the
[110] azimuth. Figure 4(b) shows the BaF; film at
15A. The RHEED pattern shows some streaks but
mostly spots. The streaks indicate that the growth
mechanism may be two-dimensional layer growth as
suggested by Farrow et al. (6), but the electron beam
charged and roughened the surface to produce a spot
pattern. The area where the electron beam impinged
on the sample is clearly visible. Figure 4(c) shows
single-crystal-like sharp spot patterns of a film of
950A. The (1 X 1) pattern along the [110] azimuth
indicates the parallel epitaxial relationship, BaF2(001)||
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Fig. 3. An ELS spectrum of a clean InP(001) substrate. BP and
SP denote bulk plasmon and surface plasmon of InP, respectively.
BP(In) denotes the bulk plasmon of In. The incident 500 eV elec-
trons were normal to the surface. The peak-to-peak modulation
voltage was 1.6V.
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BaF,/InP (001)

(a)

(b)

(c)

Fig. 4. RHEED patterns (5 keV) of epitaxial growth ot BaF: on
InP(001) at substrate temperature of ~250°C. (a) The initial clean
surface showing the [110] azimuth-1/2 order surface reconstruc-
tion. (b) After growth of 15A. (c) After growth of 950A.

InP(001), and BaF[110]||InP[110] (16). The diffrac-
tion lines connecting the spots suggest microfaceting
on the {111} planes as a result of electron bombard-
ment. Although there are no polycrystalline rings in
the RHEED pattern, the film is actually a highly ori-
ented polycrystalline film because the x-ray texture
pattern (Fig. 5), taken with a Read camera (18),
shows a (111) polycrystalline ring, Most of the spots
are from the substrate. The strongest spot from the
film is (002), confirming the parallel epitaxial rela-
tionship.

The quality of epitaxy is found to depend on the
growth rate. There seems to be an optimum range in
growth rate for a sharp spot pattern. Figure 6 shows
the BaF, RHEED patterns for (a) high growth rate
(8600 A/hr) and (b) low growth rate (535 A/hr). For
the case of high growth rate the film is clearly poly-
crystalline with preferred (001) orientation. For the
case of low growth rate the film shows a spot pattern,
but the spots have a slight curvature, indicating im-
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BaF,/ InP (001)

Fig. 5. An x-ray texture pattern of BaFz film on InP(001). Mf:st
of the spots are from the substrate. The (111) polycrystalline ring
and the (002) spot from the film are indicated.

BaF, / InP (00!

Fig. 6. RHEED patterns (5 keV) of BaF: films on [nP(001) at (a)
high growth rate (8600 A/hr) and (b) lower than optimal growth
rate (535 A/hr).

perfect epitaxy. The optimal growth rate of BaF; is
~1000 A/hr.

Figure 7 shows RHEED patterns of SrF; and CaF3
films on InP (001). Figure 7(a) shows 430A of SrF:
at an optimal growth rate of 430 A/hr. Figure 7(b)
shows 535A of CaF, at an optimal growth rate of ~230
A/hr. Higher growth rate results in similar patterns to
Fig. 6(a).

TEM micrographs and associated transmission elec-
tron diffraction (TED) patterns show that the BaF:
and the SrF, films consist of many small (~1500A),
highly oriented crystallites. However, the CaF; film is
single crystalline as indicated by the absence of any
grain boundaries. TEM results are discussed in the
next section.

Nomarski interference-contrast microscopy of the
films shows that they are transparent and have no
visible defects, except where the electron beam im-
pinged.
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SrFa/InP (001)

(a)

CaF2/InP (001)

Fig. 7. RHEED pattern (5 keV) of epitaxial StF; and CaFz on
InP(001) at substrate temperature of ~250°C. (a) After growth
of 430A SrFy film. (b) After growth of 535A CaF; film.

High growth tempercture (~350°C).—When the
substrate temperature was raised to ~350°C, close to
the congruent evaporation point of InP, ~365°C,
(19), the growth rate could be much higher to achieve
sharp spot patterns in RHEED. Figure 8 shows a CaF;
film grown at 600 A/hr. Figure 8(a) shows the Y-
order surface reconstruction along the [110] direction.
Figure 8(b) shows the RHEED pattern of the film with
no polycrystalline rings. The BaF; and SrF; films also
showed good spot RHEED patterns.

TEM analysis shows that BaF, films grown at higher
substrate temperature are still polycrystalline and are
oriented strongly along the [001] direction. However,
SrF, films improve in quality as shown in Fig. 9. Al-
though the TED pattern in Fig. 9(a) shows polycrys-
talline rings along with the spot pattern, the films are
single crystalline with the inclusion of ~2000A wide
grains, as shown by the bright-field and dark-field
TEM micrographs [Fig. 9(b) and (c), respectively].
Figure 10(a) shows the TED pattern of a CaF; film.
No polycrystalline rings are present. The film appears
to be single crystalline with no defects as shown in
Fig. 10(b). Figure 10(b) also shows that the film
broke off along <110> directions during thinning for
TEM analysis.

With Nomarski interference-contrast microscopy we
find that 1000A thick CaF, films, but neither BaF, nor
SrF, films, show crazing along the <110> directions,
which was also observed by Sullivan et al. (10). They
attributed crazing to increased lattice mismatch at
room temperature compared to the growth tempera-
ture. However, thicker BaF; and SrF; films (~40004)
also exhibit crazing as shown in Fig. 11. Since the ori-
entation of the film is (001), the <110> directions are
consistent with crazing occurring on the {111} cleavage
planes of the cubic fluorides. The cause of crazing is
most likely a combination of strains from large lattice
mismatch (Ae/a) and from a large difference in the
thermal expansion coefficients (A«). The thermal ex-
pansion coefficients of the fluorides are larger than
that of InP (~20 X 10-8 vs. 6 X 106 K~1), As Aa/a
becomes smaller, Aa becomes more important and craz-
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CaFa/INP (001)

(a)

(b)

Fig. 8. RHEED pattern (5 keV) of epitaxial CaFs on InP(001)
at substrate temperature of ~350°C. The initial surface shows
the [liO] azimuth-1/4 order surface reconstruction. (b) After
growth of 1090A.

ing starts to appear at thicker film thickness. For the
same film thickness, SrF; (Aa/a = —1.2%) exhibits the
least crazing among the three fluorides. When a mix-
ture of fluorides (Ba,Sr;—.F:) was grown to achieve
lattice matching to the substrate, the crazing did not
appear for ~4000A thick films, but appeared for > 1l

thick films.

Lattice matching to InP(001).—A mixture of the
fluorides, Ba,Sr;-.Fs, was grown on InP(001) at
~350°C by adjusting the temperature of the two ovens
containing BaF, and SrF.. Films lattice matched to the
substrate could be obtained. The lattice parameter was
measured by double-crystal x-ray diffractometry. The
films are also single crystalline without twinning. The
TEM micrographs are similar to those of Fig. 10, but
show fewer inclusions. As mentioned earlier the
~4000A film lattice matched to the substrate shows
no crazing under Nomarski interference-contrast mi-
croscope. Further studies of the lattice matched single-
crystalline dielectric films are reported elsewhere (20).

Summary

We have grown epitaxial dielectric films of the
group-II cubic fluorides, CaF;, SrF,;, BaF; and
Ba,Sr;—,Fs, on InP(001) at relatively low substrate
temperatures (~250° and ~350°C). As expected, the
higher the growth temperature is, the better the epi-
taxy. At ~250°C, the CaF; film is single crystalline as
shown by the absence of grains in the TEM micro-
graph. However, the SrF, and BaF; films consist of
many highly oriented crystallites even though they
show good spot RHEED patterns. At ~350°C, CaF,,
SrFy, and Ba.Sr;—.F, films are single crystalline, but
BaF; films are not. These results show that the amount
of misfit is not an important factor for epitaxy, similar
to other film-substrate systems (19). The substrate
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temperature and the growth rate are the crucial pa-
rameters (20) to achieve single crystallinity.
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Cerium-Activated Halophosphate Phosphors

I. Strontium Fluoroapatites

R. G. Pappalardo,* J. Walsh, and R. B. Hunt, Jr.
GTE Laboratories Incorporated, Precision Materials Technology Center, Waltham, Massachusetts 02254

ABSTRACT

In the search for alternative yellow emitting phosphors for the current commercial high brightness phosphor blends of
the Lite-White type, the authors have prepared and characterized by a variety of techniques an Sr-analog of calcium
fluoroapatite:Sb;Mn, with Ce replacing Sb as the sensitizer of the Mn emission. Materials with the desired emission charac-
teristics are obtained from starting formulations containing a strong fluoride excess over the standard formulations for
alkali-earth apatites. Phosphors have been obtained with emission parameters closely approaching those of Yellow Halo
(YH), and only 10% lower in brightness. Lamp tests on these phosphors revealed that the efficiency of the Ce-Mn
coactivated materials, as presently formulated, degrades as a result of the lamp-making process. Preliminary observations
related to the mechanism of phosphor degradation are reported. Possible commercial application in lamps of the wide class
of Ce-activated apatites crucially depends on identifying, and later eliminating, the degradation of phosphor efficiency dur-

ing lamp fabrication.

The recent development of Lite-White blends for
low pressure fluorescent lamps has signaled a
marked departure from established tenets of the
lighting industry. The low pressure fluorescent lamp
was originally conceived as a desirable replace-
ment for incandescent lamps, and until recently its
phosphors were generally engineered so as to mimic
as closely as possible the spectral-energy distribu-
tion from black-body radiators and from the sun.

In the early 1970’s, Philips (1, 2) pioneered with
the tricolor lamp, a novel scheme for the generation
of white fields in fluorescent lamps, by the use of a
combination of phosphors emitting in the spectral
range of miximum sensitivity of the human eye
receptors. The new lamps, incorporating both the
new phosphor blends and modifications in the dis-
charge parameters, aim at providing greater efficacies
[up to 90-100 lumens per watt (Ipw)] and also high
color rendering. The drawback in this approach is
the high cost of the rare earth phosphors required.

In 1977, GE introduced a scheme aimed at in-
creasing the efficacy (Ipw) in low pressure fluores-
cent lamps, at some loss in color rendering (3). The
approach, embodied in the Watt-Miser II lamps and
then in the Lite-White lamps, hinges on producing a
high efficacy white field by a combination of narrow-
band emitters in the blue, at 448 nm, and in the
yellow, at 575 nm (4).

Both in the Philips and in the GE scheme, the
fluorescent lamp is no longer constrained to replicate
the spectral-emission distribution from incandescent
sources, but its unique potentialities are now freely
exercised. In terms of phosphor development this
means a new set of performance objectives expected
of phosphors. Materials that in the past were not
competitive with the standard Sb-Mn coactivated
fluoro-chloroapatites, may become superior in per-
formance under the new set of specifications. There-
fore, a renewed careful study of the spectral prop-
erties of phosphors is now required to identify those
systems that can realize most efficiently the scheme

* Electrochemical Society Active Member.

of u.v.-to-visible conversion embodied in the Lite-
White approach. The present report addresses the
first stage of such a search, namely, the possible re-
placement of the yellow emitting component of the
Lite-White blend.

Yellow Emitting Component for the Lite-White
Blend

The requirements for a yellow emitting phosphor
for the Lite-White-type blend (3, 4) are as follows:
(i) emission peak at ~575 nm; (ii) narrow emission
band; and (iii) high (~70%) quantum efficiency.
These requirements are presently well satisfied by
the so-called Yellow Halo (YH) phosphor of approxi-
mate composition Ca;(POy)3F:Sb;Mn As for materials
capable of satisfying the three aforementioned require-
ments, it should be pointed out that among non-
lanthanide emitters, only Mn tends to exhibit rela-
tively narrow emission bands. Also, given the nature
of the Mn emitting level, as defined by a Tanabe-
Sugano diagram (5), in order to have emission in
the yellow, it is necessary to incorporate Mn in a
site of high crystal field and relatively low distortion
from cubic symmetry. In addition, Mn has to be
coordinated to ionic ligands that do not promote the
delocalization of the 3d-electronic cloud of Mn2+.

In practice, this translates into the requirement for
a fluoride matrix or a fluoride containing matrix that
is also compatible with operation inside a lamp: a
fluoroapatite matrix is still the best candidate to
meet the aforementioned requisites. At present, the
avenues open for alternatives to YH are therefore
restricted to: (a) modifications of the basic fluoro-
apatite matrix; and (b) replacement of Sb3+ with
a different sensitizer. Along this general direction,
the authors discuss in what follows the results of
the synthesis and characterization of Ce-Mn-coac-
tivated fluoroaratite (FAP) phosphors, and specifi-
cally of SrfFAP: Ce;Mn.

Synthesis of Strontium Fluoroapatites
Early attempts to prepare Sr apatites coactivated
with Ce and Mn, with halide content approaching
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that of Sr5;(PO4);3(F,Cl), gave materials with low
brightness and deep orange emission. Yellow emit-
ting, bright phosphors were obtained when the halide
content greatly exceeded one formula unit, as for
instance using the following starting formulation

Sry.30Ce0.295Mno.147 (PO4) 3.0F1.72 [1]

In pioneer work by Henderson and Ranby (6, 7), the
fluoride excess was even greater, the phosphor ma-
terials of optimum brightness being formulated, for
the purpose of comparison with [1], as

Sry,50Ceo.196Mno 245 (PO4) 3.0F5.1 [2]

In our preparations, the reaction components were
weighed and blended in a Spex Mixer-Mill Model
8000. The blend was then loaded in shallow
alumina boats (~25 x 1.5 X 3% in.) provided with
loose quartz covers, and lots of four-to-six boats were
introduced into the hot zone of a quartz tube in-
serted in a tubular furnace. The atmosphere in the
reaction zone was purged of oxygen by a preliminary
pump-down, and then continually swept at 10 liter/
min flow of nitrogen gas, or nitrogen gas containing
5% hydrogen. After the firing treatment at the de-
sired temperature, the quartz tube containing the
boats was allowed to cool to ~450°C, still under
constant gas flow. The quartz tube was then removed
and the samples extracted. The materials from this
first firing were then ground, sieved (generally
through a 100 mesh screen), and then refired. The
second firing was carried out in inert or mildly re-
ducing atmosphere and increased the emission effi-
ciency of the phosphors by a few percent.

An increase in Mn content over 0.15 formula units
produced marked sintering after the first firing at
temperatures ranging from 950° to 1050°C. The use
of a nitrogen hydrogen mixture (5% hydrogen) as
firing atmosphere reduced the tendency to sintering
and eliminated the pale green body color frequently
observed in the nitrogen-fired phosphors. The sec-
ond firing was carried out in nitrogen atmosphere at
temperatures ranging from 850° to 1025°C. In some
cases, a third firing of the phosphor at 850°C in “wet”
forming gas (95% nitrogen/5% hydrogen) was in-
vestigated, but it resulted in a slight discoloration
of the phosphor powder and in a 7% brightness loss.
This approach was therefore abandoned.

The highest brightness was observed in a material
formulated as

Sry.25Ce0.20Mnyg 245 (PO4) 3.0F1.92 [3]

using the reagents and firing conditions listed in
Table I.

A gradient in emission brightness was observed
in the doubly fired material from this run, the mea-
sured peak intensity of Mn ranging from 86.1 to
89.8% of the corresponding quantity for our internal
standard (YH, GTE Sylvania Type 4381, Lot PPP
9780).

Phosphor Characterization

Phase identification.—The x-ray diffraction pat-
terns of the powders were measured by means of
a Philips vertical diffractometer, using copper radia-

Table I. Reagents and phosphor formulation for optimum brightness

Starting formulation: Sri.zsCeo.20:Mno.as5(PO4)3.0F1.02; fired 1 hr at
950°C in 95% nitrogen/5% hyl%;ogen; refired 1 hr in nitrogen
at B
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tion of 1.5405A. The source was run at 35 kV and
16 mA. The diffraction patterns were measured at a
scan rate of 1°/min, using a solid-state scintillator
counter and a graphite monochromator. X-ray dif-
fraction measurements on the materials obtained
from a variety of runs showed a dominant phase
with hexagonal apatite lattice, isostructural with, and
somewhat expanded relatively to, SrePrg(SiOy4)eOs,
the latter (8, 9) with lattice parameters: a = 9.612A
and c = 7.143A.

A comparison of the diffraction data pertinent to
SroPrg(SiO4) 02 and the SrFAP:Ce;Mn material
formulated according to [3] is given in Table II. In-
spection of the table reveals the close agreement in
the relative intensity of the diffraction lines for the
two systems and the slight expansion (~1%) of the
SrFAP:Ce;Mn lattice. Four additional weak lines
(with intensity of 1-2%) in the diffraction pattern
suggested the presence of a minor phase (~1%) of
CePO,.

Similar measurements were also performed on
singly activated (Ce) and triply activated (Ce;Mn:
Dy) materials briefly discussed in the text and pre-
pared according to the data of Tables III and IV.
Again the predominant phase was a hexagonal apa-
tite, with a possible minor phase of CePOy, estimated
irom the diffraction data as amounting to ~2% for

Table I1. X-ray diffraction data for SraPrg(Si04)602

[ASTM Ref 29-1310] (columns labeled R); and for
Sr fluoroapatite:Ce;Mn (columns labeled S)

d, A 1(0)/1(1) hkl
R S R S R
4.81 3 110
4.17 4.181 16 9.8 200
3.99 14 111
3.58 3.602 10 18.7 002
3.28 3.308 25 19.5 102
3.15 3.161 20 29.7 210
2.873 2.893 100 100 211, 112
2.774 2.788 20 29.9 300
2.711 2.729 3 4.6 202
2.310 2.320 5 7.1 310
2.278 2.206 3 4.9 221
2.191 2.150 4 6.5 302
2.135 10 113
2.081 2.091 4 24 400
2.067 2 203
1.994 2.007 18 18.9 222
1.939 1.950 10 13.2 312
1.910 5 320
1.900 1913 25 22.1 213
1.845 1.855 12 6.4 321
1.817 1.825 16 16.2 410
1.798 1.808 18 114 402
1.786 8 004
1.641 3 204
1.573 3 420
1.553 1.567 5 6.7 214
1.509 1.516 6 7.0 502
1.502 1.500 5 4.7 304
1.490 5 323
1.462 1471 6 7.2 332
1.369 1 115
1.355 2 404
1.304 1.313 2 36 324
1.301 5 215
1.273 1.283 8 5.1 414
1.270 3 305
1.249 1.257 8 6.3 522
1.189 3.5
1.136 3.5

Table I1l. Reagents and starting formulation for singly activated
StFAP
Starting formulation Sri.s0Ceo.20:Mgo.140(PO«)3.0F1,72; fired in

10 liter/min nitrogen at 1000°C for 1 hr; refired 1 hr in the
same atmosphere at 900°C

Reagents Grams Mol units Reagents Grams Mol units
SrHPO: (GTE Sylvania) 8.4 3.0 SrHPO« (GTE Sylvania) 5.6 3.0
SrCOs (GTE Sylvania) 1.65 0.733 SrCO: (GTE Sylvania) 1.32 0.879
MnCOs (GTE Sylvania) 0.43 0.245 MgCOs 0.126 0.146
CeFs (K&K Labs) 0.887 0.295 CeFs (K&K Labs) 0.59 0.295
SrF: (Varacloid Chemical Company) 0.99 0.516 SrF; (Varacloid Chemical Company) 0.533 0.417
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Table V. Reagents and starting formulation for triply
activated SrFAP
Starting formulation Srs.::Ceo.:0:Dyo.04Mno. 146 (PO1) 3.0F1.70; fired in

10 liter/min nitrogen at 1000°C for 1 hr; refired 1 hr
in the same atmosphere at 900°C

Reagents Grams Mol units
SrHPO: (GTE Sylvania) 5.6 3.0
SrCOs3 (GTE Sylvania) 1.32 0.879
MnCOs 0.172 0.146
CeFs (K&K Labs) 0.59 0.295
DyFs 0.09 0.04
SrF: (Varacloid Chemical Company) 0.44 0.344

the triply activated material and ~1% for the two
remaining materials.

Infrared  properties—The infrared absorbance
spectra of the phosphor powders (2% by weight in
KBr disks) were measured with a Nicolet Fourier-
Transform Infrared Spectrometer MX1, Model 3600E,
and were displayed on a Zeta digital plotter.

The infrared absorbance spectrum for samples of
formulation [3] is given in Fig. 1, in the spectral
region (420-2400 cm~—!) of main interest for the de-
tection of nonapatitic orthophosphate and pyrophos-
phate phases. The spectrum of SrFAP:Ce;Mn is
contrasted to the corresponding spectrum of the
Ca-FAP:Sb;Mn material (YH) used as internal stan-
dard and known to be a bona fide apatite, contain-
ing approximately 1.4% of Ca-pyrophosphate (8-
phase). The spectrum of SrFAP:Ce;Mn reproduces
faithfully the main features of the spectrum of
CaFAP:Sb;Mn and does not show the weak line at
~690 cm~—1, commonly associated with pyrophosphate
phases.

Chemical analysis.—Materials formulated as
Sry.25Cep.20:Mng.245 (PO4) 5.0F 1.92 (3]

gave on analysis the results listed in Table V. From
the chemical analysis (Table V) of the products ob-
tained from the firing of samples of starting formula-
tion [3], one can derive, on the assumption of three
P atoms per molecule in the final product, the fol-
lowing phosphor composition

A5

ABSORBANCE

.40

25

2400 2180 1980 17%0 1520 1300 1080 86O
WAVENUMBERS

Fig. 1. Infrared absorbance of CaFAP:Sb;Mn (solid line) and
of SrFAP:Ce;Mn (dashed line) in the spectral region of the main
absorptions.
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Table V. Results of chemical analyses on phosphors
Starting formulation: Srai.2;Ceo.20sMno.245(PO4)3.0F1.02
Error
Weight bar* Formula
Element percent found Method (%) unitst
Sr 49.5 Atom. absor. =3 4.20
Ce 6.2 Neutron act. +5 0.33
Mn 1.94 Atom. absor. *5 0.26
P 12.5 Neutron act. +3 3.0
F 2.88 Electrochem +7 1.16
* For the quantities listed in Column 2,
i Assuming P = 3,
Sr4.20Ce0.33Mno.26 (POg) 5.0F1.16 [4]

namely, the fluoride content is markedly reduced in
the final product, but still exceeds by ~15% the
fluoride content for a stoichiometry alkaline-earth
halophosphate. Similar analytical results on the
fluoride content were reported by Henderson and
Ranby (6).

The total formal charge of the cations is derived
from [4] as being 9.91 (assuming that all of the Ce
is present as the trivalent species). The total anion
charge adds up to 10.16, if one assumes that x = 4
in Eq. [4]. Until the chemical analyses can provide
a reliable determination of both the relative content
in the Ce3t and Ce** species, and of the oxygen con-
tent, further discussion of the finer details of the
phosphor composition and related charge compensa-
tion is of necessity in the nature of speculation.

Optical Spectroscopy of the FAP Phosphors

Experimental setup.—Spectroscopic measurements
were periormed both under steady-state excitation
(and detection) of the phosphors and under condi-
tions of pulse excitation of the materials. For the
steady-state measurements, a modified commercial
spectrophotometer, Perkin-Eimer fluorescence spec-
trophotometer Model MPF 44-A was utilized. The
measurements on the decay kinetics of the phosphors
were carried out using a nitrogen-laser-pumped dye
laser Model DL12 from Molectron, and time-resolved
sampling techniques in detection. The dye laser emis-
sion could be frequency-doubled, so as to have avail-
able excitation pulses of 10 nsec duration in the
short u.v., at 254 nm.

Both the measurements with the spectrophotometer
and with the dye laser were transferred in real time
to the central computer of the GTE Labs by means
of IBM Device Couplers, Model 7406. Digital pulses
from TTL signal generators and pulse conditioners
provided suitable master clocking for the acquisition
and transfer of the measured data. An extensive
software development in APL language supported
various phases of data acquisition and processing.
The final results were plotted on a Tektronix 4662
digital plotter.

Emission spectra.—The response of the phosphor
under excitation at 254 nm are the main concern at
this stage. Figure 2 contrasts, under identical excita-
tion and detection conditions, the emission spectrum
of YH and of sample RL24 of starting formulation

Sr4.25Ce0.205Mng 245 (PO4) 3.0F 1,02 [31

The emission from YH consists of a residual Sb8+
emission in the blue, with peak at ~500 nm, and of
the yellow emission from Mn2+, with peak at ~575
nm. The SrFAP:Ce;Mn emission in turn comprises
a Ce3t emission band in the long u.v., with peak at
~345 nm, and the Mn2+ emission in the yellow. The
peak intensity of the Ce emission is roughly 25% that
of the Mn emission in the same material. In turn
the peak intensity of the Mn emission in the SrFAP
sample is ~90% the corresponding peak intensity in
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Fig. 2. Comparison of the corrected emission spectra of YH and
SrtFAP:Ce;Mn (sample RL24). Excitation at 254 nm. The narrow
structure at 508 nm is due to scattered exciting radiation detected
in second order.

YH. The emission spectra are truncated at ~615 nm,
the limiting wavelength of the corrected emission
spectra directly obtainable from the MPF-44A fluori-
meter.

Figure 3 shows a detailed view of the Mn emission
in YH and in a somewhat less bright sample from
the same SrFAP run. The emission peak is now
~85% that of YH, and is slightly shifted to longer
wavelengths, by comparison with YH. An opposite
wavelength shift is found in samples with reduced
Mn content, as for example in Fig. 4 for sample D7,
with starting formation

Sr4.30Ce0.205Mng.147 (PO4) 3.0F 1.72 (5]

These shifts in the spectral location of the emission
peak are associated with the Mn2+ concentration, the
higher Mn content shifting the emission to longer
wavelengths.

Excitation spectra.—The excitation spectra obtained
on monitoring the emission at 575 nm are contrasted
in Fig. 5 for the case of YH and SrFAP:Ce;Mn. In
YH the absorption in the u.v. is provided by Sb3+
and rises rather rapidly from ~300 nm toward shorter
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Fig. 3. Detail of the Mn emission in YH and SrFAP:Ce showing
the respective peak location of the Mn emission. Excitation at
254 nm.
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Fig. 4. Same as Fig. 3, but for an StFAP:Ce;Mn sample with lower
Mn content. The emission peak is shifted to shorter wavelengths
when the Mn content is reduced.
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Fig. 5. Comparison of the corrected excitation efficiency (arbi-
trary, but same nor ion) for itored at 575 nm in
YH and StFAP:Ce;Mn. Note the broader excitation region for the
latter.

wavelengths, peaking at 240 nm. By comparison with
YH, the Ce-activated Sr fluoroapatite exhibits a
broader, stronger excitation efficiency in the long
u.v. and a less intense excitation efficiency at wave-
lengths shorter than 254 nm. The Ce®+ excitation
peaks are located at ~300, ~248, and 234 nm.
Excitation efficiency values at wavelengths shorter
than ~230 nm are not reliable, because of the
drastic intensity drop in the exciting radiation.
Some interesting differences are noticeable in mea-
suring the excitation spectra for Ce emission and for
Mn emission in the same sample. This is exemplified
in Fig. 6, again for a sample of starting formulation
[3]. The excitation spectrum for Ced* emission shows
a more structured level distribution and some maxima
in the excitation spectra of Ce correspond to minima
in the analogous excitation for Mn emission, as if
the two processes were in part mutually exclusive.
These differences in the two excitation spectra sug-
gest that transfer from Ce to Mn occurs for Ce-Mn
associates, the proximity of the Ce-Mn centers being
indicated by the broadening of the Ce levels.
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575 nm. There are definite structural differences in the two ex-
citation bands.

It can also be concluded from Fig. 6 that the ab-
sorption by Ce3+ at 254 nm, followed by sensitization
of the Mn emission, is roughly 30 times more effec-
tive than direct absorption by Mn2+, as occurring at
~405 nm, followed by Mn emission.

A detailed view of the excitation spectra in the
long u.v. and in the visible, arising from direct ab-
sorption by Mn2+, is given in Fig. 7 for YH (sample
RL63) and for SrFAP, sample RL68 of starting for-
mulation [3]). The tail of the Ce excitation band in
the latter partially masks the weak excitation re-
gions of Mn2+* centered at 350 nm. The overall shape
of the excitation spectra on the long-wavelength side
of 350 nm is remarkably similar in both phosphors.
The characteristic narrow peak at ~405 nm is fol-
lowed by a broader, symmetric band centered at
485 nm. The 405 nm excitation peak is actually stronger
in SrFAP than in YH, suggesting a greater content
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Fig. 7. Corrected excitation efficiency for YH and SrFAP:Ce;Mn
(sample RL68; see text) in the spectral region of direct absorption
by Mn2+, while monitoring the emission at 575 nm. The marked
similarity in the two excitation curves strongly suggests a similar
site coordination around Mn2+ in both lattices, in spite of the
strong fluoride excess in SrFAP.
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of Mn2+ incorporated in the apatitic structure of the
former. On the whole, the spectral measurements
confirm the conclusion of the x-ray diffraction data,
in the sense that despite the halide excess, the Mn2+
coordination in SrFAP markedly resembles that in
YH.

Reflection spectra and remission spectra.—The ex-
citation spectra detailed in the previous section map
out the spectral regions that contribute to emission,
after absorption of the exciting radiation, but do not
provide a direct measure of the exciting radiation
actually absorbed by the phosphor. Since the authors
are dealing with powders, instead of measuring ab-
sorption spectra, as would be the case with trans-
parent materials, they are restricted to measuring a
complementary quantity, namely, the reflectance of
the powder.

Reflectance measurements were carried out with
the Perkin-Elmer spectrofluorimeter used to deter-
mine the emission and excitation properties of the
phosphors. The two monochromators of the MPF-44A
were set at the same wavelength, and scanned in
tandem. Raw reflectance data were converted to an
absolute scale by running the corresponding reflec-
tance spectrum of a material of known properties,
namely, the Eastman Kodak reflectance standard
6091. From the reflectance spectra of thick layers of
powders one can derive the remission function

k/s = (1 — R)%/2R [6]

namely, the ratio of the absorption coefficient k to
the scattering coefficient s. For particles of similar
morphology, and in spectral regions of intense ab-
sorption, it is justified to use the remission function
as a comparative measure of the absorption of the
materials considered. By deriving the remission func-
tion from the absolute reflectance data, one obtains
curves that should approximate the absorption co-
efficient spectrum of the bulk material. An example
of such remittance functions is given in Fig. 8, where
we compare YH with SrFAP:Ce;Mn, sample RL68.
The Ce3t+ absorption dominates at ~300 nm and
decreases at shorter wavelengths. The Sb3+ absorp-
tion in YH is fairly minimal at 300 nm and rises
rapidly at shorter wavelengths, peaking at 240 and
at ~222 nm. The curves for the two phosphors ac-
tually cross in the vicinity of 250 nm.

The excitation spectrum for Mn2+ emission from
YH reproduces rather well the shape of the corre-
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Fig. 8. Plot of the remission function k/s, namely, the ratio of the
absorption coefficient to the scattering coefficient, for SrFAP:
Ce;Mn (sample RL 68) and YH.
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sponding remission function, up to ~235 nm (Fig.
5 and 8). On the contrary, a comparison of the ex-
citation spectra (with ordinates suitably scaled) and
the remission spectra for sample RL68 shows that
the Mn emission is more efficiently excited in the
short u.v. around 250 nm than at the stronger ab-
sorption peak located at ~290 nm (Fig. 9).

Spectral measurements at liquid-nitrogen tempera-
tures.—A partial characterization of the spectral
properties of SrFAP:Ce;Mn was performed on a
sample of starting formulation [3] and with peak
Mn emission at the 84% value of the YH standard.
Figure 10 shows a comparison of the emission spectra
at room temperature and at 77K, for excitation at
254 nm. The Ce emission at low temperatures is split
into two components located at 330 and 348 nm: this
effect is due most likely to radiative transitions from
a single emitting level to two J-manifolds (10) of
the 2F ground term of Ce3+. Both Ce and Mn emis-
sions increase in intensity at low temperatures, the
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Fig. 9. Comparison of the remission function for SrFAP:Ce;Mn
(sample RL68) and the excitation spectrum for Mn emission at
575 nm in the same sample. For convenience in plotting, the ex-
citation-spectrum ordinates have been scaled down by a factor of
10.
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Fig. 10. Effect of temperature decrease on the emission from
SrFAP:Ce;Mn. Excitation at 254 nm. (a) Room temperature, (b) at
77 K. Same excitation and detection conditions.
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former by almost a factor of two. The Mn emission
also shifts to longer wavelengths on cooling. This
can be explained on the basis of Tanabe and Sugano’s
diagram (5), as arising from a thermally induced
increase in crystal field around Mn?+. This type of
long wavelength shift in the Mn2+ emission is also
observed in YH.

Figure 11 shows the excitation spectrum at 77K,
obtained while monitoring the Mn emission at its
peak. At least four excitation peaks, at 234, 250, 280,
and 290 nm, are in evidence at low temperatures.
Unfortunately, the corresponding excitation spec-
trum at room tempearture for the very same sample
is not available. As an indication of the changes
taking place in the shape of the excitation spectrum
on cooling the phosphor, the low temperature excita-
tion spectrum was contrasted with the room tem-
perature excitation spectrum of Fig. 9. Cooling en-
hances the excitation intensity of the long wave-
length portion of the excitation band, from ~260 to
~320 nm.

Excitation spectra at 77 K were measured in the
region of direct absorption by Mn2+, while monitor-
ing the emission at 585 nm (Fig. 12). The curve of
Fig. 12 should be compared with the corresponding
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Fig. 11. Effect of the temperature decrease on the excitation
spectrum for Mn emission at 575 nm in SrFAP:Ce;Mn.
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should be contrasted with that of Fig. 7.
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curves of Fig. 7. The tail of the Ce3t+ band is de-
creased in intensity at 77K, so the Mn2*+ group at
~350 nm becomes quite evident at low temperatures.
The sharp peak at ~410 nm has now a definite
doublet structure, with peaks at 406 and 415 nm. An
additional weaker peak appears at 434 nm. The
broader excitation region at longer wavelengths is
now resolved into two components with peaks at
465 and 500 nm. Similar excitation spectra for YH
have been reported by Wachtel and Ryan (11).

Emission-decay kinetics.—A useful property of
phosphor activators, which is accessible to measure-
ment and relevant to phosphor efficiency and to the
sensitization process, is the decay rate of the cor-
responding radiative process and how it is affected
by the concentration of activators and killer im-
purities.

The emission lifetimes for the active ions in ques-
tion, Ce3*+ and Mn2?+, differ by six orders of magni-
tude, the Ce3* emission being generally of the order
of 108 sec., and that of Mn2+ of the order of 0.01
sec. The kinetics of the emission decay from SrFAP
were followed after dye laser pulsed excitation at
254 nm. In the singly activated materials (see Table
III) of starting formulation

Sry.30Ce0.20sMEo.146 (PO4) 3.0F1.72 [7]

the emission decay of Ced+ for excitation at 254 nm
was fairly exponential in nature, with a decay con-
stant of ~28 nsec. The Ce decay was much faster
in the presence of Mn2+, because of the additional
decay channel involving transfer of excitation energy
from Ce3+ to Mn2+. This is evident from an inspec-
tion of Fig. 13, where the Ce decay in the doubly
activated material is almost twice as fast.

Since the decay process being measured in the case
of the Ce3+ emission takes place during a time com-
parable to the excitation process, the observed emis-
sion pulse is a convolution of the exciting pulse and
of the corresponding emission pulse. In order to ex-
tract the decay kinetic from the observed emission
pulse, we successively convolute the excitation pulse
(as measured by our detection system) with singly
exponential decay processes, until a good match is
obtained between synthesized and observed emission
pulses. The result of one such convolution is shown
in Fig. 14 for a sample doubly activated with Ce and
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Fig. 13. Ce3+ emission pulse at 350 nm, following dye-laser ex-
citation at 254 nm. Samples at room temperature. Solid line:
emission from SrFAP:Ce;Mg. Dotted line: emission from SrFAP:Ce;
Mn. The oscillations in the decay curves are due to rf pickup from
the nitrogen-laser discharge.
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of SrFAP:Ce;Mn at room temperature. The synthesized pulse
(dotted curve) is the convolution of the system response function
with an exponential decay of 11 nsec time constant.

Mn. The measured emission pulse is consistent with
a decay constant for Ce of 11 nsec.

The measured decay pulses of the Ce emission were
not greatly affected by a decrease in sample tempera-
ture, down to ~100 K. A further decrease in sample
temperature from 100 to 80 K caused the normalized
emission pulse to broaden and the decay appeared
to have a slower, later component (Fig. 15 and 16).
Further measurements are required for a possible
correlation of this abrupt change in decay character-
istics with a thermally activated energy-transfer and/
or sensitization process.

At room temperature the decay of the Mn emission
for excitation at 254 nm is exponential (Fig. 17),
with a decay constant of 14.8 msec. This value is
quite close to the value measured for the Mn2+ emis-
sion in YH, where we find at room temperature a
decay constant of 15 msec.

Singly activated strontium FAP.—Before discussing
the lamp evaluation and air firing of the doubly acti-
vated SrFAP, some of the spectral properties of the

J30—-008-30
[\

X< =030 -1 —

%] 20 ’:2 6‘0 SIB 123
nanoseconds
Fig. 15. Effect of decreasing temperature on the decay kinetics
of Ce3+ emission from StFAP:Ce;Mn. An appreciable lengthening
of the decay is found at 80 K. Dye-laser excitation at 254 nm.
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Fig. 16. Same as previous figure, but for a narrower temperature
range, from 120 to 80 K. The change in the shape of the emission
pulse occurs rather abruptly in going from 100 to 80 K.

Ce-activated SrFAP of starting formulation (7) are
mentioned, since they are relevant to the lamp per-
formance of the doubly activated phosphors. The
emission from the singly activated phosphor consists
of the already familiar Ce3* band, with peak at
~340 nm and half-width at half-maximum of ~50
nm (Fig. 18). The Ce emission is reduced by more
than half in the doubly activated sample, as seen in
Fig. 18. The corresponding excitation spectra for
emission at 348 nm are shown in Fig. 19. The re-
placement of Mg by Mn in the singly activated ma-
terial produces a marked broadening of the excita-
tion band of Ce3+. This is again evidence for Ce-Mn
associates in the doubly activated material.

Triple activation of STFAP.—One of the advan-
tages in using Ce3+ instead of Sb3+ as sensitizer in
the apatite structure is the ability of Ce3+ to sensitize
not only the emission of Mn2+, but also that of tri-
valent rare earth ions. Sensitization of Tb3* emis-
sion by Ce3* in fluoroapatites has been reported by
Ranby and Hobbs (12). To demonstrate the possibil-
ity of Ce-RE3+ sensitization even in the presence of
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Fig. 17. Semilog plot of the emission decay at 580 nm from
SrFAP:Ce;Mn as a result of dye-laser excitation at 254 nm. A
decay constant of ~14.8 msec can be extracted from the straight
semilog plot.
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Fig. 18. Emission due to Ce3* in two StFAP:Ce phosphors, one
containing both Ce and Mn, and the other with Mg replacing Mn.
The Ce emission in the former is reduced by almost a factor of
three, because of efficient energy transfer to the Mn2+ centers.
The shape of the Ce3+ emission band is very similar in both cases.

Mn2+, some preparations of SrFAP activated with
Ce, Mn, and one of the rare earths were carried out

The results obtained when the rare earth ion was
Dy3+ are given in Fig. 20. The emission consists of
the now familiar Ce emission in the long u.v., of the
yellow emission from Mn2+ and, in addition, of two
line groups located at 470 and 570 nm and contributed
by Dy3+. In principle this combination of blue and
of composite yellow emission from a single phosphor
could provide the overall white field that in the Lite-
White scheme is obtained using a blend of two phos-
phors.

A combination of Ce, Mn, and rare earth emission
was also observed on activation with Th3+.

Lamp Evaluation of Doubly Activated SrFAP
Standard 40W low pressure fluorescent lamps were
coated with SrFAP:Ce;Mn phosphors of starting for-
mulation [3]. As internal standards, lamps were also
fabricated with YH. The original plaque brightness
of the STFAP:Ce;Mn was approximately 85% that of
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Fig. 19. Same two samples as in previous figure, but now the
excitation efficiency for Ce emission at 348 nm is being monitored.
The replacement of Mg with Mn markedly broadens the Ce level
distribution.
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YH. At zero hour the corresponding lamp output was
already down to ~73% that of the lamp coated with
YH, an indication of serious baking and short-term
brightness losses. At 100 hr the output maintenance
was poor, 85.4%, compared to the 97.6% maintenance
for YH. It appears therefore that the phosphor, as
presently formulated, although exhibiting suitable
plaque brightness, is not stable to the lamp-making
process.

The remainder of the present report is devoted to
a preliminary inquiry into the causes of such a phos-
phor deterioration, namely, to determining whether
the effect is associated with the matrix itself or with
the oxidation of Ce3+ and/or of Mn2+.

Effect of Air Firing on Brightness

In order to roughly simulate the conditions seen
by the phosphor during baking, small amounts of
the phosphor of starting formulation [3], i.e., about
1g batches, were fired in air for 15 min at 640°C. This
firing treatment caused a change in the body color
from pale green to light tan. This effect can also be
followed in the reflectance data of Fig. 21. The ab-
sorbance of the powder around 254 nm, in the region
of absorption by Ce3+, is barely affected by the firing
treatment, while a broad continuous absorption sets
in from 325 nm down into the visible region. Both in
the spectral region of Ce emission and of Mn emis-
sion, the fired material is definitely more absorbing
than the virgin phosphor. Therefore, it is not sur-
prising that the increased absorbance is accompanied
by serious losses in emission intensity. In effect, the
emission band of Ce is decreased at the peak by
almost 50%, while the Mn emission is reduced by
25% (Fig. 22). The excitation spectra for emission at
580 nm are plotted in Fig. 23 for the virgin and for
the fired phosphors: the loss in excitation efficiency is
highest at the shortest wavelengths (~50% at the 235
nm excitation peak), while it is only 20% at the broad
excitation peak at 290 nm.

These results on the doubly activated SrFAP should
now be contrasted with the behavior of the singly
activated analog of starting formulation [7]. On firing
the latter, the original pale green body color of the
powder veered to white. In addition, the reflectance
spectra of Fig. 24 show no change in the strength of
the u.v. absorption peaks of Ce3t+, namely. no evi-
dence of oxidation of Ce3+ is seen, while there is a

Ce-ACTIVATED HALOPHOSPHATE PHOSPHORS

2095

$Sr| Halo JC.,Hn

8..7J vy

-
7 |

rad

ABSOLUTE REFLECTANCE

VA

Q.2 W\

o |

300 350 400 450 5ee 550
WAVELENGTH in NANOMETERS
Fig. 21. Effect of air firing on the reflectivity of the SrFAP:Ce;

2
200 250

Mn phosphors. The absorbance of the material is fairly unchanged
at 254 nm, but increases from ~310 nm to longer wavelengths.
c
0 80
R virfgin /\
E 70
c -
T
E 60
° A

50
E
I
s 40
: |
30
I /
N
T 20
i 4 /

flired

S e
I
T
Y N

0
250 300 350 400 458 S0@ 550 600 650
WAVELENGTH 1n NANOMETERS

Fig. 22. Effect of air firing on the emission properties of SrFAP:
Ce;Mn. Excitation at 254 nm. The emission loss is relatively higher
for the u.v. emission band.

partial bleaching of the absorption responsible for
the original green body color. As a result of the air
firing, we actually register an increase in Ce3* emis-
sion (Fig. 25). The preliminary conclusion is that
during the air firing, and the lamp making processes,
the sensitive component is not Ce3*+ but probably
Mn2+, or possibly the Ce-Mn associates.

Conclusion

The first stage in the search for suitable alterna-
tives for the yellow emitting component for the Lite-
White blend has demonstrated the potentialities of
Ce-Mn-coactivated fluoroapatite phosphors in pro-
viding plaque brightness approaching that of YH.

The lamp tests also revealed that the Ce-Mn Sr
fluoroapatite phosphors, as presently formulated, are
apparently damaged in the baking and in the lamp
making process. The question of lamp compatibility
is therefore central to further development and syn-
thesis optimization of the Ce-Mn fluoroapatite phos-
phors. Since Ce is a more versatile sensitizer than Sb,
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if the lamp processing losses were brought under
control, a wide versatile new class of halophosphate
phosphors would become available.
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Delineation of p-n Junction in Thin InGaAsP Layers Using Chemical
Etching

J. A. Lourenco

Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

A method for the delineation of the p-n junction inside the active layers of InGaAsP/InP double heterostructures is
presented. A chemical etch used with illumination on a grooved sample can accurately delineate the diffusion front of the
p-dopant in quaternary layers. Using a conventional optical microscope, the technique can be used for active layers as thin
as 0.1 um. Good correlation with scanning electron microscope techniques (EBIC) is observed. The technique presented
here can easily be used as a routine step during wafer characterization.

In InGaAsP/InP double heterostructures (DH)
grown by liquid phase epitaxy (LPE), the p-n junc-
tion position in the nominally undoped InGaAsP active
layer is formed by diffusion of the acceptor, commonly
Zn, from the p-type InP confining layer. However, the
Zn flux into the quaternary layer is dependent on its
concentration in the confining layer and the diffusion
depth can be altered by varying the time that the
wafer remains at high temperature after the InGaAsP
active layer has been grown. In addition, the position
of the p-n junction has been found to depend on the
doping level of the active layer (1, 2), and lattice mis-
match, which influences the bulk properties of the epi,
can also affect the Zn diffusion length (3). Conse-
quently, the position of p-n junction can shift from
run to run, and its misplacement has been a problem,
particularly in very thin layers (1, 4).

An accurate way of determining the p-n junction
in a double heterostructure is with the electron beam-
induced current (EBIC) (5) mode of a scanning elec-
tron microscope. The EBIC method, however, is too
complex to be used routinely. A simple and quick
alternate method is therefore desirable. Often, chem-
ical staining of a cleaved edge is the method of choice
and it works well with thick layers (greater than 2.0
um). It has been successfully applied to thick InGaAsP
layers, although the exact procedure and the type of
stain were not mentioned (2). However, when the
active layer thickness is less than ~2.0 um, the reso-
lution of an optical microscope is limiting. Also, if the
p-n junction is very close to one of the interfaces of
the active layer, the junction and this interface be-
come indistinguishable, even in a thick layer, and no
information can be obtained.

In this paper, a technique is presented which can
accurately reveal the position of the p-n junction
inside InGaAsP layers as thin as 0.1 um. A chemical
etch is used with illumination. Coupled with the arcuic
trigonometric method of calculating layer depth (6),
it provides a quick and easy way of routinely deter-
mining the position of the diffusion front inside the
active layer.

Experimental

A small sample (~1.5 X 3.0 mm) is cut from an LPE
double heterostructure, mounted on a thin glass cover
plate, and grooved using a sectioner from Philtec In-
strument Company. The detailed procedure for mount-
ing and grooving the sample has been described by
McDonald and Goetzberger (7). The groove depth
must be carefully controlled: it must be deep enough
to completely cut through the active layer but should
not go much deeper than the bottom of the layer in
order to maximize the groove width-to-depth ratio.
The sample is then cleaned and stained under illu-
mination from a microscope lamp with a 15W tungsten
filament bulb placed directly over the groove. The
stain solution consists of 100 ml of H,O, 8g KOH, and
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0.5g K3Fe(CN)g (8). Although the time required for
staining depends strongly on dopant concentration, in
most samples 5-10 sec was enough to delineate the p-n
junction. Usually the surface on the p-side of the
quaternary active layer becomes very rough, prob-
ably because it is more strongly attacked by the
chemical etch than the n-side. After staining, the
thickness of the active layer can be calculated and
the exact position of the junction can be determined
(6, 7). Figure 1 shows a grooved sample which has
been stained for delineation of the active layer bound-
aries and the p-n junction position. )

To evaluate the validity of this technique, several
samples were analyzed using both the groove-and-
stain method and the EBIC method. Figure 2 shows
two scanning electron micrographs of cleaved edges
of InGaAsP/InP DH light emitting diodes (LED’s).
The EBIC signals place the p-n junction (a) at the top
of the active layer, very close to the p-InP, and (b)
deep inside the active layer, closer to the n-InP. Figure
3 shows the two samples from Fig. 2, this time using
the groove-and-stain technique to delineate the
quaternary layer interfaces and the p-n junction.
Again, the p-n junction appears (a) at the top of the
active layer, and (b) closer to the bottom of the layer.

A few samples were stained without using illumina-
tion. A loss of sharpness at the p-n junction was ob-
served and a much longer staining time was required.

I I n-InP L:|[nGaAsl?J p-InP

Wik

p—n JUNCTION

150um

Fig. 1. Interference contrast micrograph of a grooved sample
which has been stained for layer deli and for determinati
of the p-n junction position.
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Fig. 2. Scanning electron micrograph of a cleaved edge of a
InGaAsP/InP DH LED. The EBIC signal shows the p-n junction (a)
at the top of the active layer, next to the InP confining layer; (b)
deep inside the active layer, closer to the InP buffer layer.

This resulted in partial removal of the active layer
with consequent loss of accuracy. Several stain com-
positions of the same components were tried, but the
composition described above seemed to give the best
results. In particular, compositions where the concen-
tration of K3Fe(CN); is increased, like the ones usu-
ally used for quaternary layer removal (9), were too
strong for staining purposes: although they delineate
the p-n junction they also etch away the active layer
very quickly, starting towards the center of the groove
where the layer is thinnest. They are, therefore, not
practical because accuracy is lost, and p-n junctions
very close to the bottom of the active region cannot
be detected. Delineation of the junction right at the
bottom of the layer, as illustrated in Fig. 1, would
be impossible if any appreciable layer removal had
taken place. Other known InGaAsP etchants were
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Fig. 3. Interference contrast micrograph of the same samples
from Fig. 2 with the p-n junction delineated using the groove and
stain method: (a) junction present at top of the active layer; (b)
junction deep inside the layer.

tried, such as the AB etch (10), but these were also
too fast at attacking the quaternary layer.

Most of this experimental work was done on wafers
in which the active layer was nominally undoped n-
InGaAsP. The p-n junction was formed by Zn diffu~
sion from the Zn-doped InP confining layer. This
technique was also successfully tried on a wafer where
Cd was used as the p-dopant.

Discussion

A 100 ml solution of 8.0g potassium hydroxide and
0.5g potassium ferri¢yanide is strong enough to de-
lineate th p-n junction inside a quaternary layer, but
weak enough to do so without appreciable removal
of InGaAsP.

Excellent correlation is observed between the EBIC
and the groove-and-stain methods. However, the EBIC
technique consists of a scanning electron micrograph
with a superimposed EBIC signal, and the two are
not always easy to align. In the groove-and-stain tech-
nique, the active layer boundaries and the p-n junc-
tion are delineated in only one step, and they are
usually very sharp. Therefore, the groove-and-stain
method is possibly more accurate. In this technique,
illumination is necessary if sharpness of delineation
and quickness are to be attained.

The major advantage of this technique is the ac-
curate delineation of the p-n junction inside very thin
layers, which is hard to do even with EBIC. Because
a very shallow layer can be transformed by grooving
into a width easily resolved by optical microscopes,
and because the etch described above stains much
faster than it etches away InGaAsP, the p-n junction
can be determined in layers as thin as ~0.1 um. (See,
for example, Fig. 4.) Also, junction displacemert from

metallurgical boundary of f 0.1 um can be resolved,
as illustrated in Fig. 3a. In addition, this is a quick
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Fig. 4. Interference contrast micrograph of grooved and stained
sample showing the p-n junction position inside an InGaAsP layer
0.16 um thick.

and simple technique which can easily be used as a
routine step in wafer characterization.
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Dependence of the Characteristics of ZnSe MBE Grown on GaAs and
GaP on Thermal Treatment in a Vacuum

T. Niina, K. Yoneda, and T. Toda
Sanyo Electric Company, Limited, Research Center, 1-18-13, Hashiridani, Hirakata, Osaka, 573, Japan

ABSTRACT

The dependence of the surface morphologies, electrical and optical properties of MBE grown ZnSe layers on the surface
cleanliness of both GaAs and GaP substrates after being treated by a thermal treatment procedure in a vacuum prior to
growth was studied by using RHEED and AES and by measuring the Hall effect and photoluminescence. The major
contaminants on the surface of both GaAs and GaP after chemical treatment are carbon and oxygen. Carbon absorbed on
the surface of both GaAs and GaP can be easily decomposed by thermal treatment above 420°C. On the other hand, there is
quite a difference between GaAs and GaP concerning the removal behavior of the residual oxide layers. The thermal treat-
ment temperatures required to completely remove these oxide layers are 560°C for GaAs and 620°C for GaP. The character-
istics of the MBE grown ZnSe layers depend mainly on the surface cleanliness of the substrate after the thermal removal of
the residual oxide layers. In order to achieve a high quality grown layer, it is recommended that the thermal treatment be in
the comparatively wide region between 560° and 630°C for the growth of ZnSe on GaAs and in the extremely narrow region

between 620° and 630°C for the growth of ZnSe on GaP.

Cleaning the surface of the substrate prior to growth
is an essential procedure in the preparation of a high
quality epitaxial film using molecular beam epitaxy
(MBE). In the case of GaAs, which has been widely
used as a substrate for the MBE growth of III-V com-
pound semiconductors, the major contaminants are
oxygen and carbon. Oxygen contaminates the surface
during and after chemical treatment, forming un-
avoidable thin oxide layers which consist of arsenic
and gallium oxides (1). Arsenic and gallium oxides
can be removed by thermal treatment in a vacuum,
with temperatures above 370° and 570°C, respectively
(2). On the other hand, carbon is easily absorbed
from an ambient and a cleaning solvent (3). Ordinary
carbon contaminants can be effectively decomposed by
thermal treatment in a vacuum above 350°C. However,
when the substrate has been exposed to an ionized
beam, carbon cannot be removed by thermal treat-

Key words: molecular beam epitaxy, zinc selenide, reflection

high energy electron diffraction, Auger electron spectroscopy,
photoluminescence, Van der Pauw method.

ment unless temperatures above 600°C are used (4).
The presence of such residual carbon contaminants
across the interface of the grown layers results in the
generation of defects and affects the surface morpholo-
gies of the grown layers (5).

Recently, MBE has been extensively applied in the
growth of II-VI compound semiconductor films. In
particular, for the growth of ZnSe, the possibility
of achieving a precisely controlled, highly conductive
layer for use in blue light emitting diodes has been
demonstrated (6, 7). So far GaAs has been commonly
used as the substrate for the MBE growth of ZnSe be-
cause of its closed lattice match. GaP can also be
used in spite of its large lattice misfit of ~ 4% (8).
As in the growth of III-V compounds, the preparation
of a smooth, clean, and undamaged substrate surface is
also an important requirement for achieving a high
quality layer in the case of ZnSe MBE growth.

In this paper, we investigated thermal treatment
procedures required not only to decompose carbon
contaminants but also to remove residual oxide layers
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on the surface of both GaAs and GaP, and the re-
lation between the surface cleanliness of the substrate
and the characteristics of ZnSe layers grown on both
GaAs and GaP. These investigations were performed
by using reflection high energy electron diffraction
(RHEED), Auger electron spectroscopy (AES), Hall
effect measurement, and photoluminescence measure-
ment.

Experimental Procedures

The substrates used in the present study were Cr-O
doped semi-insulating GaAs (100) with a resistivity of
greater than 3 X 107 0-cm, and also Zn-doped p-type
GaP (100) with a resistivity of ~0.2 2-cm and a car-
rier concentration of 5 ~ 10 x 107 cm™3.

After mechanical and chemical polishing, they were
degreased with trichloroethylene by boiling, acetone,
ethanol, and deionized water, Then, in the case of
GaAs, the substrates were etched with a solution of
5H,S04-H;02-HsO for 10 min at 60°C, subsequently
rinsed with deionized water, finally immersed in HCl
for 10 min at 30°C in order to remove the residual
oxide layer, rinsed with deionized water, and dried
with dry nitrogen. In the case of GaP, the substrates
were etched with a stirring solution of HCI-2HNO;-
H,0 for 10 ~ 15 min at 55°C, then rinsed with deion-
ized water, and dried with dry nitrogen.

After these chemical treatment processes, the sam-
ples were mounted on an Mo sample block using In
for adhesion, immediately inserted into a loading
chamber of an MBE system, and pumped down. The
MBE system used in the present study was a RIBER-
MBE 1000 which was equipped with a quadrupole
mass spectrometer, a 10 keV RHEED, and an AES.

After being transferred into the growth chamber,
which has a base pressure less than 10-10 Torr, the
samples were treated thermally prior to growth for 15
min at each step of the temperature regions between
300° and 670°C. All of the epitaxial films were grown
on both the GaAs and the GaP substrate. 6N-Zn, Se,
and Ga metal were used as source materials. For
growth, the Zn cell temperature and the Se cell tem-
perature were normally kept at ~300° and ~210°C,
respectively. Under this condition, the beam flux ratio
of Zn to Se was about 1. For the growth of ZnSe on
GaAs, the substrates were heated either to 320°C or
to 360°C. For the growth of ZnSe on GaP, the sub-
strates were heated to 360°C to maintain a smooth sur-
face morphology. For doping, the Ga cell temperature
was fixed at ~420°C to obtain the desired carrier con-
centration.

At each step of the various thermal treatments,
RHEED and AES observations were made to evaluate
the surface cleanliness of the substrate resulting from
the removal of the surface contaminations. In-depth
profile measurements of AES were used to determine
the transition region between the growth layer and
the substrate and also to detect the impurities em-
bedded across the interface. The electrical and optical
properties of the grown layers were studied by using
the Van der Pauw method and by room temperature
photoluminescence excited with a 3250A He-Cd laser,
respectively.

Results and Discussion

Figure 1 shows the Auger peak heights of various
elements at the substrate surfaces as functions of the
thermal treatment temperatures. The Auger peak
heights obtained from GaAs and GaP are shown in
Fig. 1(a) and (b), respectively. The peaks retained
in the Auger spectra are a 273 eV KLL transition for
C, a 503 eV KLL transition for O, a 1070 eV LMM
transition for Ga, a 1229 eV LMM transition for As,
and a 1865 eV LMM transition for P.

Carbon contaminants absorbed on both GaAs and
GaP after chemical treatment can be explicitly decom-
posed by thermal treatment above 420°C, which is
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Fig. 1. Auger peak heights of various elements from different
substrate surfaces of GaAs (a) and GaP (b) as o function of the
thermal treatment temperatures.

slightly higher than the 350°C described by Chang
et al. (9).

For GaAs, the oxygen peak height begins to de-
crease at the thermal treatment of 500°C and then
disappears rapidly when a thermal treatment of 560°C
is used. This corresponds to the removal behavior of
an oxidation product consisting of GazO3. For GaP, the
oxygen peak height decreases gradually as the thermal
treatment temperature increases when thermal treat-
ments above 500°C are used. However, this oxygen
peak height will not disappear by thermal treatments
unless the temperature is raised to 620°C. The above
result indicates that there is quite a difference be-
tween GaAs and GaP with respect to the removal be-
havior of the residual oxide layers because the oxida-
tion product on GaP is different from Ga;O3 on GaAs
(10). With thermal treatments above 650°C, the As
peak height for GaAs and the P peak height for GaP
decrease as the thermal treatment temperature in-
creases. This may be attributed to the desorption of
volatile atoms from the surface due to the difficulty
of maintaining a congruent evaporation.

For the growth of ZnSe on GaAs, the surface mor-
phologies of the GaAs substrates and the subsequent
epitaxial growth at the initial stage of the 1000A
thickness after different thermal treatments as ob-
served from in situ RHEED patterns are shown in Fig.
2. The substrate temperature during growth was 320°C
and a primary electron with a 10 keV was used along
the [110] azimuth. At the thermal treatment of 550°C,
the RHEED obtained from the substrate surface shows
a ringed pattern due to the coverage of the oxide layer
which remained after chemical treatment, as shown in
Fig. 1(a). Thereafter, the RHEED obtained from the
surface of the subsequent epitaxial growth at the ini-
tial stage of the 1000A thickness also shows the ringed
pattern arising from the polycrystal ZnSe growth.
After thermal treatment above 560°C, the diffraction
pattern obtained from the substrate surfaces changed
to a spotty one. This indicates that the bare surfaces
of the substrates exposed after the removal of the re-
sidual oxide layer are rough because of the congruent
evaporation of Ga and As atoms from the surface.
However, the surface morphologies of the subsequent
ZnSe epitaxial growth with the 1000A thickness
achieve a smooth surface observed from a streak dif-
fraction pattern, as shown by the RHEED studies.

For the growth of ZnSe on GaP, the surface mor-
phologies of the GaP substrate, the subsequent epi-
taxial growth at the initial stage of the 1000A thick-
ness, and the total growth with a 3 um thickness were
observed from in situ RHEED gatterns, as shown in
Fig. 3. The important difference between the morphol-
ogies of GaAs and GaP after thermal treatment is a
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Fig. 2. RHEED patterns of the GaAs substrate prior to growth and
the surface at the initial stage of the 1000A ZnSe growth after
different thermal treatments.

ZnSe

diffraction pattern resulting from the thermal treat-
ment when the substrate surface is still covered with
the residual oxide layers, as shown in Fig. 1. For GaP,
the substrate surface exhibits a spotty pattern even at
the thermal treatment temperature of 570°C. This
indicates that the oxidation product on the surface of
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GaP is single crystalline, which is in agreement with
previous work (10). The surface of the ZnSe epitaxial
growth at the initial stage of the 1000A thickness also
exhibits a spotty diffraction pattern. However, the sur-
face after the total 3 um thickness growth changes to
a streak pattern. The roughness of the growth surface
at the initial stage of the 1000A thickness may be at-
tributed to the presence of the residual oxygen con-
taminations across the interface. The surface morphol-
ogy after the total 3 um thickness growth, however,
could never be dominated by the detrimental oxygen
contaminations. After thermal treatments above 620°C,
which is the temperature required to completely re-
move oxide layers, as shown in Fig. 1(b), surface
morphologies of the ZnSe epitaxial growth even at
the initial stage of the 1000A thickness exhibit a
smooth surface observed from a streak diffraction pat-
tern.

Figure 4 shows in-depth profiles of the Auger peak
heights of various elements in the interface region be-
tween the ZnSe growth layer and the substrate at each
step of the different thermal treatments for the ZnSe-
GaP system and at the step of the thermal treatment
of 600°C for the ZnSe-GaAs system. The substrate
temperature during growth and the ZnSe growth
thickness were 360°C and ~10004, respectively. For
the ZnSe-GaP system, oxygen is embedded across the
interface at the thermal treatment temperature of
570°C, as shown in Fig. 4(a). This result confirms that
it is possible for oxide contaminations to dominate
the surface morphology of the ZnSe growth at the
initial stage. After thermal treatments above 620°C, no
oxygen contaminants can be embedded across the in-
terface, as shown in Fig. 4(b) and (c). Therefore, oxy-
gen contaminants can arise not from the ambient
during growth but from the chemical treatment. The
depth of the transition region after the thermal treat-
ment of 620°C for the ZnSe-GaP system is about 3004,
slightly wider compared to that of ~150A after the

ZnSe ~1000 A ZnSe ~ 3 um

Fig. 3. RHEED patterns of the GaP substrate prior to growth and the surfaces at the initial stage of the 1000A ZnSe growth and the se-

quential stage of the 3 um growth after different thermal treatments.
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thermal treatment of 600°C for the ZnSe-GaAs system,
as shown in Fig. 4(d). The difference in the depth of
the transition region between the ZnSe-GaAs and
ZnSe-GaP systems may be attributed to the different
lattice misfit. The Auger peak height of P for the
ZnSe-GaP system at the thermal treatment tempera-
ture of 650°C gradually increases toward the substrate
through the interface. This is attributed to the decrease
in the concentration of P atoms at the surface due to
the desorption during thermal treatment.

A Van der Pauw method and a photoluminescence
measurement were employed to investigate the rela-
tion between the surface cleanliness of the substrate
and the electrical and optical properties of Ga-doped
ZnSe growth layers. The substrate temperature during
growth was 320°C for the growth of ZnSe on GaAs
and 360°C for the growth of ZnSe on GaP. The Ga
cell temperature was fixed at 420°C for doping. Each
sample used in the present study has a ~3 um thick
ZnSe grown layer.

Figures 5 and 6 show the dependence of electrical
properties of the grown layer of Ga-doped ZnSe on
GaAs and GaP on the thermal treatment temperatures,
respectively. For the growth of ZnSe on GaAs, the
carrier concentrations and resistivities remain un-
altered until the thermal treatment temperature is
raised to 630°C. For thermal treatment above 630°C,
however, a decrease in the carrier concentration and
an increase in the resistivity begin to appear. The
mobilities do not change, though, for thermal treat-
ment between 560° and 650°C. For the growth of
ZnSe on GaP, the carrier concentration increases and
the resistivity decreases as the thermal treatment
temperature increases when the temperatures are
raised from 550° to 630°C. This indicates that when
higher thermal treatment temperatures are used,
more improved electrical properties are obtained in
the grown layers. This is possible because the reduc-
tion in the concentration of oxygen contaminants em-
bedded across the interface can suppress the forma-
tion of the defect complexes associated with oxygen.
On the contrary, the decrease in the carrier concentra-
tions and the increase in the resistivities begin to ap-
pear at the thermal treatment temperature of 630°C,
whereas the mobilities gradually increase even when
the thermal treatment is raised to 650°C. For the
growth of ZnSe on both GaAs and GaP, thermal treat-
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ments higher than 630°C result in a degradation of
electrical properties. This may be attributed to the
following. Since it is clear from the AES and RHEED
observations that the surface roughness of the sub-
strate results from the desorption of volatile host
atoms (for example As and P) at the surface by ther-
mal treatments higher than 650°C, a certain amount of
volatile atoms can possibly be dissociated from the
substrate surface even after being treated at 630°C and
result in roughness of the substrate surface. As the
result, we speculate that the degradation of electrical
properties of the ZnSe layer may be due to the gen-
eration of unavoidable defect complexes into the epi-
taxial layer grown on the rough surface of the sub-
strate.

A room temperature photoluminescence spectrum
of Ga-doped ZnSe grown by an MBE has a dominant
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blue emission band with a peak of ~461 nm, which
may be attributed to the recombination between donor
electrons and free holes, and a longer wavelength
broad yellow emission band with a peak of ~590 nm,
which may be due to the defect complex centers asso-
ciated with incorporated Ga atoms (6). Figures 7 and
8 show the relation of photoluminescence properties in
the grown layer of Ga-doped ZnSe on GaAs and GaP
to the thermal treatment temperatures, respectively.
For the growth of ZnSe on GaAs, blue emission in-
tensities remain unaltered until the thermal treatment
of 630°C is used, whereas yellow emission intensities
gradually increase as the thermal treatment tempera-
ture increases. For thermal treatment above 630°C, the
reduction of both blue and yellow emission intensities
begins to appear, as shown in Fig. 7. For the growth of
ZnSe on GaP, the blue emission intensities monot-
onously increase, and the yellow emission intensities
dramatically decrease as the thermal treatment tem-
perature increases when the temperature is raised
from 550° to 630°C. For thermal treatment above
630°C, however, a significant increase in yellow emis-
sion intensities begins to appear, whereas blue emission
intensities slightly decrease.

From these electrical and optical data, we suggest
that the degradation of characteristics in the ZnSe
grown layers are probably based on the formation of
defect complexes associated not only with oxygen con-
tamination embedded across the interface during
growth but also with the surface roughness arising
from the desorption of volatile host atoms from the
substrate surface by thermal treatments.

Summary

We have demonstrated that the surface morphol-
ogies and the electrical and optical properties of MBE
grown ZnSe layers on both GaAs and GaP depend
mainly on the surface cleanliness provided by a ther-
mal treatment in a vacuum prior to growth.

After the chemical treatment procedure, the surfaces
of both GaAs and GaP have carbon contaminants and
residual oxide layers. Carbon contaminants left on the
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surface can easily be decomposed, but there is quite
a difference in the removal behavior of oxidation
products between GaAs and GaP. For GaAs, the ther-
mal temperature required to explicitly remove oxida-
tion products is around 570°C. For GaP, the removal of
oxidation products begins to appear at ~550°C, and
continues up to ~620°C. For GaAs, the surface shows a
ringed diffraction pattern when oxidation products
still remain. However, for GaP, the surface shows a
spotty diffraction pattern caused by single crystalline
oxidation products even though the surface is covered
with the oxidation products. The important difference
in the removal behavior of oxidation products between
GaAs and GaP is attributed to the different oxidation
products. For the growth of ZnSe on GaAs, after ther-
mal treatment temperatures above 570°C, which is the
temperature required to completely remove oxide
layers, all of the surface morphologies of the growth
at the initial stage of the 1000A thickness exhibit a
streak diffraction pattern. However, all of the sub-
strate surfaces prior to growth show a spotty pattern.
For the growth of ZnSe on GaP, the surface morphol-
ogy of the growth at the initial stage of 1000A thick-
ness exhibits a spotty diffraction pattern, as does the
substrate surface prior to growth, because oxidation
products still remain across the interface. The surface
morphology of growth at the total 3 um thickness,
however, changes to a streak diffraction pattern. After
thermal treatment temperatures higher than 620°C,
which is the temperature required to completely re-
move oxide layers, each surface morphology for
growth at the initial stage of the 1000A thickness ex-
hibits a streak diffraction pattern.

We also investigated the relation of electrical and
optical properties of the growth of ZnSe on GaAs and
ZnSe on GaP to the surface cleanliness of the substrate
after different thermal treatments. The electrical and
optical properties of the growth of both ZnSe on GaAs
and ZnSe on GaP depend mainly on the surface con-
taminations and morphologies of the substrate prior to
growth.

In conclusion, we recommend that the most desirable
thermal treatment temperature for the substrate prior
to growth is in the temperature region between 560°
and 630°C for the growth of ZnSe on GaAs, and be-
tween 620° and 630°C for the growth of ZnSe on GaP.
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Hydrogen Gettering Effect of Mo.N/Mo MOS Process

M. J. Kim* and D. M. Brown*
General Electric Company, Corporate Research and Development, Schenectady, New York 12301

ABSTRACT

Hydrogen plays a key role in maintaining the integrity of molybdenum film during high temperature processing. Hy-
drogen not only prevents Mo oxidation but also reduces Mo oxide, through an oxide gettering reaction at a high tempera-
ture, to produce pure molybdenum. y-phase molybdenum nitride formed by direct reaction with ammonia can be converted
to pure molybdenum after the nitride’s beneficial properties have been utilized for MOS circuit fabrication. The recovery
processis affected by hydrogen and the presence of an overlay layer. A recovery process for producing high conductivity Mo
from Mo,N and sputtered Mo film contaminated with oxygen was developed. This process always produces a consistent
film regardless of the prior conditions to which the Mo film was subjected.

Molybdenum is receiving attention as a possible
alternative to polysilicon, particularly as a VLSI in-
terconnection, because of its high conductivity. The
major problem associated with molybdenum film is
its susceptibility to oxygen and moisture during the
conventional semiconductor fabrication process. We
have previously shown that a molybdenum nitride
coating formed by direct reaction of molybdenum
with ammonia improves film properties (1). This
coating increased the resistance against oxidation,
process chemicals, and implantation dopant penetra-
tion (2). The purpose of this study is to report the
effect of hydrogen during the high temperature pro-
cessing of molybdenum films. Hydrogen helps main-
tain the Mo film quality during the nitriding process
and keeps the Mo film from oxidizing during sub-
sequent annealing processes. It was found that Mo
film resistivity which is high due to oxygen contami-
nation is decreased by annealing in hydrogen through
the reduction of the Mo oxide.

Experimental Procedure

Molybdenum films were deposited on thermally
oxidized silicon wafers by using either a load-locked
d-c¢ magnetron or an S-gun sputtering system. The
Mo deposition rate was 1500 A/min with a d-c mag-
netron (MRC) and 720 A/min with an S-gun
(Varion). Films were sputtered at a 3 uxTorr argon
pressure, with the initial vacuum level about 10-7
Torr. The film thickness was varied from 1000 to
50004. (The film properties are dependent on the
deposition conditions as discussed later.) Passivating
MosN films were made in the temperature range of
500°-750°C by direct reaction with 10% ammonia for
10 min in accordance with the method reported in
Ref. (1). A submicron interconnection line could be
patterned with reactive ion etch using CCly; and Oz.
At a pressure of 250 uTorr, the etch rate of pure

* Electrochemical Society Active Member. .
Key words: Mo films, VLSI, gettering, interconnection, conduc-
tivity.

molybdenum was about 1000 A/min and that of
Mo2N was 1400 A/min.

Mo2N was converted to pure Mo by a 1000°C anneal-
ing cycle in 10% hydrogen mixed with nitrogen.
When it was necessary to retain MogN, PSG or CVD
SiO; was deposited prior to the high temperature
annealing. Measurement of the sheet resistance was
the most effective way to monitor the process. The
thickness change of the Mo film was monitored by
Sloan Dektak. All the temperature annealing pro-
cesses were performed in a mixture of H; and N;
gases with less than 10% of Hy. The hydrogen get-
tering effect was monitored by x-ray, SIMS, SEM,
optical microscopy, and electrical measurements.

Experimental Results and Discussion

The qualification of Mo film for VLSI application
has already been demonstrated (1, 2). Some of the
features are listed in Table I. Primarily, Mo is stable
in contact with SiO; at high temperature, with a high
heat of formation [19 kcal/mol (3)] required for Mo
to reduce SiO; to form molybdenum oxide, MoO,.
When the gettering technique is used, a highly con-
ductive film, of better than 7.2 X 10-¢ q-cm, can be
produced. A submicron pattern can be achieved with
either the RIE method or a wet etch. The patterned
conductor can be passivated with MosN. The film ad-
hesion tested in accordance with ASTM D-3359-78
has been demonstrated to be excellent, with good
thermal matching with silicon and SiOs.

The Mo film properties, however, change with the
deposition conditions as listed in Table II. The im-
portant properties for VLSI application, such as elec-

Table I. Qualification of Mo film for VLSI

. Stable with SiO: (AH = 19 kcal/mol)
High conductivity (7.2 x 10-¢ Q-cm)
Easy to etch (RIE, wet)

. Nitride passivation (Mo:N)

Good adhesion (ASTM D-3359-78)

. High melting point (2620°C)

DO
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Table II. Mo film property dependency

. Deposition method

. Equipment type
Growth rate

Initjal vacuum
Kesiaual pressure

. Substrate temperature
Rotation rate

. Deposition angle

PNDU W

trical and etching characteristics, are particularly
sensitive to deposition conditions. Deposition meth-
ods, CVD, sputtering, and evaporation produce dif-
ferent structures and electrical properties. Although
the films for this study were all sputtered, a film
made in one type of equipment was difterent from
that made in another. Even within a given system,
the film properties vary with changes in growth rate,
initial vacuum, residual pressure, substrate tempera-
ture,rotation rate, and deposition angle. Some of these
parameters drastically change resistivity, while others
affect etching characteristics such as etch rate and
anisotropic etch. Since it is not easy to exactly con-
trol all of these parameters, films made at different
times are not generally the same. A VLSI chip, on
the other hand, requires consistent film properties.
The following analysis shows that the hydrogen get-
tering process produces such consistent film charac-
teristics, independent of deposition conditions and the
past history of the film.

Mo;N film is thermodynamically stable up to 900°C,
above which temperature it dissociates into pure
Mo and N (4). Thus, Mo:N can be converted to
the higher conductivity Mo after the required prop-
erties of MosN have been used. However, it is also
possible to retain the Mo;N film during the subse-
quent high temperature processing with an overlay
layer such as SiO; or PSG deposited prior to the
high temperature processing. The results with PSG
and CVD SiO;, were similar.

Figure 1 shows the change of sheet resistance of
nitrided Mo films, ps, with annealing time at 1000°C,
with and without the PSG overlay film. The initial
ps is higher for samples nitrided at higher tempera-
ture, because a thicker nitride coating is formed.
From our previous experiment (1), the six different
temperatures would result in samples with different
MoyN thicknesses; that is, they represent samples of
3000A pure Mo, 220A MoyN/Mo, 450A Mo,N/Mo,
870A MosN/Mo, 2000A Mo:N/Mo, and pure MozN.
The full curves represent the ps changes of samples
with the PSG overlay, and the dotted curves repre-
sent those with no PSG overlay. When the MogN is
exposed, the ps is reduced rapidly to the lowest values,
indicating the restoration to pure Mo; this is con-
firmed independently by x-ray diffraction analysis,
which shows no trace of an MosN diffraction line
after annealing. It is interesting to note that the ps
of the nitrided samples reaches the minimum sooner
than the ps of the pure Mo sample. Table III shows
the lattice parameter and the (110) Mo line broaden-
ing after the annealing of pure and nitrided Mo films.
While no systematic change in lattice parameter was
observed. there were significant line sharpenings of
x-ray diffraction for the 1000°C annealed nitrided
samples. The ps of those samples that are covered with
5000A PSG does not change significantly after an-
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nealing, indicating that most of the MozN is still re-
tained. In this case, the PSG presumably blocks the
nitrogen escape required for the restoration.

Figures 2, 3, and 4 show, respectively. SEM photo-
micrographs of pure Mo, 650°C nitrided Mo, and
700°C nitrided Mo film with their subsequently an-
nealed films. The pure, sputtered Mo (Fig. 2a)
showed a uniform cross section, without crystal struc-
tures. When the 3000A film was annealed for 30 min
in 10% Hy 4+ N at 1000°C, a columnar structure was
developed, extending the grain boundary from the
SiO; interface to the Mo surface, as shown in Fig. 2b.
When the sample was annealed with the PSG over-
lay, a similar columnar structure was formed (Fig.
2¢). For Fig. 3a the starting film was made by nit-
riding the 3000A pure Mo film at 650°C in 10% am-
monia for 10 min. This process resulted in about an
820A Mo2N film over the Mo but did not produce a
columnar grain structure. Nor did the film shown in
Fig. 4a, with 1900A Mo,N nitrided at 700°C, have any
structural cross section. However, the annealed films
with and without PSG overlays showed distinguished,
large columnar grains. The only difference between
these samples and the annealed pure Mo is that the
grain size of the nitrided samples is not large enough
to extend through 3000A thickness for the samples
shown in Fig. 3c and 4c, which are covered with PSG.

The structure of the nitrided Mo film did not show
any columnar form (Fig. 3a and 4a). According to
the structural analysis (1) the nitrogen atoms will
not make a completely ordered structure but will
randomly occupy the largest interstices. The nitrid-
ing converts the Mo g-phase to the Mo:N y-phase
with fcc structure. According to SEM photomicro-
graphs, the phase transformation apparently does not
induce recrystallization, but, rather, maintains the
partially amorphous state of the sputtered Mo film.

Table 1. Lattice parameter and grain size changes observed by x-ray in Mo with different heat-treatments

Sample No. T9-1

T9-2 T9-3 T9-4

Treatment history No treatment

1000°C anneal

650°C nitriding, 750°C nitriding,

(as sputtered) in (H2 + N2) 1000°C anneal 1000°C anneal
in (Hz + N2) in (Ha + N2)
Lattice parameter
a (angstrom) 3.144(3) 3.155(4) 3.139(2) 3.141(1)
20, Broadening
1/2 of (110) peak 0.442 0.369 0.255 0.270
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Fig. 2. SEM photomicrographs of pure Mo films of 30004 ; (q,
top) as sputtered with a substrate temperature of 250°C; (b,
center) annealed for 30 min in 10% Hs 4+ N> at 1000°C; (c, bot-
tom) annealed same as (b) with PSG cover.

Taking into account the dominance of (110) x-ray
intensity in the annealed sample, the columnar di-
rection is [110] perpendicular to the surface. As will
be shown later, hydrogen annealing reduces Mo oxide
near the grain boundary, and the columnar structure
appears to have a tendency to increase the film ten-
sion during the annealing. A curvature measurement
of the Mo film showed that the annealing increased
the tension from the lower stress of the sputtered
film. An original stress of 7.12 x 10° dyne/cm?2 for
the sputtered film on a (100) silicon wafer at 3 uTorr
Ar pressure was increased to 1.9 x 10! dyne/cm?
by annealing for 30 min at 1000°C. Another con-
tributing factor to the resistivity reduction for the
nitrided samples may be their larger grain size, which
was observed with the line sharpening.

Figure 5 shows the ps of the re-nitrided films. The
pure Mo recovered from the nitride was again nit-
rided at the corresponding temperature for 10 min
in 10% NH; 4 No. The nitriding reaction rate was
very small in the temperature range of 500°-700°C
but increased rapidly around 750°C. A resistivity
peak, similar to the nitridation of sputtered Mo (1),

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

October 1983

Fig. 3. SEM photomicrographs of 650°C MoaN/Mo film and its
annealed films; (a, top) Mo2N/Mo film made by nitriding at 650°C
for 10 min to 820A Mo2N; (b, center) annealed for 30 min in 10%
Hz + N2 at 1000°C; (c, bottom) annealed same as (b) with PSG
cover.

as shown by the dotted curve, occurred at 820°C. The
resistivity peak is caused by the transformation to
the MoN d-phase from the Mo;N y-phase. The posi-
tion of the peak was shifted for the re-nitridation by
a 30°C rise in temperature. The changes may also
be caused by the grain size growth of Mo film during
the annealing process; the growth of single crystals
retards the nitrogen diffusion through the Mo, as
observed in the significant reduction of the nitriding
rate below 750°C. By way of contrast, corresponding
heating in N, increased the p by about 30% without
producing any trace of nitride.

Figure 6 shows the resistivities of S-gun-sputtered
and d-c magnetron-sputtered Mo films as a function
of film thickness, in their as-sputtered condition and
after H, annealing. The substrate temperature for
both cases was 250°C. The initial resistivity of the S-
gun-sputtered film was more than three times that
of the d-c magnetron-sputtered films and it increased
rapidly below 3000A. When the films were annealed
at 1000°C in 10% H: 4 N, both resistivity values
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Fig. 4. SEM photomicrographs of 700°C MozN/Mo film and its
annealed films; (g, top) MooN/Mo film made by nitriding at 700°C
for 10 min to make 19004 ; (b, center) annealed for 30 min in 10%
Hz + N2 at 1000°C; (c, bottom) annealed same as (b) with PSG
cover.

converged to the same value, represented by curve C.
The annealed resistivity, 7.1 uQ-cm was relatively
independent of film thickness above 2000A, a result
that agrees well with an evaporated Mo film (5).
The resistivity increase below 2000A may be caused
by columnar-like monolayer grain boundary scat-
tering, as shown in SEM photomicrographs. The film
quality recovery process was analyzed from the dif-
ferent origins. This behavior may be understood in
terms of oxygen incorporation in the as-deposited
films. In a low vacuum (5 x 10-7 Torr) the major
constituent is observed to be water vapor (6), which
can oxidize the Mo film grain boundary, increasing
its resistivity.

The S-gun-sputtered Mo contains a larger amount
of oxygen than does the magnetron-sputtered film
because of its slow deposition rate. The high resistiv-
ity is correlated with the larger oxygen content for
S-gun-sputtered Mo. Further, S-gun-sputtered films
etch (RIE) 40% faster than do d-c magnetron films,
probably due to accelerated formation of the volatile
molybdenum oxychlorides as etch products (7). Hy-
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drogen annealing removes the oxygen through the
formation of volatile H20, and both types of film
exhibit the same resistivity. Direct evidence is pro-
vided by SIMS analysis.

Figure 7 shows a SIMS profile analysis of the oxy-
gen content for 4000A S-gun-sputtered Mo samples
like those in Fig. 4. In order to increase the sensitiv-
ity to oxygen, negative cesium ions were used. Curves
a, b, and c represent ion intensity before annealing
for oxygen (M. 16), silicon (M. 30), and molybdenum
(M. 98), respectively. Curve a’ represents the oxy-
gen ion intensity after annealing in 10% H; + N for
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30 min at 1000°C. The oxygen content as measured
by the intensity is reduced by two orders of magni-
tude by the annealing, a finding which proves that
the large postannealing resistivity reduction shown
in Fig. 6 is caused by the hydrogen gettering effect
of the oxygen in the Mo film.

Figure 8 shows the effect of the gettering on the
property of the films with different histories. The
initial 3000A film was sputtered with a d-c magne-
tron, and one wafer was divided into four specimens.
Two of the four were nitrided at 650°C to coat with
870A MosN. A nitrided specimen and a sputtered
specimen were annealed in 10% H; + N; for 30 min
at 1000°C. The oxygen profiles in the four different
Mo films are presented in Fig. 8. The Mo~ (M.90)
and Si— (M.30) for sputtered films are also shown
as reference. Near the surface, the oxygen intensity
of the sputtered specimen was about seven times
higher than that of the nitrided specimen. The hydro-
gen by-product in the nitridation appears to partially
getter the oxygen, and the nitride keeps oxygen from
penetrating the Mo film afterward. The large oxy-
gen step shift of curve b near the Mo/SiO; boundary
is caused by the thickness expansion during the nit-
riding (1). When both types of film are annealed,
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Fig. 8. Oxygen profile in d-c magnetron molybdenum films with
different histories. Curve a represents a sputtered film, curve b
the nitrided, curve ¢ the annealed, and curve d the annealed after
nitridation. The annealed curves have identical oxygen profiles.
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their oxygen profiles, curves ¢ and d, are exactly the
same.

Figure 9 represents the Mo film process flow re-
quired to have a unique film quality. The Mo film
can either be made by a high temperature process
in a large grain form or sputtered at a low tempera-
ture to produce a partially amorphous state. The
H: + N: annealing at the high temperature getters
impurities, oxygen in particular, and makes a <110>
columnar structure, resulting in a consistent film
quality as an end product.

Molybdenum films increased in resistivity upon
annealing in nitrogen due, we believe, to the pres-
ence of residual Oz or H;O in the gas. Any trace of
oxygen will, upon heating, convert Mo near the grain
boundary to MoO;. The oxidized grain boundaries
increase the reflection coefficient of electrons (4) at
the grain boundary, causing a resistivity increase.

In the presence of hydrogen, MoO: can be reduced
to pure molybdenum by the following reaction

% Mo;O(s) + Hz(g) = % Mo(s) + H20(g) [1]
K= PHzo/Pﬂz

where K, Pugo, and Py, are the equilibrium constant,
partial pressure of HO, and partial pressure of Hp,
respectively. Thus, when the hydrogen partial pres-
sure is high, Mo reduction can take place at relatively
low temperatures. The most accurate measurement
of K useful in our range of interest was done by
Gocken (8). He reports the value

log K = — 1298/T + 0.798 (2]

where T is the absolute temperature, At our anneal-
ing temperature of 1000°C, K is 0.575. Since we are
using much higher Hj partial pressure than Gocken'’s
we expect rapid MoO; reduction at 1000°C. Even if
we assume that all the resistivity reduction of the
MRC film is contributed by the grain growth, the
resistivity reduction of the S-gun film is more than
10 times higher than the contributions from grain
growth. Thus, the amount of sheet resistance reduc-
tion during 10% H, annealing (Fig. 6) is much more
than the expected contribution from grain size growth
shown in Fig. 2 and 3, indicating that MoO; reduc-
tion is the dominant factor in the improvement of
conductivity, particularly for poor films.
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Fig. 9. Molybdenum film process flow
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Conclusion

Hydrogen not only prevents oxidation of Mo but
also reduces Mo oxide during high temperature an-
nealing. Hydrogen partial pressure sufficiently in
excess of the equilibrium required for reduction is
easily obtained by a dilute mixture with any inert
gas. For Mo nitriding in ammonia, the monatomic
hydrogen dissociated from ammonia plays a key role
in maintaining the integrity of the Mo underneath.
Hydrogen also plays a key role in conversion to high
conductivity Mo from Mo,N by the high temperature
recovery process. The high temperature gettering
produces a consistent film integrity, independent of
the past history of the Mo film.
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ABSTRACT

Arsenic diffusion in extrinsic conditions in silicon is investigated with different temperatures (950°-1100°C) and times
under both oxidizing and inert atmospheres. Arsenic is prediffused into a silicon substrate from arsenic-silica film and is
then subjected to a drive-in under oxidizing (dry O,) and inert (dry N,) atmospheres. The diffusion coefficient of arsenic is
expressed by a third-order polynormal equation of arsenic concentration. This functional form is determined by fitting the
arsenic concentration profile, which is calculated numerically from the diffusion equation with the functional form of diffu-
sion coefficient assumed appropriately, to the concentration profile measured after drive-in. The diffusion coefficient is
smaller under oxidizing atmosphere than under inert atmosphere at 1000°-1100°C. The degree of retarded diffusion de-

creases with the increase of diffusion time.

The diffusion of group III and group V elements in
silicon under oxidizing atmosphere has been studied
extensively. It is well known that the diffusion of
boron, phosphorus, and arsenic is enhanced under oxi-
dizing atmosphere in intrinsic conditions (1-7), and the
model for this experimental result was proposed by Hu
(8). The term of the intrinsic conditions means that the
concentration of diffused impurity in silicon is lower
than the intrinsic carrier concentration at the process
temperature.

On the other hand, there are only a few works on the
diffusion of boron and phosphorus under oxidizing at-
mosphere in extrinsic conditions, which were reported
by Masetti et al. (9, 10) and Taniguchi et al. (11). Here
the extrinsic conditions mean that the concentration of
diffused impurity in silicon is higher than the intrinsic
carrier concentration at the process temperature.
There are no works on the diffusion of arsenic under
oxidizing atmosphere in extrinsic conditions at present.
In these cases, the diffusion coefficient depends on the
concentration of impurity. This fact makes the analysis
of the experimental results difficult. Both Masetti et al.
(9, 10) and Taniguchi et al. (11) neglected the concen-
tration dependence of the diffusion coefficient in their
analysis. Practically, the situation that an impurity is
diffused in extrinsic conditions is not uncommon for

Key words: oxidation, diffusion, retardation, semiconductor.

the fabrication of a device, e.g., formation of drain and
source wells of MOS transistor. Especially, arsenic
diffusion in extrinsic conditions is important.

In this paper, the diffusion of arsenic under oxidizing
atmosphere is examined with different temperatures
and times in extrinsic conditions in detail. The diffu-
sion coefficient is expressed by a third-order poly-
nomial equation of arsenic concentration. This func-
tional form is determined by the numerical simulation.

Experimental

The substrates used were Czochralski-grown, p-type,
dislocation-free, (100) oriented silicon wafers of re-
sistivity 2.7-3.3 Q-cm. Arsenic-silica film was attached
on to the substrates, using a spinner. These substrates
were baked at 200°C for 20 min in dry Nj. After bak-
ing, the thickness of the film was about 1500A. Then
arsenic contained in this film was prediffused into the
substrates at 1100°C for 12 min. After the removal of
the film, drive-in was carried out. For drive-in in dry
Nos, the silicon surfaces were covered with a nondoped
silicon dioxide film to avoid out-diffusion of arsenic.

Arsenic concentrations in the substrates were deter-
mined both after the prediffusion and the drive-in by
the repetition of the sheet resistance measurements
and anodic oxidation in phosphoric acid (H3PO4) solu-
tion. The average thickness of a thin layer removed by
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a single run was about 100A. Measured resistivities
were converted into the concentrations of arsenic by
the use of Irvin’s curve (12).

In order to determine the relationship between the
oxide growth rate and the oxidation time, the wafers
in which arsenic was prediffused were oxidized ther-
mally at 950°-1100°C for different times at respective
temperatures in dry O,. Silicon dioxide thickness was
measured by the interference microscope.

Analysis
Under oxidizing atmosphere, the diffusion equation
in silicon takes the form (13)

(9c/at) = a/9x{D(c) (9c/9x) + be(dXo/dt)} [1]

where t is the diffusion time, x is the depth from the
silicon-silicon dioxide interface into silicon, c(x,t) is
the arsenic concentration in silicon, D(c) is the diffu-
sion coefficient of arsenic, which depends on arsenic
concentration because arsenic concentration is higher
than the intrinsic carrier concentration, X,(t) is the
thickness of silicon dioxide that is growing on silicon
surface, and b is the ratio of the thickness of silicon
consumed by thermal oxidation to that of silicon di-
oxide grown on it [assumed to be 0.44 (13)].
The initial condition to solve Eq. [1] is

c(x,0) = cin [2]

Here, cin denotes the concentration profiles measured
after prediffusion. The boundary conditions are as
follows

c(eo,t) =0 [3]

D(c) (a¢c/ox) + c(0t) (b —m) (dXo/dt) =0 [4]

where m is the segregation coefficient of arsenic at
silicon-silicon dioxide interface. The relationship

X, = K\/t (5]

was confirmed and the proportional constant, K, was
determined by thermally oxidizing the wafers in which
arsenic was prediffused and by measuring the thick-
ness of silicon dioxide. The values of K used in this
work are shown in Table I.

Equation [1] was transformed into the finite-
difference equation following Crank-Nicolson’s implicit
method. The relationship between D and ¢ was ex-
pressed by Eq. [6]

D(c) = Ac® + Be? 4 Cc + D [6]

The finite-difference equation made from Eq. [1] was
numerically solved by a computer simulation method
with the function of D(c) (Eq. [6]) assumed appropri-
ately. The concentration profile c(x,t), thus obtained,
was compared with the experimental results. The
function of D(c) was determined so as to fit best the
calculated concentration profile to the experimental
concentration profile. In this simulation, a segregation
coefficient m was adopted to be 0.01 irrespective of the
diffusion temperature and the arsenic concentration at
silicon surface. This value is the same as we used in
our previous paper (16) which studied the oxidation-
enhanced diffusion of arsenic and phosphorus in intrin-
sic conditions.

Under inert atmosphere, Fick’s diffusion equation,
which has a form of Eq. [1] without the second term
of the right-hand side, was numerically solved like the
case of oxidizing atmosphere under the blocking
boundary conditions.

Table I. Values of K

Oxidation temperature (°C)  Values of K (cm/sec/3)

950 7.60 x 1
1000 1.00 x 10-7
1050 1.27 x 10-7
1100 2.00 x 10-7

October 1983

Results and Discussion

Typical concentration profiles of arsenic under oxi-
dizing and inert atmosphere are shown in Fig. 1 and 2,
respectively. After the prediffusion, all samples in this
work have the surface concentration of 5-7 x 101
cm~3. This value is much higher than the intrinsic
carrier concentration at 950°-1100°C, satisfying the ex-
trinsic conditions.

Figure 3 shows the concentration dependence of the
arsenic diffusion coefficients. The diffusion coefficients
of arsenic under inert atmosphere obtained by Fair
and Tsai (14) and those obtained by Murota et al. (15)
are shown together with our results. Also the intrinsic
diffusion coefficients of arsenic obtained by the authors
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are shown (16). A good agreement of our results under
inert atmosphere with those of others supports the
validity of the present procedure for the determina-
tion of the diffusion coefficient of arsenic. It is found,
from Fig. 3, that the diffusion coefficients of arsenic
under oxidizing atmosphere are smaller than the
values under inert atmosphere all over the arsenic
concentration range investigated in this work at 1000°-
1100°C, that is, the rétarded diffusion occurs. The de-
gree of the retarded diffusion decreases with the in-
crease of diffusion time. The retarded diffusion is not
found at 950°C. We have already reported on oxida-
tion-enhanced diffusion of arsenic in intrinsic condi-
tions in Ref. (16). Our results in this work are in con-
trast with our previous results obtained in intrinsic
conditions.

It is well known that the concentration dependence
of the diffusion coefficient of arsenic under inert at-
mosphere in extrinsic conditions is explained by the
generation of excess vacancies on the basis of the pre-
dominant contribution of the vacancy for arsenic diffu-
sion (14, 18). Thus, we infer the present result as
follows qualitatively. The concentration of vacancies
is decreased by the recombination of vacancies and
excess self-interstitials which are generated by ther-
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mal oxidation of silicon. Consequently, vacancy con-
centration becomes lower than the value under inert
atmosphere, and the retarded diffusion occurs. More-
over, the diffusion coefficients under oxidizing atmo-
sphere are smaller than the intrinsic diffusion coeffi-
cients at a relatively low concentration region at 1000°-
1100°C (Fig. 3). This fact suggests that the vacancy
concentration can become lower than the value under
thermal equilibrium conditions at the deep region in
arsenic concentration profiles.

The cause of the diffusion time dependence of the
degree of the retarded diffusion may be considered
briefly. The oxidation rate of silicon decreases with
the increase of oxidation time. Thus, the degree of the
excess in self-interstitial concentration decreases and
the vacancy concentration is not decreased so much by
the recombination. Therefore, the degree of the re-
tarded diffusion decreases with the increase of diffu-
sion time.

Conclusions

The arsenic diffusion coefficient in extrinsic condi-
tions, which is a function of arsenic concentration, is
determined under both oxidizing and inert atmo-
spheres. It is found that the arsenic diffusion coefficient
is smaller under oxidizing atmosphere than under inert
atmosphere at 1000°-1100°C. The degree of this re-
tarded diffusion decreases with the increase of diffu-
sion time. We infer that excess silicon self-interstitials
that are generated by thermal oxidation of silicon
recombine with vacancies, and the concentration of
vacancies becomes lower than the value under inert
atmosphere, so the retarded diffusion occurs.

Manuscript submitted Feb. 3, 1983; revised manu-
script received June 1, 1983.
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Photoelectrochemical Studies of Nearly Intrinsic Semiconductors
Made Possible by Using Photoconductivity
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ABSTRACT

Photocurrent generation for nearly intrinsic semiconductor electrodes has an extremely small quantum yield because
the space charge layer is insufficient to promote the efficient separation of electron hole pairs when suitable biases are
applied. However, if the bulk material can be made photoconductive, a space charge layer having a higher electric field
strength will be created. Itis demonstrated that thin platelets of GaS and CdS, although insulating in the dark, can be used as
photoelectrodes if they are illuminated with light having energy less than the bandgap in addition to light having energy
above the bandgap. With this arrangement, high quantum yields similar to those obtained for well-doped semiconductors
are obtained. The charge distribution in a semiconductor platelet under various modes of illumination is discussed.

Photoelectrochemical studies are usually performed
with adequately conducting n- or p-type materials
where the doping level is high enough to keep the re-
sistance low between the electrode/electrolyte and the
ohmic contact at the rear. It is only with these mate-
rials that the bias applied creates a large enough elec-
tric field in the space charge layer underneath the
semiconductor/electrolyte interface so that an efficient
separation of the electron hole pairs generated by light
absorption can occur (1-4). This condition, however,
excludes many materials from photoelectrochemical
studies because either they do not have a high enough
doping level due to their formation conditions or they
cannot be produced in such a state. The authors dem-
onstrate here that many of these materials can be
studied photoelectrochemically if their internal resis-
tance can be far enough reduced by means of photo-
conductivity. For this purpose, one needs two light
sources, one of which is only weakly absorbed and can
penetrate the whole bulk of the material thus making
it photoconductive. If the light from the other source
is absorbed close to the interface, mainly within the
diffusion length of the electronic charge -carriers,
photocurrents with high quantum yield can be ob-
tained. This option was discovered during studies of
GaS crystals when samples were available which were
mainly of very low conductivity or were even insulat-
ing in character. Thin plates of insulating CdS crystals
were used as models because the properties of this
material are much better known. Some typical results
are reported in order to demonstrate the principal
features of this approach. A more detailed publication
of these studies will follow.

Experimental

Thin slices of GaS crystals were obtained by cleav-
ing thicker crystals received from F. Lévy, Lausanne.
They were contacted with In-Hg and mounted on brass
in Teflon cylinders which could be inserted into
normal electrolysis cells. The edges of the crystal plates
were protected with silicon rubber. The thickness of
the crystal plates was in the order of 0.2-0.5 mm. Thin
single-crystal plates of CdS, grown by sublimation of
cadmium sulfide in a gas stream, were obtained from
R. Broser of this institute. These were contacted with
In and mounted in the same way described above. As
electrolytes, 1M KCI for GaS and 0.5M Nay;SOj3 for
CdS were used. Illumination was performed with
chopped monochromatic light at different wavelengths.
Continuous or pulsed light from the second lamp,
which passed an interference filter or a cut-off filter
cutting off all light above a fixed energy, could be
superimposed. Photocurrents were measured by the
lock-in technique. Voltages were measured against a
saturated calomel electrode.

* Electrochemical Society Active Member.
‘Key words: photoconductivlty, photogégrent relaxation, photo-

electroch ry, S, 'y

Results

Figure 1 shows the absorption spectra of GaS (5)
and CdS (6). The bandgaps are 2.7 eV for GaS (in-
direct) and 2.4 eV for CdS (direct). It turned out that
the photocurrents generated by the monochromatic
light source alone with a quantum energy larger than
the bandgap were very small and increased linearly
with increasing bias. However, after adding light from
a second light source with a quantum energy cutoff
below the bandgap energy, a much larger photocurrent
was obtained compared to the monochromatic light
source alone. The photocurrent caused by the second
lamp alone was very small.

With sufficient intensity of the secondary light source
(I’), the photocurrent caused by the primary light
source (I) approached saturation and was thus similar
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Fig. 1. Absorption coefficients of Ga$ (5) and CdS (6)
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in behavior to that exhibited by a normally doped
specimen. Figure 2 shows photocurrent voltage curves
for a GasS slice with insulating character, illuminated
with light of . = 360 nm alone or with the admixture
of light that had passed a cut-off filter of 495 nm. N-
and p-type photoconductivity has been observed in this
material depending on the method of crystal prepara-
tion (7). The GaS specimen exhibited a p-type photo-
conductivity. Therefore, a negative bias was applied so
that the photocurrent was cathodic, resulting in hydro-
gen evolution because of the reduction of water by
photogenerated electrons.

Analogous experiments have been performed with
CdS, which is normally an n-type material. The spe-
cimen in this experiment had a doping level below 1013
em~3 and was therefore essentially insulating. The
photocurrent voltage curves for a specimen under
illumination with light of . = 430 nm alone and with
admixture of light with A = 518 nm are shown in Fig.
3. Since the CdS crystals have a much. higher absorp-
tion coefficient than the GaS crystals, a saturation
photocurrent was reached with a modest bias when a
sufficient intensity of light from the secondary source
(I') was added. The saturation current under these
conditions was proportional to the intensity of the
primary light source (I) as Fig. 3 indicates.

The photocurrent quantum yield obtained with one
light source alone is shown as a function of wavelength

@

photocurrent /10~7A
o

~
T
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Fig. 2. Photocurrent voltage curves for a GaS crystal (d = 0.5
mm) in 1M KCI under illumination with 360 nm light (I) alone
and with additional illumination by light with A > 495 nm (I’) at
two different intensities.
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Fig. 3. Photocurrent voltage curves for a CdS crystal (d = 0.2
mm) in 0.5M NaSO; under illumination with 430 nm light (1)
alone with additional illumination by light of . = 518 nm (I’).
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in Fig. 4. This figure also shows the yield spectrum
during additional illumination by the second light
source with subbandgap energy. One clearly sees the
enormous differences in the above bandgap energy
range caused by the additional illumination.

The efficiency of the second light source is dependent
on its wavelength as is demonstrated in Fig. 5 for GaS.
This figure shows the additional photocurrent induced
by the chopped light source with a wavelength of 400
nm (above bandgap) during a continuous illumination
by the second light source. The wavelength of the
latter light is varied with a monochromator. One sees

107"
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Fig. 4. Spectral dependence of the photocurrent quantum yield
for chopped monochromatic light (I) alone and with additional
continuous illumination by subbandgap light (I'). GaS at —1V
bias vs. SCE in 1M KCI; I’ (A > 495 nm with cut-off filter).
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Fig. 5. Spectral dependence of the increase of the photocurrent
due to chopped light at . = 400 nm (I) by continuous illumination
with a second light source (I’). GaS crystal of 0.48 mm thickness,
electrolyte 1M KClI, bias —1.55V (vs. SCE).
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Fig. 6. Photocurrent transients during and after light pulse
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that there is an optimal wavelength for the effect of
the second light source.

Finally, the photocurrent relaxation behavior, when
a pulse of light having subbandgap energy is added, is
shown in Fig. 6. The relaxation time for Ga$S is on the
order of 1 sec and for CdS on the order of 10-2 sec.
Such relaxation times, as shown in Fig. 6, are typical
for photoconductivity (8-10). Photocurrent relaxation
times for light pulses of the primary light source, main-
taining constant illumination by the second light
source, are much shorter.

Discussion

The very low quantum yield of the photocurrents
generated by the primary light source alone is obvi-
ously caused by the high internal resistance of the
semiconductor. The spectral dependence of the quan-
tum yield with a single lamp is maximum at wave-
lengths where the light can penetrate the crystal to a
considerable extent. This wavelength is dependent on
the thickness of the crystal plate, as seen in additional
experiments. The conclusion is that light absorption in
the bulk reduces the internal resistance therein by
photoconductivity. The increased conductivity of the
bulk has the consequence that the voltage drop, caused
by the applied bias, decreases in the bulk and is con-
centrated to a narrower region underneath the semi-
conductor/electrolyte contact where electron hole pairs
can be separated more efficiently. Light which has
wavelengths resulting in a small penetration depth
compared to the thickness of the crystal cannot create
considerable photocurrents because the electron hole
pairs are generated in a region with a low electric field
strength in the dark. Under illumination, the field in
this region is to a large extent compensated or even
overcompensated by an opposite field due to space
charge generation. Only a very small fraction of car-
riers can escape recombination by diffusion or migra-
tion in the remaining electric field under these
circumstances.

The situation is drastically changed if a second light
source with the appropriate wavelength makes the
bulk of the crystal photoconductive. The internal re-
sistance of the crystal decreases, and the voltage ap-
plied concentrates at the interface between the crystal
and the electrolyte. The existence of a maximum for
the efficiency of the second light source, shown in Fig.
5 for GaS, demonstrates this photoconductivity effect.
The optimum is to be expected for light which pene-
trates the whole crystal sufficiently well but is not too
weakly absorbed. Light which is too strongly absorbed
leaves the rear part of the crystal nonconductive, while
light with a very small absorption coefficient induces a
too low photoconductivity in the bulk.

With a higher electric field strength underneath the
contact to the electrolyte, electron hole pair separation
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can become much more efficient for light with a high
absorption coefficient. Mobile charge carriers with
suitable sign, which are generated within this region of
high field strength or reach it by diffusion during their
lifetime, escape recombination and can at the semi-
conductor/electrolyte interface oxidize or reduce the
redox components in solution.

Photoconductivity can have a rather long relaxation
time if one of the photogenerated charge carriers is
captured in deep traps which have a relatively small
cross section for recombination. In the GaS samples,
such traps were present for electrons but the holes re-
mained mobile. The authors could therefore create
large cathodic photocurrents. For CdS, the opposite
situation existed in that holes were trapped in long-
lived states (8-10) while the electrons remained mo-
bile. If one assumes that the number of traps for elec-
trons or holes is in the order of 10!*-10!> em~—3 (10),
one can then easily imagine that a depletion layer
similar to doped materials can be formed by such
trapped charge carriers. Though a quantitative de-
scription has still to be developed, the authors can
qualitatively explain their results with the above
model.

The model is summarized in Fig. 7 for a thin in-
sulating CdS specimen under anodic bias in part (a)
for the run of the electric potential: (i) in the dark,
(i) under illumination by the primary light source
alone (I), and (iii) with additional illumination by a
second light source (I'). It is seen that the bias creates
a kind of Schottky barrier in the photoconductive

(a) 1)
3 s
s
1 //
P4 Ad
////2
electrolyte a, semiconductor d metal

(b)

c)

Fig. 7. (a) Run of the electric potential in a thin insulating CdS
crystal with applied constant bias Ag¢. Case 1: in the dark; 2: with
above bandgap illumination alone (1); 3: with additional subband-
gap illumination (I 4 I’). (b and c): Schematic representation of
the charge distribution in the energy bands and in traps for holes
over the semiconductor slice in the steady state of illumination:
(b) case 2; (c) case 3. r, ¥ = recombination.
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crystal at the semiconductor/electrolyte interface and,
if the illumination intensity from the second light
source is intensive enough, the crystal can act like
a doped material with a depletion layer at the con-
tact to the electrolyte.

Parts b and c of Fig. 7 represent schematically the
charge distribution, via an energy band diagram, un-
der steady-state illumination for an insulating CdS
crystal of thickness d at positive bias in accordance
with the above model. Figure 7b shows the situation
for above bandgap light alone, where electrons and
holes remain concentrated at the illuminated surface
and can easily recombine. Figure 7c illustrates the
efficient charge separation made possible by the high
electric field in the depletion layer because the trapped
positive charge in the bulk (the energy position of the
traps is indicated by dots) compensates the charge of
the mobile electrons therein and keeps the bulk con-
ductive.

That the quantum yield for GaS is considerably
lower than for CdS can be explained by the absorp-
tion coefficient of GaS which is two orders of magni-
tude smaller than that of CdS at the wavelengths
used in these experiments. This has the consequence
that in GaS the penetration depth of the above band-
gap light is much larger than the diffusion length of
the holes, and it can only be expected that electron
hole pairs, which are generated within a distance

Technical Notes
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from the surface corresponding to the diffusion length,
contribute to the photocurrents.
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Efficient D-C Electroluminescence from ZnS:Mn and ZnS: TbF; Thin
Films Prepared by RF Sputtering
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Intensive studies have been made on thin film elec-
troluminescent (EL) devices because of their consid-
crably higher potential in the commercial demands for
a flat-type display unit. A doubly insulated ZnS:Mn
a-c operated device, showing a good display perform-
ance in brightness, efficiency, and life, has approached
the practical stage (1-3). The tremendous strides have
been followed by the film preparation methods of
molecular beam epitaxy (4), atomic layer epitaxy (5),
and metal organic chemical vapor deposition (6). In
contrast to a yellowish-orange emitter, more informa-
tive multicoloring devices have been fabricated by
employing the rare earth fluorides as luminescent
centers (7, 8). The doubly insulated ZnS: TbF; device,
prepared usually by an electron beam evaporation,
exhibits 0.1-0.2 Im/W of highest efficiency among rare
earths (8, 9). Attention has been paid to the rf sput-
tering method because of high productivity, impurity
controllability, etc. The authors have conducted a
series of studies on the electroluminescence from ZnS

Key words: electroluminescence, ZnS thin films, rf sputtering.

films deposited by rf sputtering. It has been found
that an efficiency beyond 0.15 Im/W is typically ob-
tained from the system of Al-ZnS:TbF3-InSnO, MS
structure. This work presents the d-c excited charac-
teristics of ZnS films activated with TbFs and Mn.
The effects of impurity concentration and film thick-
ness on the luminescence are also presented.

The mixed powder of 5-nines ZnS and 3-nines TbF3
or Mn metal was sintered at 400°-500°C for 3 hr in
argon gas to exclude the absorbed gas. The mixture
settled on a quartz saucer of 105 mm was used as
a sputtering target. The phosphor films were de-
posited on an InSnO,-coated glass substrate heated at
150°C under the sputtering condition of argon gas
pressure — 1.45 Pa, rf power density = 1.27 W/cm2,
anode voltage = 1.5 kV. The target electrode and
substrate-target space were 100 and 40 mm, respec-
tively. The deposition rate was in a range of 150-250
A/min. After the film preparation, heat-treatment was
made at 450°-480°C in a vacuum to remove point or
small defects neighboring the luminescent centers, The
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Al-ZnS: TbF3 (or Mn)-InSnO; structure was formed
by depositing Al as a counterelectrode. The luminance
was measured by a brightness meter, TOPCON BM-3.
The d-c electroluminescence is usually observed in a
fabricated device with an Al electrode positively biased
and often observed in a reversely biased case. The
current-voltage and brightness-voltage relationships
show nonlinear characteristics. Figure 1 shows the
typical current-voltage and brightness-voltage char-
acteristics of the both type devices. As can be seen, the
voltage dependences are steeper in the ZnS:Mn device
than the ZnS: TbF; device. The ZnS: Mn system has the
threshold voltage from low to high conductance re-
gions, The luminescent intensity increases with elevat-
ing applied voltage. The threshold field is about 1 X 108
V/cm, which is compatible with the strength reported
conventionally. The ZnS:TbF3 system, however, does
not have a clear threshold and shows weaker voltage-
dependence than ZnS:Mn. The reason for the steeper
characteristics of the Mn device than the TbF; device
is not understood as yet. The device sometimes suffers
from damage called “burning out” beyond the voltage
where the current abruptly increases. The obtainable
brightness level is limited by permissible current
through the device. A brightness level of 600 f-L has
been obtained, but typically 200-300 f-L. Such limita-
tion is due to the local thermal breakdown that gives
rise to formation of a patch in the Al electrode. The
efficiency depends on the electrical input power as
shown in Fig. 2. The efficiency increases with increas-
ing input power at low voltage because of its strong
field dependence. The maximum efficiency is measured
as 0.13 Im/W at 2.4 x 10—* W/cm? for ZnS: Mn while
it is 0.17 Im/W at 9 x 10~2 W/cm? for ZnS:TbFs. As
the input is further increased, the power dissipation
raises the device temperature so that the efficiency
decreases. One of the reasons for weak temperature
quenching of the TbF3 device can be explained on
the basis that the rare earth centers have poorer
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Fig. 1. Current-voltage and brightness-voltage characteristics of
d-c EL devices consisting of ZnS:Mn 0.83 um thick and ZnS:TbF3
1.03 um thick.
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TbF3 d-c EL devices.

phonon impedance match with the ZnS host lattice
than the Mn center.

Figure 3 shows the dependence of efficiency on the
impurity concentration in sputtering target. The linear
dependence at low densities is due to the increase in
the number of the luminescent centers. The maximum
efficiency, typically 0.15 Im/W and sometimes beyond
0.2 Im/W, is attained at 1.8 atomic percent (a/o) for
ZnS:TbF; while it is 0.8 a/o for ZnS:Mn. An optimal
density for ZnS:TbF3; agrees with the value that
Krupka et al. (10) have determined for the concentra-
tion in the films by x-ray fluorescence method. This
agreement suggests that the rf sputtering method has
a good controllability of impurity concentration. In the
higher density region, the efficiency is decreased as a
result of concentration quenching. This phenomenon
contains two possible mechanisms: the increase of
nonradiative transition, presumably due to pairing,
and the decrease of electron mean free path. Figure 4
shows maximum efficiency as a function of the ZnS:
TbF; layer thickness. Efficiency steeply increases up to
0.15 Im/W with the increase of the film thickness and
saturates above 0.45 um. Low efficiency in a thin region
can be explained by the experimental results of the
x-ray diffraction pattern, which has shown that the
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Fig. 3. Efficiency of ZnS:Mn and ZnS:TbF3 as a function of im-
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crystallinity of the thin films is poorer than the thick
films. The electric field is 1.5-1.8 x 108 V/cm at a
high brightness level, which means the requirement of
driving voltage is above 70V. Low voltage operation
can be achieved if the crystallinity is improved in the
thin region. The experimental approaches to reduce
the threshold voltage and to optimize the film prep-
aration condition are in progress.
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Electrical Conduction Through Polysilicon Oxide: Interface Texture
vs. Isolated Protuberances

P. A. Heimann,* P. S. D. Lin,* and T. T. Sheng
Bell Laboratories, Murray Hill, New Jersey 07974

The high electrical conductivity of oxides grown
from polycrystalline silicon (poly-oxide), in compari-
son to the conductivity of oxides grown from single-
crystal silicon, has been attributed by several workers
(1-5) to asperities or protuberances at the polysilicon/
poly-oxide interface, These protuberances cause a
local enhancement of the electric field at the interface
(3, 6) which leads to conduction through the poly-
oxide by Fowler-Nordheim tunneling at a lower value
of applied voltage than would be required for a smooth
interface.

It has recently been found that polysilicon prepared
with a smooth surface yields a marked improvement
in poly-oxide dielectric properties (7), and this work
was confirmed by the use of in situ phosphorus-doped
polysilicon (8). Elevated oxidation temperature also
appears to yield a smoother interface (5, 9).

The interface as seen in transmission electron micro-
graphs (9) shows three types of textural features: a
roughness due to the grain structure of the film, bumps
about 0.1-0.3 um wide due to growth anomalies during
polysilicon deposition, and sharper protuberances
formed during oxidation. The protuberances vary in
height and surface density, with upper limits of about
half the oxide thickness and about 1 X 107/cm?, re-
spectively.

The purpose of the present work was to determine
whether the observed electrical currents are injected

* Electrochemical Society Active Member.
Key words: insulator, t 11 itor,
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into the oxide mainly at the isolated sharp protuber-
ances and large bumps or at the granular features and
small bumps found all over the interface. Measure-
ments were made of the current vs. field through sam-
ples of small areas which should contain few or no
protuberances or large bumps, and of the current ob-
served in a scanning electron microscope operated in
the electron-beam-induced current (EBIC) mode.

Sample Preparation and Measurement

Low-pressure chemical vapor deposited (LPCVD)
in situ phosphorus-doped polysilicon was deposited at
700°C onto substrates [1000A oxide grown on 25 Q-cm
p-type (100) silicon wafers] and was oxidized at
1050°C in steam for 10 min, to yield a 1200A thick
oxide. The oxide thickness was determined from the
capacitance of large-area devices, from a stylus step-
height measurement after removing part of the oxide,
and from TEM cross sections. All measurements agreed
to within 10%. For EBIC studies, a thin (~1000A)
layer of evaporated aluminum was deposited using a
shadow mask to yield 20 mil dots. For electrical
measurements, 1200A of LPCVD silicon nitride was
deposited and contact windows of various areas from
7 um? to 1.6 X 107 um?2, were etched using CF4/Oq
reactive ion etching. Aluminum electrodes were then
deposited and patterned to yield the structure shown
in Fig. 1.

Electrical conduction through the poly-oxide was
measured using a home-built voltage ramp and a
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Fig. 1. Current vs. electric field for several poly-oxide samples.
Note the similarity of the curves for devices of the same area.

Keithley Model 26120 logarithmic picoammeter. The
details of this method have been described previously
(5). If the electrical conduction arises from isolated
protuberances or bumps, then the current-voltage
curves for different small-area devices on a wafer
should be markedly different.

The spatial variation of the electric current was also
studied “directly” using a scanning electron micro-
scope (Cambridge Stereoscan S4) in the high-field
EBIC mode (10). In this technique, hot secondary
electrons generated in the sample by the incident
beam are injected into the poly-oxide. The injection is
enhanced in regions of high local electric field, which
gives rise to bright spots in the EBIC image.

Results and Discussion

The current-voltage curves for devices with areas of
7, 20, and 100 ym? (four devices each) are shown in
Fig. 1. There is very little variation among different
devices of the same area, which indicates that there
must be many sites per square micron for enhanced-
field injection of electrons into the poly-oxide. The
same conclusion can be drawn from the EBIC image
shown in Fig. 2, which shows that sites of locally en-
hanced current have a minimum spacing of about 0.3
pm. This is about the same spacing as that of the in-
terface features in the TEM cross section (Fig. 3). This
spacing is equivalent to about 5-25 active sites per
square micron, or at least 35 active sites even in the
smallest area tested for electrical conductivity.

These results show that the observed conduction
through the poly-oxide arises from the enhanced elec-
tric fields at many closely spaced active sites at the
polysilicon/poly-oxide interface. These sites are a
property of the general texture of the interface, and
one need not assume that there are large currents at
isolated defect sites. These results do not pinpoint the
exact nature of the active sites. They could be the
high spots on the numerous bumps (see Fig. 3), since
there is considerable electric field enhancement at the
surface of even a moderately curved bump, as com-
pared to the electric field at a flat interface (5). They
could also be the points where the polysilicon grain
boundaries meet the oxide, since the nonstoichiometry
and strained bonds at these points could lower the sili-
con-oxide energy barrier.
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Fig. 2. EBIC image of capacit as top elec-

trode, 1200A of poly-oxide, 420V bias on electrode, 15 kV pri-
mary electron voltage). Bright features are interpreted as due to
enhanced emission of electrons at protuberances.
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Fig. 3. TEM cross section of polysilicon/poly-oxide structure.
The aluminum electrode has been replaced by a protective poly-
silicon layer. The substrate oxide is 1000A thick.

Marcus et al. (9) have observed that the interface
has nearly the same texture as that of the original
polysilicon surface, which suggests that an initially
smooth polysilicon surface is needed to achieve a poly-
oxide with low lecakage. Such oxides have recently
been reported by Sternheim et al. (8).
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X-Ray Screen Performance Profile:Effect of Mechanical Energy during
Phosphor

P. De Maayer* and W. Van Landeghem

Agfa-Gevaert NV, Research and Development Laboratories, Mortsel, Belgium

The effects of mechanical energy,supplied
during eventual Tow-viscocity predispersion
sandmilling, on the performance profile of x-
ray intensifying screens, were studied for
most phosphors in current use.

Experimental.-- Several 4 cm diameter
PE-discs were rotated at 4000 rpm for vary-
ing times, in an 8 cm diameter PE-flask con-
taining 55 w/o of 3 mm glass beads, 33 w/o of
powder sample and 12 w/o of solvent-binder
pre-mixture. From part of the predispersion
screens were made using doctor-blade coating
techniques, while the phosphor was recovered
from the remainder by centrifugation and tho-
rough appropriate solvent rinsing.

Resolution or square-wave-response
SWR(V) =AEW)/AE , withAE_ the amplitude
of intensity variltion of th& original signal
andAE(V) that at fundamental frequency v,was
deduced from a microdensitometer scan of an
imaged lead bar resolution test pattern (Funk
type 36.882A), using the .027 x 1.081 mm
light aperture of a Perkin Elmer PDS. The
standard deviation of density fluctuations,
total image noised,, was also determined on
a uniformly exposed film, using the .4 mm
diameter aperture and measuring densities at
15,000 independant locations. For both proce-
dures, the films were exposed to small focus,
unfiltered 80 kVp tungsten radiation. The re-
lative brightness S was evaluated by sensito-
metric exposure methods, described in a pre-
vious paper (1), and defined as

S=1log (E_/JE_ .)
where E_ and E afe Eﬁgosure intensities
needed to causgeg density 1.0 above fog on
standard x-ray film for the experimental and
reference Par Speed screens respectively.
Agfa-Gevaert MR 4 (blind) film was used with
UV-bTue emitting phosphors, Kodak Ortho G film
with green-emitting+ones and both with 'white'
emitting YZOZS:Tb .

* Electrochemical Society Active Member.
Key words : x-ray, luminescence, coatings.

3+ Results.-- Although CaW0, and Tm3+ or
Tb”" activated LaOBr were 1nc?uded in our
tests, table I only shows results for those
screens appreciably changing their profile

on mﬂh’ng+ 3+

6d,0,S:Tb°" and Y,0,S:Tb” .-- Both oxysulfi-
agg_gﬁbw a drastic depreciation in brightness
S with a concomitant increase in resolving
power, after only 5 minutes milling. SkR va-
Tues are given at 2 1p/mm, a frequency of di-
rect importance to medical diagnostics, but
the trend persists both at higher and Tower
frequencies (.5 to 5 1p/mm) (2).o,-changes
exceed the threshold of visual per?eptibi]ity.
Table I also indicates a decrease3jn cross-
over C.0. except for the Y,0,S:Tb" -ortho
film combination, for whicﬁ E.O. remains vir-
tually constant. Cross-over defines the expo-
sure intensity from 1ight of an x-ray screen
reaching the back emulsion of a double-sided
film, relative to that received by the front
emulsion. No changes in physical properties
could be detected for either material. Both
the average equivalent spherical diameter

P 0 and the interquartile distribution width
(57 -P2 )/P.n remain constant, as confirmed
by ?EM gnd éBecific surface area data,

Table I : Screen performance characteristics
and cross-over data.

s as (swr aswr|l ,, &,,|co aco
;- 2lp/mm | D-15 x10° %
Gd,0,S Tb
before 52 18 109 50.36
+ ortho 3 15 -1 301
after (5 min) 21 33 102 4735
Y,0,S Tb
before 47 19 1.2 4848
- ortho —14 05 -6 57
after (5 min) 33 24 106 4791
¥,0,S Tb
before 46 22 4594
+ blind 18 09 - 334
after  (5min) 28 31 = 4260
BaFCl Eu
before a8 18 ns 3108
+ blind 20 14 —9 325
after (60 min)| 28 32 106 27.83
coating weight Gd;0,S Tb & BaFCI Eu 60 mg/cm? / Y,0,S Tb. 45 mg/cm?
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An overall decrease in spectral reflectance
with the appearance of characteristic absorp-
tion bands with respective maxima at 437 and
468 nm were noted for the Y- and Gd-compounds
(fig. 1).

PERKING ELMER 555 - Mg O standard white reference

100
g
8 1
& (11Y,0,8 To
b (2G,0,5 Tb } before miling
3 (3)BaFCI Eu i
® (4)Y,0,5 To }
= (5)Gd,0,S Tb { after milling
= 50?_3/ (6)BaFCl Eu .
° [/ (71BaFCI Eu | emission spectra
= ®)Y,0,8 To ( X-ray exc
40 I E
3oF T .
4 N 1
300 400 500 600 700

Wavelength (nm)

Fig.l. Total reflectance before and after mil-
ling forzl- and Gd-oxysulfides and
BaFC1:Eu

Non-correcteg+emission specgga are also shown
for BaFC1:Eu™ and Y,0,S:Tb 3t For the Gd-com-
pound the position o? %he Tb” emission peaks
is identical, but the UV-blue peaks are of
considerably lower intensity than for YZOZS'

BaFC]:Eu2+.-- In contrast to the abrupt nature
of the effects in case of the oxysulfides, e-
qually large but gradual variations in S and
SWR were found (fig. 2) as a function milling
time. Again this trend was confirmed for a

line pair frequency spectrum up to 5 1p/mm (2).

P.~ shows an equivalent monotonous decrease
(799.3), the steep initial drop in IDW indica-
ting preferential fracturing of the larger
grains along numerous cleavage planes of the
tetragonal crystal structure. At the onset of
milling a drastic increase in pyknometric den-
sity PD from 79 to 92 % was noted. The reflec-
tance slightly increases in the UV-spectral
range, while the C.0. and oj-changes are
roughly equivalent to those of the oxysulfides
(see table I).

Discussion and comments.-- The complexi-
ty of the optical phenomena involved in these
multiphase systems do not allow as yet for a
closely reasoned argumentation., Plausible but
partial explanations may be given on the basis
of the experimental evidence. Depreciation of

oxysulfides, when heavily ball-milling or exer-

ting large unilateral pressures, is caused by
color center formation at stress induced ato-
mically dispersed crystal defects, along with

(
The scattering coefficient being inégrse1y

ter of BaFCl:Eu
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Fig.2. Brightness S and SWR (2 1p/mm) as a o4
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particle size reduction (3,4). In our case
the former effect and consequent phosphor co-
Toring seems the only cause. The increase in
sharpness is too drastic to be explained by
phosphor color only, resolution being mainly
scattering controlled and screens being vir-
tually transparent to their own emission
light. Stress induced changes in relative re-
fractive index m = n_/n_ (n_. and n_ being the
indices for phosphorpan8 biRder regpectively)
may therefore be of importance as shown by
Clewell's simplified forgula f0§ the scatte-
ring coefficient K = [[m“-1)/(m“+2)]/d at
constant particle size d (5).

The variation in brightness S for BaFCl
is clearly surface area controlled, as indi-
cated by a linear relation with 1/P fig.4).

proportional to particle size, this plot re-

flects the fact that Lambert-Beer's law holds

for scattering attenuation in this case., All
screens were coated on highly reflective po-
lyester base with a sharp absorption edge at
320 nm, The initial reflectance (fig. 1) is
indicative of tbg rather transluscent charac-
screens (i.e. high transmis-
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sion,moderate scattering), n~1.64 being close

to that of most current polymer systems used.

The increase in UV reflectance on milling con-

firms our idea of increased internal scatte-

ring and explains part of the enhanced reso-
lution. The large increase in packing density,
with a substantial effect on physical thick-
ness of the screens, explains for the large
initial increase in SWR as a result of less
geometrical unsharpness. Experiments on sie-
ved fractions’of equivalent size and distri-
bution as samples milled for 30 minutes, show-
ed much smaller effects (A S=-.07 ;ASWR(21p/mm)
=,04). Some other milling induced factors

have therfore to be of importance. These in-

consistencies forzgoth Tb-activated oxysulfi-

des and BaFCT:Eu” need further investiga-

tion, but at least two factors related to mil-

ling may be pointed out:

a) redistribution and size reduction of the
void phase at roughly constant packing den-
sity may cause substantial additional inter-
nal scattering; an3gxamp1e is given in
fig.5 for Y20 S:Tb” .

b) decrease in cgoss-over unsharpness in all
cases where the absorption band is situa-
ted in the range of maximum film C.0.(>420
nm for blind and between 450 and 520 nm for
ortho emulsions) and as a result of tEg in-
crease in UV reflectance for BaFEl:Eu

Finally, the substantial decrease in image

noise G, implies the resolution enhanced noise

percethbility to compensate only partially

the lowered quantum noise resulting from mil-

ling induced system speed reduction.
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revised manuscript received Aug. 28, 1983,
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the publication costs of this article.
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. SEM-cross-sectional view of Y,0,S:T
screens before and after 5 miﬁu%es
phosphor powder milling.
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Characterization of Microdeformation and Crystal Defects in Silicon

Wafer Surfaces
Koichi Kugimiya*

Matsushita Electronic Industry Company, Limited, Central Research Laboratory, Moriguchi, Osaka 570, Japan

Introduction: Recently increased at-
tention has been payed to the charac-
terization of silicon wafers and micro-
defects in silicon crystals in a very
high degree due to the development of
VLSI circuits and imaging devices with
very high integration and fine per-
formance. Intrinsic and extrinsic
gettering techniques(1,2) have been
intensively studied and their effec-
tiveness has been proved in actual de-
vices. These studies have concluded
that the precise description of silicon
wafers during the crystal growth is
necessary for the improvements of the
performance and the yield in the LSIs.

It has been also pointed out that
some surface irregularities (SI's) are
an indication of crystal defects be-
neath the wafer surfaces and that they
are occasionally harmful to the device
performance 3 It is obvious that
the surface defects like saw marks in-
troduced in wafers during machining
(slicing and polishing) processes are
not annealed out by a heat treatment
even at a high temperature, but act as
a source of large crystal defects (1),
SI's are, at present, monitored in a
dark-room by the naked-eye observation
of the glaring surfaces or the re-
flected vague images of wafers 4),
This monitoring is obviously limited
in sensitivity and reproducibity, and
is not qualified for the VLSI specifi-
cation.

To improve the image monitoring
method, the author has derived a new
principle combining "Makyo concept"
and Schlieren apparatus, and developed
a simple optical apparatus to observe
directly the micro-topography of a
mirror surface. As shown in Fig.1,
white radiation of a W lamp is impinged
on a mirror surface with a slight in-
clination from a normal. Reflected
and scattered rays are projected on a
* Electrocnemical Society Active Member
Xev words: Makyo, Surface damage, Dimple, Saw mark
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monitor camera to form a defocussed
image of a mirror surface. In this
configuration, concavities and con-
vexities are transformed to bright or
dark areas on a defocussed wafer
image. In term of curvature, R, which
is directly related with the bright-
ness, the apparatus is sensitive to
pick up R of about 1 m and up to 100 m
on a nearly perfect mirror surface.
This paper describes the character-
istic patterns observed in as-received
and processed wafers.

Observation of surface irregularities
(SI's): SI's were monitored by ZX-5100
(Matsushita Ind. Equip. Co., Ltd.) and
recorded in VTR (Fig.2). It could pick
up, for instance, very shallow con-
cavities of 0.38 um depth over about
10 mm span and 0.05 um over about 1 mm
span, corresponding to R of about 15 m
and 2 m respectively. These depth
profiles were measured by a surface
profilometer.

Features of observed SI's on a
monitor TV are shown in Figs.2 to 4.
These patterns were classified to
scratches, dimples, lapping (polish-
ing) marks, saw marks and backside
irregularities (Fig.2). Occasionally
swirls, slips, dust crawlings, orange
peels, insufficient front surface
finishes and defects with a wale-like
appearance were observed (Figs.3 and 4).

The SI's reflected venders wafer
processing and inspection stabilities.
Monitoring of wafer surfaces by the
apparatus for some years has proved
that the venders wafer processing
characteristics were quite different
from each other and even among facto-
ries of a vender. Thus their process
instabilities or process changes
could be readily noticiable. Number
of dimples mostly reflected dust con-
trol stability. Polishing marks re-
flected the surface condition and
quality of polishing cloths, and so on.
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In-line monitoring of wafers in
the IC fabrication process showed that
most of these SI's persisted after
annealing at high temperatures and
even after the processing (Fig.4).

The macroscopic surface contours and
warps of wafers were also clearly
observed. However SI's due to back-
side damages and backside scratches
mostly disappeared after annealing.
These facts indicated that most SI's
were natural surface contours without
accompanied by residual stress, there-
fore no crystal defect was assumed to
be present beneath these SI's.

Crystal defects: Analyses of the
slicing and polishing processes indi-
cated that crystal defects might be
present beneath saw marks, lapping
marks and dimples. A fallowing ex-
periment was carried out to see the
presence of defects.

Slight scratches were made in a
back surface of a wafer by a diamond
point scriber at various loads. After
breaking the wafer into 4 pieces, both
sides of each piece were etched in
Secco solution for 1 v 10 min. Ob-
served SI's of the wafer before and
after etching are shown in Fig.5.
Parallel bright lines before etching
were clearly formed by the concavities
made by slight stress caused by
scratches in the back surface. A white
spot in the figure was a dimple. After
etching for 1 min, no bright line was
observed but after etching for a longer
time, brighter lines reappeared as
shown in Fig.5b.

When scratches were made in the
front surface of the wafer, dark lines
were initially observed instead of
bright lines and then bright lines
appeared after etching as described
above. These were due to (1) that
etching quickly released the residual
stress and thus the front surface
deformation, because the etching rate
was very high at scratched or damaged
areas, and (2) that prolonged etching
engraved the front surface along the
defects which reached to the front
surface from the backside scratches
(or along the scratches in the front
surface) and thus made concavities.
This experiment showed that crystal
defects and stresses were present
beneath concavities if scratches were
originally present in either front or
back surfaces. Since crystal defects
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can penetrate deep into a crystal, 40
v 100 pm by slicing or by scribing
(5,6) and since lapping and polishing
take some 10 uym off from the surface,
crystal defects may be left in wafers
and thus concavities may be accompa-
nied with hidden defects.

Summary: - A nondestructive optical
imaging device based on a new princi-
ple to observe surface micro-topography
has a very high sensitivity. It could
monitor instabilities in the wafer
machining process and also in the IC
fabrication process.

Among the SI's, dimples and
lapping (polishing) marks were most
frequently observed. Most of the SI's
were defect-free and thus harmless to
the IC performance or to the yield.
However some like saw marks, dimples
and dust crawling may be accompanied
with crystal defects and thus the
yield may be reduced. Actually pre-
liminary examination showed poor yield
in wafers with heavy polishing marks.

This study showed that the total
process management, including not only
the precise specification of silicon
crystals but also the wafer machining
process adding to the IC fabrication
process, is necessary for the improve-
ment of the VLSI technology.

The author would like to express
his thanks to Messrs. S. Tanigawa,

T. Yonezawa and M. Katsuyama for de-
signing the new apparatus and to Mr.
A. Nishikawa for the cooperation in
the evaluation of as-received wafers.
Thanks are also due to Mr. M. Matsumoto
of Matsushita Elec. Co. for the wafer
and the yield evaluations in the IC
production lines.
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The Incorporation of Ruthenium Oxide in Polypyrrole Films and the

Subsequent Photooxidation of Water at n-GaP Photoelectrode

Rommel Noufi*

Solar Energy Research Institute, Golden, Colorado 80401

INTRODUCTION

The electrogenerated conducting
polypyrrole (PP) polymer has been
shown to remarkably enhance the
stability of n-type photoelec-
trodes _in photoelectrochemical
cells =5, 1In this communication,
the electrogeneration of PP, the
electrochemical incorporation of
ruthenium oxide, and the subse-
quent photooxidation of Hy0 at
the n-GaP photoelectrode are
reported. The reversible elec-
trochemical activities of the PP
polymer film, involve up-take of
anions from the electrolyte upon
oxidation to yield a conducting
film and discharge anions upon
reduction to yield an insulating
film. This property allows the
incorporation in the matrix of
the film electroactive species or
other species of interest as long
as it is negatively charged The
incorporation of Fe(CN) 3-/4= in
PP films and its electrochemical
activity as a surface attached
species has been shown'. Here,
the Ruoz_ ion 1is 1incorporated
electrochemically and then reduc-
ed in the matrix of the film to
yield Rqu.

EXPERIMENTAL
The procedure at a Pt electrode

is explained in the following
reaction scheme.

*Electrochemical Society Active Member,
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Scheme Of
Incorporation of RuO, in
Conducting Polypyrrole Film on Pt
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At n-GaP, the film was synthe-
sized from an aqueous solution
containing 0.1 M NaZSO and 1 M

pyrrole at pH = 1. The electrode
was potentiostated at 0 V versus
SCE, _and 1{illuminated with 90
mW/cm® from a tungsten—halogen
lamp. The resulting conducting
film was then introduced into a
solution containing only 0.1 M
RuO%_ and pulsed several times
between =-1.1 and O V wunder
illumination, terminating the

pulsing at O V. The RuO%_
incorporated in the film is then
reduced to RuO, by soaking for 1
hour in 0.1 M HCIOA or by
potentiostating the electrode in
the dark at -1.15 V until the
observed cathodic current decays
to almost zero.

The n-GaP 1is single crystal S
doped  (~107em™3)  with <001>
orientation. The crystal was

etched for 5 seconds in a 1:1:3
mixture of H20:H202: and stoa.
The electrodes were prepared as
discussed in Ref. 1. The PP film

thickness was about 0.1 um. The
counterelectrode was 20 cm“ plat-
inized Pt.
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RESULTS AND DISCUSSION

The incorporation scheme was
first tested using a t
electrode. The presence of Ru04_
was evident from the Ruol}' reduc-
tion wave (not shown) around +0.2
V superimposed over the film
electroactivity. The films pro-
duced on Pt and n-GaP were con-
firmed to contain RuO,, all
through the thickness of zilm, by
XPS, Auger, and ion microprobe.
No Ru was detected above the
limits of the previous techniques
on the immediate surface after
the removal  of the PP-Ru0
films. The quantitative results
will be discussed in a following
paper.

02 evolution from a 1 M HCI0
solution on the PP-Ru0 coateé
Pt-electrode occurs about 200 mV
more negative compared to a bare
and PP-coated Pt-electrode.
However, the resulting current
densities of the former were
smaller. Countinuous evolution of
0 on the modified electrode
resulted in the loss of the film
after about two minutes.

Figure 1 shows a comparison be-
tween an n-GaP electrode modified
with PP-RuO, film compared to one
modified with PP film only. The
photovoltage developed between
the n-GaP and the Pt counterelec-
trode in 1 M H0104 is about 1.5
V. The ounset of photocurrent in
this solution under 100 mW cm™2
illumination starts about -1.2 V
versus. NaSCE. This is true of
the bare and the PP-modified
electrodes. In the case of the
bare and PP-modified electrodes,
the onset shifts positive after
the first scan and photocorrosion
is evident. No 0, evolution is
observed in either electrodes.
The PP—RuO2 modified electrode
exhibits stable photopotential
for reversal scans during which
0, evolution is clearly visible
at the surface. The magnitude of
the current 1s decreased after
each scan with observable bal-
looning of the film in spots and
the eventual bursting of the film

INCORPORATION OF RUTHENIUM OXIDE

under the pressure of 0, trapped
within the film. At this point,
the current increases due to
acceleration of photocorrosion.
Figure 2 shows a magnification
(100X) of a PP- and a PP-Ru0,y-
coated electrodes after 10 scans
at 100 mV sec™! and after the
removal of the film. 0,
evolution sites (circular) are
evident to the naked eye on the
PP-Ru0y-coated electrode, and
their appearance is the sam: as
the pre-etched and intentionally
protected sites. In Dbetween
those sites, the surface is pho-
todegraded due to the failure of
intimate contact between the film
and the n—-GaP surface under trap-
ped 0, pressure. The uncatalyzed
electrode (PP-coated), in compar-
ison, shows a surface that is
photodegraded compared to the
pre—etched and protected
surface. Electrodes catalyzed by
the deposition of Ru0y by the

pyrolysis of RuClj also exhibited
immediate photodegradation of the
surface.

The results, in this particular
case, indicate that the presence
of both the conducting film and
Ru0, is necessary for the photo-
dissociation of Hy0. It seems
that the mechanism of H,0 photo-
oxidation 1s more complex than
that of the semiconductor. The
conducting polymer must act as a
scavenger for photogenerated
holes that are directed to the
H,0/0, redox couple sites cata-
lyzed by the Ru0,, at a rate
faster than the self-oxidation of
the semiconductor.

In conclusion, a scheme was pre-
sented that incorporates Ru0, in
PP film deposited on Pt and n-GaP
electrodes. Photodissociation of
H20 from 1 M HC10, was demonstra-
ted to occur at the surface of n-
GaP when modified with a film of
Ru02—catalyzed PP. The quantita-
tive measurement of the quantum
efficiency of the 0, evolution
reaction and improvement in the
intimate contact between the film
and the surface of the electrode
are underway.
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Transport of Hydrogen Through Pyrite

S. Mark Wilhelm*
Battelle Petroleum Technology Center, Houston, Texas 77073

Jose Vera,*

and Norman Hackerman*

Department of Chemistry, Rice University, Houston, Texas 77001

The increased susceptibility of ferrous
alloys to loss of ductility in aqueous
solutions containing sulfide (sulfide
stress cracking) is caused by an increase
in the flux of atomic hydrogen into the
metal. The increase in flux is presumably
caused by an interfacial mechaan in
which the sulfide participates. The
mechanistic details that account for the
increase in hydrogen flux are not known
conc]usivezg) A prevalent "chemical"
mechanism is that adsorbed sulfur
containing species inhibit hydrogen
recombination (Tafel recombination) giving
rise to an increased concentration of
absorbed atomic hydrogen on the surface.
A]ternat1¥§} a "solid state"

mechanism is that hydrogen can enter
the metal via solid phase iron sulfide
corrosion products on the metal surface.

As a part of investigation of the latter
mechanism, measurements have been
performed on the permeability of hydrogen
through pyrite (FeS,). The effort has
been directed toward establishing the
feasibility of hydrogen transport into a
metal Tattice via an iron sulfide film or
precipitate on the metal surface or via
iron fglf1de inclusions present in the
metal Pyrite is known to be a product
of the corrosion of iron and_jron base
alloys in certain instances ).

0f equal importance, however, is the
general subject of hydrogen diffusion and
solubility in crystalline sulfides and
oxides. Few data exist concerning these
systems. The following report offers data
concerning the hydrogen/pyrite system.

The experimental technique used was
essentially the same as th S reported by
Devanathan and Stachursk1 The
electrochemical cell was separated into

* Electrochemical Society Active, Student,
Honorary members,respectively.

Key words: pyrite, diffusion, hydrogen
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two compartments by a pyrite membrane.

One side of the pyrite membrane was
cathod1f?1ly polarized at constant current
density The other side was
potentiostatically controlled such that
the current for hydrogen oxidation
(permeation current) could be measured.

Pyrite (

(FeS,) was obtained as a naturally
occurring %mb

asaquas, Spain) cubic single
crystal. M1croscopic examination did not
reveal any visible inclusions. The
particular crystal discussed (among
several examined) had an edge dimension of
approximately 2 cm, Sofcific conductivity
was approximately 2 @ “em”

The crystal was mounted in epoxy and
individual membranes were obtained by
cutting parallel to the (1,0,0) crystal
plane. Membrane faces were polished with
alumina (0.05u). The collection side was
plated with palladium to increase
collection efficiency and to prevent
corrosion (hackyround currents were less
than 1uA/cm® on the anodic side).
Solutions were 0.1M NaOH in both anodic
and cathodic compartments.

A typical normalized permeation curve
obtained in a galvanostatic charginyg
experiment is shown in Figure 1. A
theoretical curve f?? calculated using the
following equation

® n 2 2
£ . -1 -§2n+12 TT
> L=d L‘(n 2nely &P 4 )
where

= 2
T = DHt/L
i, = steady state permeation current
it = permeation current at time (t)



2130 J. Electrochem. Soc.: ACCELERATED BRIEF COMMUNICATION

L

Dy
The equation assumes boundary conditions
for galvanostatic charging experiments
i.e., the concentration of hydrogen at the

exit side is zero, and the flux of
hydrogen at the entry side is constant.

membrane thickness
diffusivity of hydrogen

Diffusivities were obtained from a plot of
1 -1Ini/i vst, by computer fitting
the experimental data to the theoretical
curve and by evaluating the time lay

*
(t)* ¢ L2/20

i, /i = 0.629

Diffusivities obtained from the three
methods were in general agreement.

The approximate coincidence of theoretical
and experimental curves (Figure 1)
sugyests that hydrogen diffusion in pyrite
is analogous to its diffusion in the
single element metals normally analyzed by
this technique. Furthermore the agreement
of theoretical and experimental curves
verifies the assumed galvanostatic
boundary condition of a constant flux at
the entry side.

The dependence of time lag on thickness
(Figure 2) also indicates that hydrogen
transport in pyrite is a purely
diffusionary process. It should be
mentioned that this conclusion is
strengthened by the fact that the range of
thickness (1 mm to 20 mm) over which D is
independent of L is considerably greater
than that which can be measured for
materials of low permeability.

The mean diffusivity of the particular
crystal sample exgm1n5d is approximately
3.5 (+ 1.0) X 107 /sec. Measurements
on different crysta]s exh1b1ted a gigher
degree of variation (107" to 10 ~
cmé/sec). ?giurf gee
so]ub111t1es were genera]ly in the
range 1 X 1074 to B X 10-4 /L.

Galvanastatic collection efficiencies of a
0.31 cm membrane are shown in Figure 3.
The maximum hydrogen permeation flux of 18

* (Corrected for relaxation time(s).

October 1983

uA/cm2 was obtained at approximately

70 uA/sz charging current density which
corresponds to a 25% collection
efficiency. Maximun efficiency (50
percent) was obtained at

25 uA/cm” charging current density.
Permeation efficiency as a function of
applied potential (cathodic side) is shown
in Figure 4. Maximum efficiency (50
percent) occurred at approximately -0.8V.

The ambient temperature diffusivity of
hydrogen in pyrite is greater in magnitude
than most single element metallic
materials (see Table 1). This fact
coupled with a relatively large solubility
makes pyrite highly permeable to

hydrogen. The implications of this
observation should impact several
electrochemical applications in which
pyrites are used as cathodes. In the
present context, however, the rapid and
efficient transport of hydrogen through
iron disulfide supports the hypothesis of
hydrogen entry into engineeriny materials
via corrosion products or non-metallic
inclusions. In some aqueous systems, the
rate of hydrogen entry into a metal
lattice determines the time to fracture of
stressed materials.
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DIVISION NEWS

Dielectric and Insulation
Division

At the meeting of the Dielectric and In-
sulation Division’s Executive Committee
on May 12, 1983, in San Francisco, the fol-
lowing slate of officers and members-at-
large was submitted by the Nominating
Committee and unanimously elected to
serve for the 1983-1984 term:
Officers:

Chairman—Werner Kern, RCA Labora-
tories

Vice-Chairman—John L. Mauer IV, IBM
East Fishkill

Treasurer—Laura Rothman, IBM East
Fishkill

Secretary—Norman Goldsmith, RCA
Laboratories
Members-at-Large:

Symposium Committee Chairman—
Robert B. Comizzoli, Bell Laboratories

Membership Committee Chairman—
Henry G. Hughes, Motorola

Callinan Award Committee Chairman—
Robert G. Poulsen, Northern Telecom

Immediate Past Chairman—James A.
Amick, Exxon.

Past Chairmen—Rudy Frieser, IBM;
Derwin I. Flowers, Motorola; Vikram J.
Kapoor, University of Cincinnati.

SECTION NEWS

Cleveland Section

Case Center for Electrochemical Sci-
ences will offer the second Workshop on
Electrochemical Engineering on the Case
Western Reserve University campus Octo-
ber31-November 4, 1983. The workshop is
being presented by Case Center for Elec-
trochemical Sciences and the Chemical
Engineering Department of Case Institute
of Technology, Case Western Reserve
University, in conjunction with The Elec-
trochemical Society's Cleveland Section.
Linking chemical engineering and elec-
trochemistry, the workshop is designed
for students from both disciplines. Topics
to be covered include a brief review of the
fundamentals of electrochemistry; cur-
rent distribution and mass transport; anal-
ysis, design, and scale up; and industrial
processes and applications. Special

OCTOBER

“Bring Your Own Problem" sessions will
deal with relevant practical problems sug-
gested by workshop participants. Princi-
pal instructor is Professor Uziel Landau of
the Chemical Engineering Department.
For further information, please contact
Diane Kortan, Case Center for Electro-
chemical Sciences, Case Western Reserve
University, Cleveland, Ohio 44106.

Ontario—Quebec Section

- Dr. André Beé-
langer, an elec-
trochemist with
the Institut de
Recherche de
I'Hydro-Québec
(IREQ), Varennes,
Quebec, is the 1983
recipient of the W.
Lash Miller Award
ot the Ontario-Quebec Section of The
Electrochemical Society. He was pre-
sented with the award at the spring meet-
ing of the Section in Sherbrooke, Quebec,
on April 29, 1983, where he delivered the
award lecture entitled “'Solid Electrolytes:
Their Uses in Solid-State Pollution Sen-
sors and in Rechargeable Lithium Bat-
teries.”

Dr. Bélanger completed his Ph.D. at the
University of Quebec in 1978 in the field of
electrochemistry. He has since made his
chief contributions at IREQ in the area of
room temperature polymer electrolyte
lithium batteries as well as in the area of
LiAl/LiCI-KCI/FeS high temperature bat-
tery systems. He has also made significant
contributions to the study of the elec-
trocatalysis of the hydrogen evolution re-
action at metal electrodes. In addition, he
has been involved in the development of
electrochemical sensors for a variety of
gases, based on solid electrolytes. One of
these sensors is now being commercial-
ized by Westinghouse for monitoring pur-
poses of sulfur oxide emissions.

The W. Lash Miller Award, consisting of
a certificate and a cash payment of
$400.00 (Canadian), honors the memory of
the late Dr. W. Lash Miller, a former Presi-
dent of the Society and a Head of the De-
partment of Chemistry of the University of
Toronto. It is presented every two years in
recognition of outstanding technical con-
tributions to the field of electrochemistry
by a Canadian resident less than 36 years
of age.

European Section

The European Section of The Electro-
chemical Society will organize the *First
European Workshop on Electrodeposi-
tion” on April 11-14, 1984, in Paris. The
general theme will be: ““Significance of

415C

the Electrolyte Movement for the Deposi-
tion Process and the Layer Properties.”

The purpose of the workshop is to bring
together scientists and technicians from
universities, research institutes, industrial
laboratories, and also production lines ac-
tively interested in the subject under
discussion. The workshop should stimu-
late the exchange of theoretical know-
how and practical experience, provoke
suggestions concerning new research
themes, and facilitate the participants to
update their knowledge in the field.

For more information and application
forms, please contact 2ne of the members
of the organizing committee:

Dr. G. G. Perrault

Secretary of the European Section

LEI—CNRS

F-92190 Meudon, France

Dr. J. Vanhumbeeck

c/o Siemens NV

P.O. Box |

B-8020 Oostkamp, Belgium

Dr. Ch. Raub .
Forschungsinstitut fur Edelmetalle
Katharinenstrasse 17

D-7070 Schwabisch Gmund,
Germany

NEWS ITEM

31st Power Sources Symposium

Call for Papers

The 31st Power Sources Symposium will
convene June 11-14, 1984, at The Deauville
Hotel and Motor Inn, Atlantic City, New
Jersey. The Symposium is sponsored by
the US Army Electronics Technology and
Devices Laboratory (ERADCOM), with
other DOD agencies, COMSAT, NASA, and
DOE.

Eleven unclassified technical sessions
will be held, these being; fuel cell systems,
rechargeable batteries (advanced re-
chargeable batteries, lithium recharge-
able batteries, nickel rechargeable batter-
ies, conventional rechargeable batteries),
non-rechargeable batteries, lithium non-
rechargeable batteries (lithium/SO, non-
rechargeable batteries, lithium/oxychlo-
ride non-rechargeable batteries, lithium
non-rechargeable batteries, lithium re-
serve batteries), and thermoelectric power
sources.

For further information, contact Doris
Yannetta, 201-544-2662, or John Murphy,
201-544-4735.
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PEOPLE

Henry Leidheiser, Jr., winner of this
year's NACE Willis Rodney Whitney
Award, has been named to the ALCOA
Foundation Professorship at Lehigh Uni-
versity, Bethlehem, Pennsylvania. Leid-
heiser is professor of chemistry and direc-
tor of the Center for Surface and Coatings
Research at Lehigh.

In addition to other pioneering research
efforts, Leidheiser was among the first to
pursue the application of impedance
methods to predict the performance of
painted metals and was an early leader in
the use of Mossbauer spectroscopy in re-
search directed toward a better under-
standing of corrosion. He has written
more than 150 published articles and pa-
pers and is author or editor of five books.
He has also been honored by The Electro-
chemical Society, the Oak Ridge Institute
of Nuclear Studies, the Institute of Metal
Finishing, the Electroplater’s Society, and
the Society of Automotive Engineers.

Dr. Howard R. Huff, has joined
Monsanto Electronic Materials Company
(MEMC) as market development director.
MEMC is the world’s leading manufac-
turer of single-crystal CZ silicon, the
primary building block used in the manu-
facture of semiconductor devices and in-
tegrated circuits.

Dr. Huff is responsible for market devel-
opment and marketing intelligence and
for providing functional guidance to the
applications engineering group on a
worldwide basis. He reports to Haskell T.
Waddle, MEMC's vice president of market-
ing.

Prior to joining MEMC, Dr. Huff was sen-
ior program coordinator at the Philips Re-
search Laboratories Sunnyvale of
Signetics Corporation. He has more than
20 years experience in materials develop-
ment as related to device and integrated
circuit performance for companies includ-
ing Texas Instruments, Incorporated and
Signetics Corporation and has an exten-
sive background in silicon materials tech-
nology and integrated circuit process en-
gineering.

Dr. Huff received his B.S. degree in engi-
neering science from New York University,
his M.S. degree in physics from Stevens
Institute of Technology, and his Ph.D. de-
gree in metallurgy from Massachusetts In-
stitute of Technology.

He is the author of numerous scientific
publications and a member of the Very
Large Scale Integrated Circuit (VLSI) Ex-
ecutive Committee of the Electronics Divi-
sion of The Electrochemical Society, and
has participated both as a lecturer at the
University of California, Berkeley, and as a
member of the United States Navy's ad
hoc study group on electronic materials.

NEW MEMBERS

It is a pleasure to announce the follow-
ing new members of The Electrochemical
Society as recommended by the Admis-
sions Committee and approved by the
Board of Directors in August 1983.

Continued on next page

Summer Fellowship Award Program
of The Electrochemical Society

The Board of Directors of The Electrochemical Society has voted to allocate $6,000
for summer fellowships in 1984. The Award subcommittee shall have the discretion of
deciding the number of recipients and the amount granted to each, within the limits of
the appropriation.

The purpose of the award is to assist a student in continuing his/her graduate work
during the summer months in a field of interest to The Electrochemical Society. Ac-
cording to the rules for the Society Summer Fellowship Program, if one award is given,
it shall be called the Edward G. Weston Fellowship Award; if two awards are given, the
second one shall be designated the Colin Garfield Fink Fellowship Award; if more than
two are given, the third award shall be called the Joseph W. Richards Fellowship
Award.

Candidate’s qualifications: ' The award shall be made without regard to sex, citizen-
ship, race, or financial need. It shall be made to a graduate student pursuing work be-
tween the degree of B.S. and Ph.D., in a college or university in the United States or
Canada, and who will continue their studies after the summer period. A previous
holder of an award is eligible for reappointment.”

Qualified graduate students are invited to apply for these fellowship awards. Appli-
cants must complete an application form and supply the following information:

1. A brief statement of educational objectives.

2. A brief statement of the thesis research problem including objectives, work
already accomplished, and work planned for the summer of 1984.

3. A transcript of undergraduate and graduate academic work.

4. Two letters of recommendation, one of which should be from the applicant'’s re-
search adviser.

5. Successful recipients of fellowships shall agree not to hold other appointments
or other fellowships during the summer of 1984.

Application forms are available from the Chairman of the Fellowship Awards Sub-
committee, to whom completed applications and letters of recommendation should be
sent: Dr. B. E. Conway, Department of Chemistry, University of Ottawa, Ottawa,
Ontario, Canada K1N 9B4.

Deadline for receipt of completed applications will be January 1, 1984 and award
winners will be announced on May 1, 1984.

Announcement of Energy Research Summer Fellowships

The Board of Directors of The Electrochemical Society has announced that there will
be additional summer fellowships in 1984 supported by the Department of Energy.
Each fellowship grant will be $2000. The Summer Fellowship Award subcommittee,
with the approval of the Department of Energy, shall have the discretion of deciding the
number of recipients and the amount granted to each, within the limits of the
appropriation.

The purpose of the award is to assist a student in continuing his/her graduate work
during the summer months in a field relating to energy research or technology of inter-
est to The Electrochemical Society. Such field shall address energy-related aspects of
electrochemical science and engineering as well as solid state science and engineer-
ing and shall involve the areas of batteries, fuel cells, photoelectrochemistry, photovol-
taics, and electrochemical processes of materials aimed at reducing energy
consumption. .

Candidate’s qualifications: “The award shall be made without regard to sex, citizen-
ship, race, or financial need. It shall be made to a graduate student pursuing work be-
tween the degree of B.S. and Ph.D., in a college or university in the United States or
Canada, and who will continue their studies after the summer period. A previous
holder of an award is eligible for reappointment.”

Qualified graduate students are invited to apply for these fellowship awards. Appli-
cants must complete an application form and supply the following information:

1. A brief statement of educational objectives.

2. A brief statement of the thesis research problem including objectives, work al-

ready accomplished, and work planned for the summer of 1984.

3. A transcript of undergraduate and graduate academic work.

4. Two letters of recommendation, one of which should be from the applicant’s re-

search adviser.

5. Successful recipients of fellowships shall agree not to hold other appointments

or other fellowships during the summer of 1984.

Application forms are available from the Chairman of the Fellowship Awards Sub-
committee, to whom completed applications and letters of recommendation should be
sent: Dr. B. E. Conway, Department of Chemistry, University of Ottawa, Ottawa,
Ontario, Canada K1N 9B4.

The deadline for receipt of completed applications for these Summer Fellowships
will be January 15, 1984 and award winners will be announced on May 1, 1984.
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Active Members

Bifulco, H., Huntington Station, NY
Bolster, M-E., Clarence, NY

Day, A. E., Somerville, NJ

Dempsey, M. D., Revere, MA

Ebel, S. J., Buffalo, NY

Hogrefe, A. W., Palm Beach Gardens, FL
Kozak, S. L., Newton, MA

Lau, K. M., Amherst, MA

Levine, H. H., Dallas, TX

Maruyama, T., Yokohama, Japan
Mazzio, V. F., West Chester, PA
Morduchowitz, A., Beacon, NY
Ottaviani, G., Modena, Italy

Patel, J. R., Murray Hill, NJ

Pollak, F. H., Brooklyn, NY

Rengan, A., Melrose Park, IL
Rocklage, S. M., Mountain View, CA
Rogers, D. J., Ontario, Canada
Schmaderer, F., Turmergasse, Germany
Thonstad, J., Trondheim, Norway
Tsai, S-D., San Jose, CA
Vasilevskis, J., Mountain View, CA
Vichr, M., Sunnyvale, CA

Student Members

Armstrong, M. J., Lafayette, CA
Beam, E. A, Ill, Greensburg, PA
Chapple-Sokol, J. D., Cambridge, MA
Jeng, S-P., Stony Brook, NY
Lumsden, M. K., Baltimore, MD
Menon, M. M., University Heights, OH
Mlynko, W., San Rafael, CA

Norton, A., Princeton, NJ

Shoaee, S., Atlanta, GA

Reinstatement

Goodkin, J., Lawrenceville, NJ

POSITION WANTED

Please address replies to the box
number shown, c/o The Electrochemi-
cal Society, Inc., 10 South Main Street,
Pennington, N.J. 08534-2896.

Metallurgist/Electrochemist—Ph.D. with 5
years experience in process and product devel-
opment, electroless plating, electroplating, bath
formulation, selective separation of metals and
waste treatment, corrosion, materials and sur-
face characterization, and secondary batteries
seeks any position. Available immediately and
willing to relocate. Reply Box C-244.

J. Electrochem. Soc.: REVIEWS AND NEWS 417C

MEETINGS CALENDAR

Telavi-84

*3rd International Conference on
Electrodynamics and Quantum
Phenomena at Interfaces”

October 1-5, 1984
Telavi, USSR

For further information, contact Profes-
sor R. R. Dogonadze, Institute of Inor-
ganic Chemistry and Electrochemistry of
the Academy of Sciences of the GSSR,
Ulitza Dzhikiya 7, 380086 Tbilisi, USSR.

“3rd International Conference on IlI-V
Semi-Insulating Materials”
April 24-25, 1984,
Warm Springs, Oregon

For further information, contact the
Organizing Committee Chairman, Bill
Ford, Harris Microwave Semiconductor,
1530 McCarthy Blvd., Milpitas, CA 95035,
(408) 262-2222.

Notice to Members

Society Headquarters will mail
dues bills for 1984 during October.
These are special cards which must
be returned in the envelope pro-
vided with the bill.

As your 1984 membership begins
with January 1984, it is suggested
thatyou forward your dues payment
promptly.

Sr. Battery
Design Engineer

Medtronic is the world's largest manufac-
turer of heart pacemakers and a recognized
leader in the biomedical engineering indus-
try. Due to an internal promotion, our Ener-
gy Technology Division has an opening for
an engineering professional to provide lead-
ership for lithium battery projects. Respon-
sibilities include:

© Design and develop new lithium batter-
ies for pacemakers and new implantable
medical devices.

® Supervise a development group includ-
ing the project planning and scheduling.

® Develop processes for new electro-
chemistries from battery research.

® Provide innovative leadership to solve
battery design, manufacturing and qual-
ity problems.

Applicants must have 5-10 years experience
in lithium battery design or development.
Minimum of a BS in Chemical Engineering
or Chemistry, experience in translation of
electrochemical research to hardware and
transfer to manufacturing is desirable.

Medtronic offers a competitive salary and
comprehensive benefits including reloca-
tion assistance. For confidential considera-
tion, please send your resume or call Cinden
Carlstrom at (612) 574-3949.

MEDTRONIC, INC.
3055 Old Highway Eight
P.O. Box 1453
Minneapolis, MN 55440

Medtronic

Equal Opportunity Employer M/F
No Agencies Please

The Edward Goodrich  Acheson
Award and Prize was established in
1928 to recognize a person who, in the
judgment of the directors of the Soci-
ety, has made contributions to the ad-
vancement of any of the objects, pur-
poses, or activities of The Electrochem-
ical Society as to merit the award. Such
contributions may consist of, but shall
not be limited to, (a) a discovery per-
taining to electrochemistry, electro-
metallurgy, or electrothermics, (b) an
invention of a plan, process, or device,
or research evidenced by a paper em-
bodying information useful, valuable, or
significant in the theory or practice of
electrochemistry, electrometallurgy, or
electrothermics, and/or (c) distin-
guished services rendered to the So-
ciety.

The Award consists of a gold medal,
a bronze replica, and two thousand

dollars ($2000). The following have re-
ceived the Award:

1929—Edward G. Acheson
1931—Edwin F. Northrup
1933—Colin Garfield Fink
1935—Frank J. Tone
1937—Frederick M. Becket
1939—Francis C. Frary
1942—Charles F. Burgess
1944—William Blum
1946—H. Jermain Creighton
1948—Duncan A. Maclnnes
1951—George W. Vinal
1953—J. W. Marden
1954—George W. Heise
1956—Robert M. Burns
1958—William J. Kroll
1960—Henry B. Linford
1962—C. L. Faust
1964—Earl A. Gulbransen
1966—Warren C. Vosburgh

Nominations Invited for Edward Goodrich Acheson Award and Prize

1968—Francis L. LaQue
1970—Samuel Ruben
1972—Charles W. Tobias
1974—Cecil V. King
1976—N. Bruce Hannay
1978—David A. Vermilyea
1980—Ernest B. Yeager
1982—Harry C. Gatos

Nominations for the next Award to
be presented at the Fall Meating of the
Society in 1984 in New Orleans, Louisi-
ana, are invited. Nominees do not have
to be members of the Society to be con-
sidered. Furthermore, there are no dis-
tinctions, restrictions, or reservations
regarding age, sex, race, citizenship, or
place of origin or residence.

Please send nominations before March
1, 1984 with supporting documents to
Fritz G. Will, General Electric, R&D Cen-
ter, P.O. Box 8, Schenectady, New York
12301.
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cydlic voltammetry

the electrochemical equivalent of spectroscopy

The electrochemical
equivalent of
spectroscopy is now
available to every
chemist.

Cyc]ic Voltammet

(T
‘bioanalytical rystems

1205 Kent Ave.® West Lafayette, IN 47906 USASNGTRIRI S LTS (PE Y LI PRN N RVIY;
ka Co. Ltd. KOREA: In Sung Scientific SWITZERLAND: Paul Bucher/Basel UK: Anachem Limited
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Improved Wafer Yield!
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'J"‘E"Ce"F}'r‘;’s‘sMa'ke"”g """""""" 3;28 Princeton Applied Research Corporation gives you the
Medtronic ... ATC complete picture for any measured parameter. You can see
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your Dose, lifetime, or
Nm variance, send for our
descriptive brochure today.

INVENTIONS WANTED, Ideas, inventions, tech-

nology wanted! Do you have unused patents, n

prototypes, models on your shelves? We can

present them to industry or try to find distribu- ¢§EG&G

tion. We are especially interested in moveable, PRINCETON APPLIED RESEARCH
demonstratable concepts which can be visually PO BOX 2565 « PRINCETON. NJ 08540, US A * 609/452.2111 » TELEX. 843409 613

displayed in a booth at America's leading

technologyinvention trade show. 1-800-526  See us September 20-22, 1983 atthe SEMICON-EAST Show, Boston, Ma. Bootn No 121,
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Corrosion, Electrochemistry — Depart-
ment of Chemical Engineering and Materi-
als Science, University of Minnesota, has
two openings; one for a tenured senior
professor and one for a tenure track as-
sistant professor. The successful candi-
dates will teach undergraduate and gradu-
ate courses in electrochemistry, corrosion
and chemical engineering, develop a
strong interdisciplinary research program
in corrosion, and cooperate in the con-
duct of the Corrosion Research Center
with the Director. Applications with re-
sumes and names of three professional
references should be sent by November 15
to Professor L. D. Schmidt, 151 Amundson
Hall, University of Minnesota, 421 Wash-
ington Avenue SE, Minneapolis, MN
55455. The University of Minnesota is an
equal opportunity educator and employer
and specifically invites and encourages
applications from women and minorities.

O

J. Electrochem. Soc.: REVIEWS AND NEWS

DURACELL, the world's leading producer of high performance
premium batteries, seeks an innovative professional to develop
new concepts and improvements for its prestigious line of alkaline
battery products. Successful candidate will have a BS Degree in
Engineering or Chemistry (advanced degree preferred), 6 or more
years of primary battery product design experience that includes
aqueous battery systems, and demonstrated ability to supervise a
professional staff.

If you are seeking wide latitude and support for your ideas, in
addition to an excellent salary, full benefits and a chance to set
your own stage for growth, we invite your response. For prompt,
confidential consideration, forward your resume with salary
history and requirement, to: Personnel, Dept. MPD, DURACELL
INC., South Broadway, Tarrytown, New York 10591. An equal
opportunity employer M/F/H/V

DUR

419C

PHOTOCIRCUITS-the leading

independent manufacturer of
printed circuit boards...invites
you to share in its growth.

We're Photocircuits Glen Cove, aname  Developmental Engineers
that means leadership. Located in Long

Island, New York, our innovative envi-
ronment has proved so successful we
created 5 new Divisions in 6 years. . .
enjoyed a 20-25% annual growth rate

. .and expect to double our sales
volume in the next 4 years. We have
superior people operating under a
management system that rewards
initiative, innovation and entrepreneurial  an appropriate Engineering Science. . .
spirit. To keep up our momentum, we
need more good people. The career
potential we offer is as broad as the
ability you bring with you.

Positions are available for highly skilled
individuals with R&D experience in
chemical, electrochemical or mechani-
cal engineering. Qualified professionals
will assume responsibility for developing
sophisticated new technologies in the
fast paced electronics circuits industry.

Requirements include an MS or PhD in

with demonstrated success in R&D
substituting for a higher degree. An in-
dependent, creative and highly
motivated individual will find challenge
and opportunity in this position.

We are conveniently located in Glen Cove, on Long Island’s attractive north
shore and offer highly competitive salaries and benefits. To find out how
you can become part of this dynamic profit center, send your resume and
salary history, in full confidentiality to: Sue Schwartz.

Photocircuits

Glen Cove

Division of Kollmorgen Corporation
31 Sea Cliff Avenue ¢ Glen Cove, New York 11542




computer-Assisted
corrosion Measurements

For ultimate flexibility...
our new modular system
based on the

Model 276 Interface

e Available as an update for our
Model 173 Potentiostat/Galvanostat

e Many alternatives for special experimental designs
» Detailed documentation of corrosion software

» Real time data acquisition independent of the microcomputer
» Expandable for ac impedance measurements

« |EEE-488 interface compatibility

For ultimate convenience...
our Model 350-1 Microprocessor-controlled
corrosion Measurement
System

« Corrosion rates

« Pitting tendencies

« Sensitization

« Passivation and inhibition

» Galvanic couples

e Current-time behavior

e Corrosion behavior diagrams

Our applications staff will be pleased to discuss your requirements. Write or call today.

0[1% EG=zG PRINCETON APPLIED RESEARCH

P.O. BOX 2565 * PRINCETON. NJ 08540. U.S.A. ¢ 609/452-2111 « TELEX: 843409

621



Vol. 130, No. 10

J. Electrochem. Soc.: REVIEWS AND NEWS 421C

New and noteworthy titles in electrochemistry

COMPREHENSIVE TREATISE
OF ELECTROCHEMISTRY
Volume 5

Thermodynamic and Transport Properties of
Aqueous and Molten Electrolytes

edited by Brian E. Conway, University of Ottawa, J. O'M.
Bockris, Texas A&M University, and Ernest Yeager,

Case Western Reserve University

490 pp.. illus.. 1983 $59.50

Volume 6

Electrodics: Transport

edited by Ernest Yeager; J. O’M. Bockris; Brian E.
Conway; and S. Sarangapani, Union Carbide Corporation,
Parma, Ohio

546 pp.. illus.. 1983 $67.50

Volume 7

Kinetics and Mechanisms of

Electrode Processes

edited by Brian E. Conway; J. O’M. Bockris; Ernest
Yeager; S.U.M. Khan and Ralph E. White, Texas

A&M University
771 pp. + index. illus., 1983 $95.00

THIN FILM SOLAR CELLS

by Kasturi Lal Chopra, Indian Institute of Technology,
New Delhi, and Suhit Ranjan Das, National Research
Council, Canada

A comprehensive treatment of the physics and technology of various
types of homo, hetero, barrier and liquid junction solar cells involving
amorphous, polycrystalline, and epitaxial semiconductor thin films.
The volume reviews basic solid-state physics of junction devices and
provides detailed descriptions of thin film materials and associated
preparation, measurement, and analysis techniques.

624 pp.. illus., 1983 $75.00

THIN FILM DEVICE
APPLICATIONS

by Kasturi Lal Chopra and Inderjeet Kaur, /ndian
Institute of Technology, New Delhi

This monograph presents a concise and coherent study of thin film
device applications in such areas as optics. electro-optics, microelec-
tronics, magnetics, quantum engineering, surface engineering, and
thermal detection. Covering both academically interesting and com-
mercially viable devices. this book will inspire the reader to inves-
tigate the vast and relatively unexplored field of microscience and the
technology of low-dimension thin film devices.

290 pp. + index. illus.. 1983 $42.50

MOLTEN SALT TECHNIQUES

Volume 1

edited by David G. Lovering, RMCS, Shrivenham,
Swindon, UK, and Louisiana State University, and
Robert J. Gale, Louisiana State University

CONTENTS: Introduction, D. G. Lovering and R. J. Gale. Ha-
lides, S. H. White. Haloaluminates, R. J. Gale and R. A. Ostervoung.
Hydroxides, P. Claes and J. Glibert. Molten sulfates, A.J. B. Cutler.
lonized organic salts, P. Tissot. Spectroelectrochemistry, V. E.
Norvell and G. Mamantov. Thermal methods, P. Franzosini and M.
Sanesi. Reaction chemistry, D. H. Kerridge. Index.

268 pp. + index. illus.. 1983 $39.50

MODERN ASPECTS OF
ELECTROCHEMISTRY
Volume 15

edited by Ralph E. White andJ. O’M. Bockris, Texas A&M
University, and B. E. Conway, University of Ottawa

CONTENTS: The electrochemical splitting of water, F. Gutmann
and O. J. Murphy. Interfacial charge transfer reactions in micellar
assemblies, colloidal semiconductors and metal dispersion and their
application to water cleavage by visible light, M. Gratzel. Lithium
batteries with liquid depolarizers, N. Marincic. Physical mech-
anisms of intercalation, W. R. McKinnon and R. R. Haering. Some
fundamental aspects in electrode processes, S.U.M. Khan. Index-
350 pp. + index, illus., 1983 $49.50

BIOELECTROCHEMISTRY I

Biological Redox Reactions

edited by G. Milazzo, University of Rome, and
Martin Blank, College of Physicians and Surgeons,
Columbia University

Interdisciplinary in scope, this volume is concerned with the study of
redox reactions, a subfield of bioelectrochemistry that blends the
major contributing disciplines. The international group of con-
tributors provide rigorous, basic treatments of a range of important
subjects within the subfield, including bioelectrochemistry and bio-
energetics, general criteria for the fulfillment of redox reactions,
photosynthesis, energetics of enzyme reactions, kinetics in bioelec-
trochemistry (photo-redox reactions), applications of advanced voltam-
metric methods, transmembrane potentials and redox reactions, the
mitochondrial respiratory chain, and electrochemical methodologies
in biomedical applications. Volume 11 in the Ettore Majorana
International Science Series: Life Sciences.

360 pp.. illus.. 1983 $52.50

THE ENCYCLOPEDIA OF
CHEMICAL ELECTRODE
POTENTIALS

by Marvin S. Antelman, Antelman Technologies and
Tilaco Chemicals Ltd., Providence, R.1I., with the assistance
of Franklin J. Harris, Jr., Tilaco Chemicals Ltd.
“This is a very handy book, cleverly arranged to be of maximum
use . .. a comprehensive listing of reversible electrode potentials of
the elements and aqueous complexes.™

—Electrochemistry Group Newsletter
... an up-to-date, comprehensive listing of chemical electrode po-
tentials including many involving little-known complexes. . . . well
adapted for use by the practicing, or applied chemist.”

—Metal Finishing

A compilation of five of the most comprehensive listings of chemical
electrode potentials available today: element classification. EMF
arrangement by anions, EMFs of metal ion and chelate complex for-
mation, and special tabulation to enable rapid visual determination of
reductant and oxidant subcategories.
302 pp.. 1982 $37.50

pITHE LANGUAGE OF SCIENCE

PUBLISHING CORPORATION

233 Spring Street
New York, N.Y. 10013
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Instrumentation for Electrochemistry
and Chemistry Research

< / ELECTROCHEMOSCOPE I
; A complete line of versatile instruments for the electrochemist

includes the unique ELECTROCHEMOSCOPE I which makes

available for the first time . . .

o All digital circuitry ® Real time CRT display plus X-Y Recorder

¢ Floppy disc storage of 16 plots ® Scale expansion and back-

ground subtraction of stored data ® Computer interface
e Digital display of current, voltage and coulombs.

ELECTROPREP™ SYSTEM
A complete system for preparative electrosynthesis and
coulometry is based on the unique ELECTROPREP cell which
offers a wide choice of easily interchanged electrodes, optimized
cell geometry and choice of interchangeable separators.
Optimally matched components of the system provide . . .
® Production of up to 200 millimoles per hour
¢ Completely automated operation
¢ Controlled voltage and constant current operation.

COMPUTER-AIDED CORROSION MEASUREMENTS
Included in the wide choice of instruments for corrosion research
from ECO INSTRUMENTS, the ELECTROCHEMOSCOPE™ 1B
Computer-Aided Electrochemical Corrosion Measurement System
introduces the advantages of data processing including . . .
® Raw data stored on floppy discs for instant retrieval
e Standard corrosion calculations done automatically, displayed

digitally and/ or printed out

® User programmable for new and non-standard calculations
e Sample testing time reduced to a few minutes.

TITRISTAT™ 1II

; The TITRISTAT II offers a unique combination of capabilities

e and conveniences, such as . . .

: e First derivative plots plus f‘—v providing true equivalence point

e Potentiometric, amperometric, Karl Fischer and both direct and
incremental thermometric titrations

e Automatic end-point search, pH Stat, and preset end-point
search

® Two digital displays — ml's added and actual parameter sensed

e Computer compatible outputs for both displays.

INSTRUMENTS

Division of Sea Data Corporation

One Bridge Street — Newton, Mass. 02158, U.S.A.
Tel. (617) 964-8360 — Telex: 951107 — Cable: Seadata New




HIRE TECHNOLOGY

PUT ELECTROCHEMISTRY TO WORK!

BAS introduced the first commercial liquid chromatography/electrochemistry instrument in 1974. LCEC
has become the fastest growing electrochemical technique. Thousands of our systems are in routine use for
environmental, pharmaceutical, biomedical, industrial, and forensic applications. Nitro compounds, phenols,
aromatic amines, thiols, and many heterocycles are ideal candidates for trace determination by LCEC.
Detection limits of well below 1 picomole can now be achieved in a few minutes using apparatus of very
modest cost.

The latest addition to our family is the BAS 100 ELECTROCHEMICAL ANALYZER. This interactive
microprocessor based instrument-is capable of performing over 25 electroanalytical techniques including
cyclic voltammetry, chronocoulometry, differential pulse voltammetry, phase selective AC voltammetry,
electrocapillary measurements, and virtually all forms of polarography. The BAS 100 is the first commercial
instrument capable of square wave voltammetry, a powerful new technique for both analytical and,
fundamental studies. The first “smart” iR compensation approach is included, as are various statistical and
background subtraction routines. Experimental parameters and data are available

- on a video screen and publishable figures are rapidly plotted.

The BAS 100 was designed by and for chemists.

It’s ready to go to work for you.

WE'LL CHANGE THE WAY YOU
THINK ABOUT ELECTROCHEMISTRY

i e GEIR
D O
2701 Kent Ave

West Lafayette
Indiana 47906

Telex: 276141
(317) 463-4527




Advertisement

1 |Proceedings of Battery Material Symposium

(held as MnO, Discussion Meeting in Brussels (1983)

Compiled and Edited by A. Kozawa and M. Nagayama, about 200 pages, $45. Published by BMRA (Battery Material Research
Association).

(1) Opening Remarks on MnO,, Zn, carbon etc (A. Kozawa), (2) EMD Deposits from Cl-, NO;, SO; Baths
(K. Matsuki), (3) Dry Cell Dynamics (Atlung), (4) ZnCl,-type cells (Furumi and Smets), (5) MnO, (L. F. DeVries), (6) Discharge
Mechanism (Hirai, Ozuku), (7) MnO, (Brenet), (8) Surface of MnO,: Zn** adsorption (Tamura, Nagayama), (9) Potential of MnO,
(Tari, Hirai), (10) Short speeches: by Dr. Piquet, Prof. Brenet, Dr. Ruetsch, Dr. Takahashi, Dr. Welsh, Dr. Tye, Dr. Declave, (11)
Sintered Ti Anode (Bewer), (12) Zinc Powder (Meeus), (13) Carbon Rod, Acetylene Black (Denki Kagaku Kogyo), (14) Separator
for Dry Cells and NiOOH, AgNiO,, etc, (15) New CMD (Tanabe), (16) MnO, Cells (Kordesch), (17) New EMD and Activated MnO,
(Takahashi), (18) Rechargeable MnO, Cells (Kwasnik), (19) CMD (Piquet, Tye, Van der Poorten), (20) Concluding Remarks.

BATTERY MATERIAL SYMPOSIUM

Vol. ‘E'Bl:ussels 1983.- ' RECENT CARBON

TECHNOLOGY

including Carbon & SiC fibers

o |Recent Carbon Technology

including Carbon Fibers and SiC Fibers.

By T. Ishikawa and T. Nagaoki, 400 pages, $55 (+ shipping)

Published by JEC Press Inc. (April 1983)

(1) Preface : Carbon and Industry, (2) Basic Section : Carbon and graphite, standard production methods
(pulverizing, sieving, knealing, forming, baking, impregnation, graphitization, machining), Fillers and Binders: Carbonization
and graphitization, special treatment and compounding, fiber reinforcing, laminating, carbon fibers (cellulose carbon, poly-
mer carbon, glassy carbon, vitreous carbon, PAN-based fibers, pitch-based fibers, carbon paper, carbon film, chemical and
physical properties. (3) Applications : electric furnace electrode, carbon blocks, carbon paste, carbon cement, dies, molds, cruci-
ble, alloying, arc carbon, carbon raiser, denuder, electrodes for electric discharge machining, pantagraph shoe, electrical con-
tents bearing, packing, gasket, nuclear graphite, activated carbon, silicon carbide fiber, pitch-based carbon fibers, mesophase
pitch-based carbon fiber, SiC fibers.

Special Battery & Metal Finishing Issue of
3 | New Materials and New Processes,
Vol 2 (1983)

Edited by Nagayama, Yeager, Osa, Okinaka, Kozawa, etc. Publisher: JEC Press, $55, (+ Shipping): 650 pages

Chemical MnQO. by Picquet and Welsh, Lithium Batteries in Japan by Tkeda, New Solid Electrolytes by Kudo et al, Stable
Divalent Silver Oxide for Primary Cells by Y. Ohya et al, Li-Copper Vanadate Cells by Yamaji et al, Seiko’s Ultra-Thin Batteries, Air Cell
Using Cobalt phthalocyanine Catalyst, Long Life Power Sources for Implantable Insulin Delivery, High Compression Lead-Acid Batter-
ies for EV. Recent Progress in Automotive Batteries in Japan. Cupric Oxalate Sea Water Batte Ty, ete.

The latest techniques in Plating on Ceramics and Glass for Electronics Parts, A High Speed Aluminum Anodizing
rocess, New Tec niques for Measuring Electroless Plating Rate, Water Conservation and Recycling Systems, Use of Dialysis Technique
in Metal leshm;, MultiCoating Techniques for Continuous Casting Molds, Pollution-Free High Sp( ced Plating System, New Develop-
ments in Plating on Plastics, Super-Hard Chromium Deposit, Acid Zinc Chloride Bath, Automatic Control System for High Speed Electro-
less Copper Plating, Cu-Ni Alloy Plating, etc.

[ Energy Related Articles (20 articles) | Si Photovoltaic Cells, Na-S Batteries, Phosphoric Acid Fuel Cells, Lead-Acid Batteries for Rail-
road Use, Molten Salt Batteries, Hybrid Battery Systems, Hvdrazine-Air Batteries Molten Carbonate Fuel Cells, Load Leveling.

[ New Materials & New Processes | Non-electric Aluminum Production, Silicon Carbide Fibers, Polycarbon-Monofluoride Chlor-Alkali
Cells with Ton-Exchange Membrane, Development of Ferrite and New Metal Anode, Reliable and Low C ost Printed Boards, Metal Hy-
drides for Energy Conversion, New Lithium Ion Conductor Li;PO,, Electrochemical Oxygen Remover, Recent Advances in HID Lamp

[Electronics, Medical, etc.] Recent Progress in Solid State Electronics, Electret Transducers for Audio Frequencies, Transition Metal
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EXTRACTS FROM THE CONSTITUTION AND BYLAWS

CONSTITUTION—Article 11
Membership

Section 1. The individual membership shall consist
of Active, Honorary and Emeritus Members. The Board
of Directors may from time to time authorize other
classifications of membership as defined in the Bylaws
of the Society.

(Active Member—Annual Dues $50.00)

Section 2. An Active Member shall be interested in
electrochemistry or allied subjects and possess a Bach-
elor’s degree, or its equivalent, in engineering or nat-
ural science. In lieu of a Bachelor’s degree, or its equiv-
alent, any combination of years of undergraduate
study and years of relevant work experience in elec-
trochemistry or allied subjects adding to at least seven
years shall be required. Election to Active Membership
shall require the recommendation of two Active Mem-
bers in good standing.

BYLAWS—Article 11

Non-Voting Membership
(Student Member—Annual Dues $10.00)

Section 1, Student Member. A Student Member shall
be a full-time undergraduate or graduate student reg-
istered for a degree in natural science or engineering.
The applicant for Student Membership shall be recom-
mended by a member of the faculty of the school.
Upon graduation with a Bachelor’s degree or equiva-
lent in natural science or engineering, the Student
Member may apply for Active Membership. The ap-
plication shall be approved by two Active Members of
the Society in good standing. If the Student Member
enters graduate school as a full-time student, the per-
son may choose to apply for Active Membership or
remain a Student Member.

BYLAWS—Article XXI
Dues and Fees

Section 1. The annual dues for Active Members shall
be fifty dollars. The annual dues for Student Mem-
bers shall be ten dollars. Each member shall receive
the JOURNAL OF THE ELECTROCHEMICAL SO-
CIETY.

Section 2. When individuals are elected to member-
ship, they must elect to initiate their membership as of
January 1 or July 1 of the year of election; or, if elec-
ted during the last quarter, January 1 of the year
following election. In the case of a July 1 election for
starting membership, dues will be prorated.

Section 3. Any Active Member who shall pay in one
lump sum the amount equivalent to two-thirds of
the remaining dues to age sixty-five at the time of
payment, but not less than an amount of 5 years of
full dues, shall be exempt from payment of any fur-
ther dues and shall be considered an Active Member
during the remainder of his or her life.

BOARD OF DIRECTORS ACTION
OF OCTOBER 9, 1960

If application for new membership is received within
four months of the payment of nonmember registration
at a Society Meeting by the applicant, the difference
between the nonmember and member registration fees
shall be credited toward the first year's dues.

(8 . Iy 0 .
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CONSTITUTION—A-rticle 111
Admission and Dismissal of Members

Section 1. Application for individual membership
shall be in writing on a form adopted by the Board of
Directors.

Section 2, The Admissions Committee shall be a ro-
tating committee consisting of three members. One
member shall be appointed each year by the President
with the approval of the Board of Directors for a term
of three years to replace the outgoing member. This
Committee shall receive from the Secretary all prop-
erly executed and properly recommended applications
for admission which he has received from persons de-
sirous of becoming members of the Society. It shall be
the duty of this Committee, after examining the cre-
dentials of applicants, to make appropriate recom-
mendation to the Board as to approval or rejection of
the applications. Unanimous approval of an applicant
by this Committee shall be required before the candi-
date’s name may be submitted to the Board of Direc-
tors for election. The election to membership shall be
by a mail vote of the Board of Directors. The candidate
shall be considered elected two weeks after the date
the proposed membership list is mailed to the Board if
no negative votes have been received by the Secretary.
If a candidate receives one negative vote, his applica-
tion shall then be considered and voted upon at the
next meeting of the Board of Directors. Two negative
votes cast at this meeting shall exclude a candidate.
The Board of Directors may refuse to elect a candidate
who, in its opinion, is not qualified for membership. The
names of those elected shall be announced to the So-
ciety. Duly elected candidates shall have all the rights
and privileges of membership as soon as their entrance
fee, if any, and dues for the current year have been
paid.

Section 3. A member desiring to resign shall send a
written resignation to the Office of the Society.

Section 4. Upon the written request of ten or more
Active Members that, for cause stated therein, a mem-
ber be dismissed, the Board of Directors shall consider
the matter and, if there appears to be sufficient reason,
shall advise the accused of the charges against him. He
shall then have the right to present a written defense,
and to appear in person before a meeting of the Board
of Directors, of which meeting he shall receive notice
at least twenty days in advance. Not less than two.
months after such meeting the Board of Directors:
shall finally consider the case and, if in the opinion of:
the majority of the Board of Directors a satisfactory'
defense has not been made and the accused member’
has not in the meantime tendered his resignation he
shall be dismissed from the Society.

Section 7. The entrance fee, if any, annual dues and
any other payments to be made by the members of the
Society shall be paid in accordance with regulations
set forth in the Bylaws.

Section 8. Any member delinquent in dues after
April 1 shall not receive the Society’s publications and
will not be allowed to vote in any Society election
until such dues are paid. All members in arrears for
one year after April 1 shall lose their membership sta-
tus and can be reinstated only by action of the Board
of Directors.

to the Journal of The Electrochemical Society.



_—
THE ELECTROCHEMICAL SOCIETY, INC.

The Electrochemical Society is an international socicty concerned with a broad range
of phenomena related to clectroc hemical science and t((hn()l()“\ and solid state science and
technology.

OBJECTIVES
1. The advancement of the theorv and practice of clectrochemistry, electrometallurgy, electro-

thermics, electronics. and allied subjects.

2. The encouragement of rescarch and the dissemination of knowledge in the fields of electro-
chemical science and technology and solid state science and technology.
3. The assurance of the availability of adequate training in the fields of clectrochemistry and

solid state science for chemists, engineers, met d”lll"l\ts physicists, solid state scie ntists, and
others in related subjects.

BENEFITS OF MEMBERSHIP

1. The assurance of being kept aware of pertinent scientific and technical developments through
the JOURNAL OF THE ELECTROCHEMICAL SOCTETY and other Society publications.

2. The opportunity to contribute to the advancement of science and technology through support
of Society activities.

3. The stimulation of personal association and technical exchange with fellow scientists and engi-
neers.

DIVISIONS
The activities of the Society are carried on by its nine Divisions and Groups as follows:
Battery Semiconductors
Corrosion Lnergy Technology

. Hich Temperature Materials
Dielectrics and Insulation i l‘ .
Industrial Electrolytic
Eleetrodeposition Luminescence and Display Materials

Electronics Organic and Biological Electrochemistry
New Electronic Technologies Physical Electrochemistry
SECTIONS
Local Scctions of the Society have been organized in the following cities and regions:
Boston North Texas
Chicago Ontario-Quebec
Cleveland Oregon
Columbus Pacific Northwest
Detroit Philadelphia
European Pittsburgh
Indianapolis Rocky Mountain
Japan San Francisco
Metropolitan New York Southern California-Nevada
Midland (Michigan) Southern Wisconsin
National Capital Area Twin Cities
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THE ELECTROCHEMICAL SOCIETY BOOKS IN PRINT

Society Proceedings Series
The following softbound proceedings volumes are sponsored and published by The Electrochemical Society, Inc., 10
South Main Street, Pennington, N.J. 08534-2896. Orders filled at the list price given, subject to availability. Enclose payment

with order.

Electron and lon Beam Science and Technology, Fiith In-
ternational Conference. R. Bakish, Editor. A 1972 sym-
posium 420 pages, 85 50.
{

to : Protecti
T. R. Beck, O. B. Cecil, C. G. Enke, J. McCaIlum and
S.T. Wlodek Editors. A 1972 symposium. 173 pages, $4.00.

Elect Biosci and Bioengi ing. H. T. Silver-
man, I. F. Miller, and A. J. Salkind, Editors. A 1973 sym-
posium. 268 pages, $8.00.

Chiorine Bicentennial Symposium. T. C. Jeffery, P. A. Danna,
and H. S. Holden, Editors. A 1974 symposium. 404 pages,
$11.00.

Metal-Slag R and P Z. A. Foroulis
and W W. Smeltzer, Editors. A 1975 symposium. 1032
pages, $20.00.

Chemistry and Physics of Aqueous Gas Solutions. W. A.
Adams, G. Greer, J. E. Desnoyers, G. Atkinson, G. S. Kell,
K. B. Oldham, and J. Walkley, Editors. A 1975 symposium.
522 pages, $11.00.

Thermal and Photostimulated Currents in Insulators. D. M.
Smyth, Editor. A 1975 symposium. 215 pages, $7.00.

Electron and lon Beam Science and Technology, Seventh
International Conference. R. Bakish, Editor. A 1976 sym-
posium. 632 pages, $18.00.

International Symposium on Molten Salts. J. P. Pemsler,
J. Braunstein, K. Nobe, D. R. Morris, and N. E. Richards,
Editors. A 1976 symposium. 632 pages, $16.00.

P ies of High Temp Alloys. Z. A. Foroulls and
F S. Pettit, Editors. A 1976 symposium. 851 pages, $12.00.

Semiconductor Silicon 1977. H. R. Huff and E. Sirtl, Editors.
A 1977 symposium. 1100 pages, $15.00.

A History of The Electrochemical Society. The first 75 years.
R. M. Burns with E. G. Enck. 160 pages, $5.00.

Semiconductor-Liquid Junction Solar Cells. A. Heller, Editor.
A 1977 symposium. 340 pages, $10.00.

Load-Leveling. N. P. Yao and J. R. Selman, Editors. A 1977
symposium. 412 pages, $13.00.

High Temperature Metal Halide Chemistry. D. L. Hilden-
brand and D. D. Cubicciotti, Editors. A 1977 symposium.
678 pages, $17.00.

Thin Film Phenomena—Interfaces and Interactions. J. E. E.
Baglin and J. M. Poate, Editors. A 1977 symposium. 525
pages, $14.00.

Selected Topics in the History of Electrochemistry. George
Dubpernell and J. H. Westbrook, Editors. A 1977 sym-
posium. 523 pages, $11.00.

Battery Design and Optimization. S. Gross, Editor. A 1978
symposium. 486 pages, $14.00.

Chemical Vapor Deposition, Seventh International Confer-
ence. T. O. Sedgwick and H. Lydtin, Editors. A 1979 sym-
posium. 658 pages, $16.00.

Laser and Electron Beam Processing of Electronic Materials.
C. L. Anderson, G. K. Celler, and G. A. Rozgonyi, Editors.
A 1979 symposium. 560 pages, $13.00.

Thin Film Interfaces and Interactions, J. E. E. Baglin and

J. M. Poate, Editors. A 1979 symposium. 536 pages,
$16.00.
Electrode Processes, S. Bruckenstein, J. D. E. Mclntyre,

B. Miller, and E. Yeager, Editors.
500 pages, $21.00.

A 1979 symposium.

Materials and New Processing Technologies for Photovol-
taics. J. A. Amick, E. Sirtl, P. Rai-Choudhury, and J. P.
Dismukes, Editors. A 1980 symposium. 368 pages, $14.00.

Lithium Batteries. H. V. Venkatasetty, Editor. A 1980 sympo-
sium, 516 pages, $26.00.

Semiconductor Silicon 1981, H. R. Huff, R. J. Kriegler, and
Y. Takeishi, Editors. A 1981 symposium. 1064 pages,
$25.00.

Electrocrystallization. R. Weil and R. G. Barradas, Editors.
A 1981 symposium. 352 pages, $13.00.

Chemical Vapor Deposition, Eighth International Confer-
ence. J. M. Blocher, Jr., G. E. Vuillard, and G. Wahl, Edi-
tors. A 1981 symposium. 836 pages, $30.00.

Corrosion and Corrosion Protection. R. P. Frankenthal and
F. Mansfeld, Editors. A 1981 symposium. 304 pages,
$10.00.

Third International Symposium on Molten Salts. G. Maman-
tov, M. Blander, and G. P. Smith, Editors. A 1981 sym-
posxum 600 pages 523 00.

d Inter ium on Molten Salts. J. Braun-
stein and J. R. Selman Editors. A 1978 symposium, 420
pages, $16.00.

High Temperature Materials Chemistry. D. D. Cubicciotti
and D. L. Hildenbrand, Editors. A 1981 symposium. 498
pages, $21.00.

Electrocatalysis. W. E. O'Grady, P. N. Ross, Jr, and F. G.
will, Ednors A 1981 symposnum 428 pages $18.00.

Phot Pr and Mea-
surement Techmques W. L. Wallace, A. J. Nozik, S. K.
Deb, and R. H. Wilson, Editors, A 1981 symposium. 736
pages, $35.00.

The Nickel Electrode. R. G. Gunther and S. Gross, Editors.
A 1981 symposium. 324 pages, $15.00.

Semiconductor Technology. D. A. Doane, D. B. Fraser, and
D. W. Hess, Editors. A 1982 symposium. 264 pages,
$18.00.

Plasma Processing. J. Dieleman, R. G. Frieser, and G. S.
Mathad, Editors. A 1981 symposium. 528 pages, $25.00.

VLSI Science and Technology. C. J. Dell'Oca and W. M.
Bullis, Editors. A 1982 symposnum 392 pages, $20.00.

Materials and New Pr logies for Photovol
taics. J. P. Dismukes, E. Snrtl P. Choudhury, and L. P.
Hunt, Editors. A 1982 symposium. 544 pages, $25.00.

Inorganic Resist Systems. D. A. Doane and A. Heller, Edi-
tors. A 1982 symposium. 302 pages, 315 00

Transport Pr in Electroch R. S.
Yeo, T. Katan, and D-T. Chin, Editors. A 1982 symposium.
288 pages, $18.00.

Corrosion in Batteries and Fuel Cells and Corrosion in Solar
Energy Systems. C. J. Johnson and S. L. Pohiman, Edi-
tors. A 1981 symposium. 554 pages, $22.00.

Electron and lon Beam Science and Technology, Tenth In-
ternational Conference, R. Bakish, Editor. A 1982 sym-
posium. 474 pages, $30.00.

Membranes and lonic and Electronic Conducting Polymers.
E. B. Yeager, B. Schumm, Jr., K. Mauritz, K. Abbey, D.
Blankenship, and J. Akridge, Editors. A 1982 symposium.
380 pages, $22.00.

Aggregation Phenomena of Point Defects in Silicon. E. Sirtl
and J. Goorissen, Editors. A 1982 symposium. 216 pages,
$15.00.

Corrosion in Fossil Fuel Systems. |.
1982 symposium. 522 pages, $20.00.

G. Wright, Editor. A

Power Sources for Bi dical | Applicati and

bi T Lithium B B. B. Owens

and N. Margaht Editors. A 1979 symposium. 652 pages
$18.00.

Electronic and Optical Properties of Polycrystalline or Im-
pure Semiconductors and Novel Silicon Growth Methods.
K. V. Ravi and B. O'Mara, Editors. A 1980 symposium.
280 pages, $15.00.

Electron and lon Beam Science and Technology, Ninth In-
ternational Conference, R. Bakish, Editor. A 1980 sym-
posium. 672 pages, $28.00.

Lithium N Battery Electr y. E. B. Yeager,
B. Schumm, Jr., G. Blomgren, D. R. Blankenship, V. Leger,
and J. Akridge, Editors. A 1980 workshop. 328 pages,
$18.00.

lon Exchange: Transport and Interfacial Properties. R. S.
Yeo and R. P. Buck, Editors. A 1980 symposium. 396
pages, $15.00.
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El h | Process and Plant Design. R. C. Alkire,
T FL Beck, and R. D. Varjian, Editors. A 1982 symposium.
288 pages, $20.00.

High Temperature Materials Chemistry Il. Z. A. Munir and
D. Cubicciotti, Editors. A 1983 symposium. 480 pages,
$25.00.

Silicon Nitride Thin Insulating Films. V. J. Kapoor and H. J.
Stein, Editors. A 1983 symposium. 522 pages, $25.00.

Defects in Silicon. W. M. Bullis and L. C. Kimerling, Editors.
A 1983 symposium. 660 pages, $30.00.

Plasma Processing. G. S. Mathad, G. C. Schwartz, and
G. Smolinsky, Editors. A 1983 symposium. 660 pages,
$35.00.

Materials and New P ing Technologies for Ph
taics. J. A. Amick, V. K. Kapur and J Dietl, Editors. A
1983 symposium. 512 pages, $25.00.

Electroplating Engineering and Waste Recycle—New Devel-
opments and Trends. D. D. Snyder, U. Landau, and
R. Sard, Editors. A 1982 symposium. 428 pages, $22.00.




OUT-OF-PRINT SOCIETY VOLUMES

The following volumes sponsored or published by The Electrochemical Society, Inc. are now out-of-print. Xerographic

copies*® or reprintst of these volumes are available.

* Vapor Plating. C. F. Powell, I. E. Campbell, and B. W. Gon-
ser, Editors. A 1955 symposium. 158 pages.

* The Structure of Electrolytic Solutions. W. J. Hamer, Editor.
A 1957 symposium. 441 pages.

* Technology of Columbium (Niobium). B. W. Gonser and
E. M. Sherwood, Editors. A 1958 symposium. 120 pages.

* Surface Chemistry of Metals and Semiconductors. H. C.
Gatos, J. W. Faust, Jr., and W. J. La Fleur, Editors. A
1959 symposium. 526 pages.

* Electrode Processes, First Conference. E. Yeager, Editor.
A 1959 symposium. 374 pages.

* Mechanical Properties of Intermetallic Compounds. J. H.
Westbrook, Editor. A 1959 symposium. 435 pages.

* Zirconium and Its Alloys. J. P. Pemsler, E. C. W. Perryman,
and W. W. Smeltzer, Editors. A 1965 symposium. 205
pages.

t Measurement Techniques for Thin Films. B. Schwartz and
N. Schwartz, Editors. 1965 and 1966 symposia. 347 pages.

! Electrode Processes, Second Conference. E. Yeager, H.
Hoffman, and E. Eisenmann, Editors. A 1966 symposium.
190 pages.

* Electrolytic Rectification and Conduction Mechanisms in
Anodic Oxide Films. P. F. Schmidt and D. M. Smyth,
Editors. A 1967 symposium. 230 pages.

“ Electrets and Related Electrostatic Charge Storage Phe-
nomena. L. M. Baxt and M. M. Perlman, Editors. A 1967
symposium. 150 pages.

* Dielectrophoretic and Electrophoretic Deposition. E. F.
Pickard and H. A. Pohl, Editors. A 1967 symposium. 138
pages.

* Electron and lon Beam Sci and Technology, Third In-
ternational Conference. R. Baklsh Editor. A 1968 sym-
posium. 725 pages.

* Optical Properties of Dielectric Films. N. Axelrod, Editor.
A 1968 symposium. 325 pages.

* Thin Film Dielectrics. F. Vratny, Editor. A 1968 symposium.
680 pages.

* Ohmic Contacts to Semiconductors. B. Schwartz, Editor.
A 1968 symposium. 356 pages.

* Semiconductor Silicon. R. R. Haberecht and E. L. Kern,
Editors. A 1969 symposium. 750 pages.

* Chemical Vapor Deposition, Second International Confer-
ence. J. M. Blocher, Jr. and J. C. Withers, Editors. A 1970
symposium. 872 pages.

* Marine Electrochemistry. J. B. Berkowitz, M. Banus, M. J.
Pryor, R. Horne, P. L. Howard, G. C. Whitnack, and H. V.
Weiss, Editors. A 1972 symposium. 416 pages.

* Semiconductor Silicon 1973. H. R. Huff and R. R. Burgess,
Editors. A 1973 symposium. 936 pages.

* High Temperature Oxidation of Metals. By P. Kofstad. The
Corrosion Monograph Series. 340 pages.

* Chemical Vapor Deposition, Fourth International Con-
ference. G. F. Wakefield and J. M. Blocher, Jr., Editors.
A 1973 symposium. 595 pages.

* Electrets, Charge Storage and Transport in Dielectrics.
M. M. Perlman, Editor. A 1973 symposium. 675 pages.

* Fine Particles. W. E. Kuhn and J. Ehretsmann, Editors.
A 1974 symposium. 352 pages.

* Corrosion Problems in Energy Conversion and Genera-
tion. C. S. Tedmon, Editor. A 1974 symposium. 484 pages.

* Electrocatalysis. M. W. Breiter, Editor. A 1974 symposium.
378 pages.

* Electron and lon Beam Science and T logy, Sixth
International Conference. R. Bakish, Editor. A 1974 sym-
posium. 594 pages.

* Energy Storage. H. P. Silverman and J. B. Berkowitz,
Editors. A 1975 symposium. 258 pages.

* Chemical Vapor Deposition, Fifth International Confer-
ence. J. M. Blocher, Jr.,, H. E. Hintermann, and L. H.
Hall, Editors. A 1975 symposium. 848 pages.

* Etching. H. G. Hughes and M. J. Rand, Editors. A 1976
symposium. 203 pages.

* Electrode Materials and Processes for Energy Conversion
and Storage. J. D. E. Mcintyre, S. Srinivasan, and F. G.
Will, Editors. A 1977 symposium. 340 pages.

* Electron and lon Beam Science and Technology, Eighth
International Conference. R. Bakish, Editor. A 1978 sym-
posium. 297 pages.

* International Symposium on Solar Energy. J. B. Berkowitz
and I. A. Lesk, Editors. A 1976 symposium. 372 pages.

* High-Temperature Metallic Corrosion of Sulfur and Its
Compounds. Z. A. Foroulis, Editor. A 1969 symposium. 276
pages.

* Properties of Electrodeposits—Their Measurement and
Significance. R. Sard, H. Leidheiser, Jr., and F. Ogburn,
Editors. A 1974 symposium. 430 pages.

* Chemical Vapor Deposition, Sixth International Confer-
ence. L. F. Donaghey, P. Rai-Choudhury, and R. N. Tauber,
Editors. A 1977 symposium. 596 pages.

* The Electrocatalysis of Fuel Cell Reactions. W. E. O'Grady,
S. Srinivasan, and R. F. Dudley, Editors. A 1978 workshop.
228 pages.

Electron and lon Beam Science and Technology, Fourth
International Conference. R. Bakish, Editor. A 1970 sym-
posium, 680 pages.

»

*

Plasma Processing. R. G. Frieser and C. J. Mogab, Edi-
tors. A 1980 symposium. 360 pages.

Oxide-Electrolyte Interfaces. R. S. Alwitt, Editor. A 1972
symposium. 312 pages.

»

*

Industrial Water Electrolysis. S. Srinivasan, F. J. Salzano,
and A. R. Landgrebe, Editors. A 1978 Symposium. 297
pages.

Semiconductor Characterization Techniques. P. A. Barnes
and G. A. Rozgonyi, Editors. A 1978 Symposium. 532
pages.

* Fundamentals of Electrochemical Machining. A 1970 Sym-
posium. 365 pages.

*

* Order from University Microfilms, Inc., 300 North Zeeb Street, Ann Arbor, Mich. 48106. Specify an Electrochemical

Society volume.

t Order from Johnson Reprint Co., 355 Chestnut St., Norwood, N.J. 07648. Specify an Electrochemical Soclety vol-

ume.
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The Electrochemical Society, Inc.

10 South Main Street, Pennington, New Jersey 08534-2896 e Telephone: 609-737-1902
Instructions to Authors

The JOURNAL OF THE ELECTROCHEMICAL SOCIETY is
the official monthly journal of the Society. It contains three
sections: Electrochemical Science and Technology, Solid-State
Science and Technology, and Reviews and News. Technical
Papers, Technical Notes, and Accelerated Brief Communica-
tions are published in the first two sections and Review
Papers in the third. All manuscripts submitted are considered
for publication, with the understanding that they have not
been submitted, accepted for publication, or published else-
where. A wide range of subject matter is acceptable. Manu-
scripts can be handled promptly and efficiently if these
instructions are followed.
Technical Papers describe fundamental or applied studies in
depth. They contain new data and/or
TYPES OF new interpretations of existing data.
PAPERS Abstracts summarizing the results are
required.

Technical Notes report briefly on limited research or de-
velopment that is not being pursued further. No abstracts are
required.

Accel d Brief C tions present, in camera-ready
format and limited to two (2) pages including figures, tables,
and references, scientific or technological information war-
ranting rapid dissemination. No abstracts are required.
Instructions and typing forms are available from the Edi-
torial Office.

Review Papers furnish critical analyses of topical subjects.
Abstracts are required.

Submit three complete, clear copies of each manuscript
SUBMISSION fmd thg origfnols of all figures and
illustrations to:

Editorial Office

The Electrochemical Society, Inc.
10 South Main Street
Pennington, New Jersey 08534-2896

A letter accompanying the manuscript should give (a) the
name and mailing address of the author to whom corre-
spondence should be sent, (b) reference to any presentation of
the work at a meeting of The Electrochemical Society, (c) the
Division or Group of the Society or the Divisional or Group
Editor (both are listed in the front of each issue of the
Journal) whose interests are most closely related to the work
being discussed, (d) the section of the Journal in which the
work should appear, and (e) the names and addresses of
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listed.
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1. New Deadline—Extended Abstracts must be submitted with the 75-Word Abstract by December 1, 1983.

2. All scheduled papers will be published in the EXTENDED ABSTRACTS volume for this meeting. The volume is published photo-offset
directly from typewritten copy submitted by the author. The volume will be 7" x 10"; therefore, it is essential that the typing be clear and all
lettering should be the size of ordinary type or at least 1/16 inch high so that it will be legible after reduction. The EXTENDED ABSTRACTS
volume is in a double-column format. Camera-ready typing mats may be obtained from The Electrochemical Society, Inc., 10 South Main St.,
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Coauthors will receive a meeting packet without an Advance Program.

Manuscript Publication in the JOURNAL OF THE ELECTROCHEMICAL SOCIETY

Upon presentation, all meeting papers become the property of The Electrochemical Society, Inc. However, presentation incurs no
obligation to publish. If publication in the JOURNAL OF THE ELECTROCHEMICAL SOCIETY is desired, papers should be submitted as
promptly as possible in full manuscript form in order to be considered. “Instructions to Authors” for JOURNAL publication are available from
the Society Headquarters office. If publication elsewhere is desired after pr ion, written permission from Society Headquarters is
required.
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New Deadline—Extended Abstracts must be submitted with the 75-Word Abstract by

December 1, 1983.

CORROSION
General Session

Papers on all aspects of low and high tempera-
ture corrosion and associated phenomena will
be considered. Experimental techniques for the
study of corrosion processes and corrosion
products are also of interest.

Suggestions and inquiries should be sent to
the Session Chairman: F. Mansfeld, Rockwell In-
ternational Science Center, 1049 Camino Dos
Rios, Thousand Oaks, CA 91360.

CORROSION/HIGH TEMPERATURE
MATERIALS/ENERGY TECHNOLOGY

Fundamental Aspects of High
Temperature Corrosion

This symposium will deal with the mechanistic
(atomistic) aspects of high temperature corro-
sion. Papers are solicited in the following areas:
1. mechanisms of scale growth, 2. details of alloy
reactions with oxidizing gases, 3. fundamental
aspects of mixed oxidant reactions, 4. chemistry
and electrochemistry of hot corrosion, 5. mech-
anisms of corrosion/erosion interactions, 6. fun-
damental aspects of the creep/scaling interac-
tion, and 7. theoretical considerations in high
temperature corrosion, etc.

Papers simply reporting kinetics, morphol-
ogies, and product characterization are discour-
aged from submission here.

Suggestions and inquiries should be sent to
the Symposium Chairman: R. A. Rapp, Dept. of
Metallurgical Engineering, The Ohio State Uni-
Xg;sgy, 116 West 19th Ave., Columbus, OH

10.

DIELECTRICS AND INSULATION/
ELECTRODEPOSITION/ELECTRONICS

Electrophoretic Deposition

This symposium will cover the theory of elec-
trophoresis to deposition of organic polymers,
paints, and pigments for decorative, protective,
and electronic functional purposes. This will in-
clude ceramic particulate deposition for metal
glazing, glass application to electronic devices,
and codeposition of particulates for wear and
abrasion resistance, lubrication, and other ap-
plications requiring hardness, resistance to me-
chanical wear, electrical insulation, and other
highly specialized properties.

Suggestions and inquiries should be sent to
the Symposium Chairman: R. Scriven, PPG In-
dustries, P.O. Box 9, Allison Park, PA 15101, orK.
Hang, RCA Laboratories, David Sarnoff Re-
search Center, Princeton, NJ 08450.

DIELECTRICS AND
INSULATION/ELECTRONICS

Thin Films of Tunneling Dimensions

The purpose of this symposium is to promote
a dialogue between scientists interested in the
field of tunneling device physics with those
working in the area of thin film surface and inter-
face physics. Topics will include the following:
1. tunneling device processing, 2. thin oxide
growth processes on metals and semiconduct-
ors, 3. interface characterization, 4. barrier de-
fects and uniformity, 5. tunnel device physics, 6.
solar cells, 7. superconducting tunneling de-
vices, and 8. novel tunnel devices.

Suggestions and inquiries should be directed
to the Symposium Co-Chairmen: S. I. Raider,
IBM Corp., T. J. Watson Research Center, P.O.
Box 218, Yorktown Heights, NY 10598; E. H.
Nicollian, Bell Laboratories, Murray Hill, NJ
07974; or R. B. Comizzoli, Bell Laboratories,
Murray Hill, NJ 07974.

ELECTRONICS/DIELECTRICS AND
INSULATION

Second International Symposium on
VLSI Science and Technology: Materials
for High Speed/High Density
Applications

This symposium will focus on materials for
high speed/high density applications. The sym-
posium will be specifically on materials, elemen-
tal and compound, for high speed/high density
applications and will cover all aspects of materi-
als development: 1. synthesis, 2. bulk crystal
growth, 3. epitaxy, 4. dopant and impurity con-
trol, 5. formation and properties of dielectric and
insulation materials, 6. metallization and con-
tacts, 7. defects and control, and 8. materials
characterization, etc.

Detailed instructions concerning participa-
tion in this symposium appear in the special Call
for Papers appearing in the March, May, and
June 1983 issues of the Journal of the Electro-
chemical Society. The publication of a proceed-
ings volume, which will be available at the sym-
posium, is being planned.

Authors must submit five copies of a 500 word,
or longer, summary specifically stating the con-
tribution that the paper makes to the field. These
summaries will be used solely to select papers
for presentation at the symposium. In-depth re-
view papers which give wide coverage of a field
are also sought, and those eminent in the fields
of materials related device and VLSI technol-
ogies are invited to submit summaries. The sum-
maries should be submitted by September 10,
1983, to either of the Co-Chairmen: K. Bean,
Texas Instruments Inc., P.O. Box 25936, MS 147,
Dallas, TX 75265 or G. Rozgonyi, Microelec-
tronics Center of North Carolina, P.O. Box
12889, Research Triangle Park, NC 27709. Au-
thors submitting abstracts will be notified if their
papers have been accepted for presentation and
will be given specific instructions for subse-
quent manuscript preparation for the proceed-
ings.

Joint General Session

Papers that deal with all aspects of materials
of interest for electronic devices, including their
preparation, characterization, interactions, and
device applications, and whose subject matter is
not covered by the special symposia are invited
to be submitted to this session. Also invited are
papers on the basic chemistry and physics of
materials, processing, and computer modeling
of the formation and of the characterization of
materials and devices. Of particular interest are
new materials and processes.

Suggestions and inquiries should be sent to
the Session Co-Chairmen: P. L. Castro, Fawlett-
Packard Laboratories, 3500 Deer Creek Rd.,
Palo Alto, CA 94304; P. Rai-Choudhury,
Westinghouse Research and Development Cen-
ter, Beulah Rd., Pittsburgh, PA 15235; or G. C.
Schwartz, IBM Corp., Dept. 206, Bldg. 300-48A,
Hopewell Junction, NY 12533.

Joint Recent News Papers Session

Recent News Papers and Extended Recent
News Papers consisting of topics covered by the
symposia and sessions being sponsored or
cosponsored by the Electronics and Dielectrics
and Insulation Divisions are invited for presenta-
tion.

A special Call for Recent News Papers will ap-
pear in the January, February, and March 1984
issues of the JOURNAL.

Suggestions and inquiries should be sent to
the Session Chairman: W. A. Pliskin, IBM Corp.,
Dept. 04A, Internal Zip 48A, Hopewell Junction,
NY 12533.

ENERGY TECHNOLOGY
General Session

Papers are solicited in areas of energy conver-
sion and storage not covered by current sympo-
sia. Of particular interest are new developments
in photoelectrochemistry and novel methods for
energy storage and transmission. Suggestions
and inquiries should be sent to the session Co-
Chairmen: A. J. Appleby, EPRI, P.O. Box 10412,
Palo Alto, CA 94303 or V. K. Kapur, Arco Solar,
20554 Plummer St., Chatsworth, CA 91311.

HIGH TEMPERATURE
MATERIALS/DIELECTRICS AND
INSULATION/ELECTRONICS

Ninth International Conference on
Chemical Vapor Deposition

This conference will provide a forum for those
interested in CVD to exchange recent results.
The scope of this conference is broad and will in-
clude papers on the following topics: 1.
fundamentals—kinetics and gas flow dynamics;
2. measurement and control—in situ measure-
ments and computer controls; 3. methods—low
pressure, plasma, laser CVD, organometallic
sources, and new reactor designs; 4. silicon
epitaxy for VLSI—joint session with VLSI
symposium; 5. structures—films and crystals,
amorphous, polycrystalline, single crystal, and
semiconductors on insulators; 6. applica-
tions—electronics, optics, hard coatings, nu-
clear materials, refractory materials, corrosion
resist materials, and decorative coatings.

A proceedings volume will be published, and
deadlines are described in detail in the special
Call for Papers which appeared in the June and
July 1983 issue of the JOURNAL.

Suggestions and inquiries should be sent to
the conference Co-Chairmen: C. J. H. van den
Brekel, Philips Research Laboratories, 5600 JA
Eindhoven, The Netherlands; J. M. Blocher, Jr.,
915 Silvoor Lane, Oxford, OH 45056; G. W.
Cullen, RCA Laboratories, Princeton, NJ 08540;
P. Rai-Choudhury, Westinghouse R and D Cen-
ter, Beulah Rd., Pittsburgh, PA 15235; or McD.
gobizson, Bell Laboratories, Murray Hill, NJ

7974.

INDUSTRIAL ELECTROLYTIC

Advances in the Chlor-Alkali and
Chlorate Industry

This symposium will be concerned with recent
advances in chlor-alkali and chlorate pro-
cessing and equipment technology including
theoretical and experimental aspects. Papers
dealing with economic trends as affected by
market location, technology selection, raw ma-
terial costs, and shipping techniques will be in-
cluded. Technology review papers will also be
welcome.

Papers are solicited on the following general
topics: 1. economic impact of plant size, market
location, power costs, load leveling, cogen-
eration, and modular techniques; 2. brine treat-
ment and processing, salt handling and dissolv-
ing techniques, and brine evaporation; 3.
monopolar-biopolar cell design, current den-
sity, gas evolution, operating pressure, and
thermal balance; 4. anodes, cathodes, and mem-
branes and diaphragms; 5. cell room and plant
layout, equipment innovations, computer mod-
eling, and materials of construction; 6. analyt-
ical methods, computer and instrument control,
and safety and environmental control.
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Suggestions and inquiries should be sent to
the Chlor-Alkali Chairman: M. M. Silver, The
H. K. Ferguson Co., One Erieview Plaza,
Cleveland, OH 44114 or the Chlorate Chairman:
E. M. Spore, Kerr-McGee Chemical Corp., Kerr-
McGee Center, Oklahoma City, OK 73125.

General Session

Original papers concerning any aspect of in-
dustrial electrolysis not included in other sched-
uled symposia are invited for this session. Of
particular interest are new processes, develop-
ments, techniques, and application in industrial
electrochemistry.

Suggestions and inquiries should be sent to
the Session Chairman: R. S. Karpiuk, 4608
Bristol Ct., Midland, MI 48640.

INDUSTRIAL ELECTROLYTIC
DIVISION/ENERGY TECHNOLOGY
GROUP

Electrochemistry in Mineral and Metal
Processing

An international symposium concerned with
electrochemical aspects of concentrating and
extracting metals from sulfide ores is being
planned. Both fundamental and applied work
will be covered. Several areas are to be consid-
ered: 1. mineral flotation—surface properties of
sulfide minerals and thermodynamic aspects of
mineral collector interaction; 2. hydrometal-
lurgy—the focus here will be on dissolution re-
actions of sulfide minerals; and 3. electro-
winning and electrorefining. Emphasis on these
subjects will be on improving process efficiency
and conserving energy. Papers on the removal
and deposition of metals from dilute aqueous
solutions for pollution abatement are also
welcome.

The publication of a symposium volume is be-
ing considered. Suggestions and inquiries
should be submitted to the symposium Co-
Chairmen: S. Srinivasan, Los Alamos National
Laboratory, MS D429, Los Alamos, NM 87545; R.
Woods, Commonwealth Scientific and Indus-
trial Research Organization, P.O. Box 124, Port
Melbourne, Victoria 3207, Australia; or P.
Richardson, U.S. Dept. of Interior, Bureau of
Mines, 4900 LaSalle Rd., Avondale, MD.

LUMINESCENCE AND DISPLAY
MATERIALS

Luminescence in Biological and
Biomedical Applications

This symposium will cover several topics con-
cerned with luminescence in biological appli-
cations and the research and development of
luminescent materials for use in these same ap-
plications. Contributed papers are invited for
presentation in sessions to be organized around
the following topics: 1. phosphor development
and fluorescent lighting in agriculture and plant
growth; 2. phosphor development and uses as
tracers, e.g., agricultural insecticides and other
entomological studies; 3. phosphor develop-
ment and fluorescent lighting in animal hus-
bandry; 4. phosphor development and fluores-
cent lighting in suntanning and cosmetics; 5.
phosphor development and uses as biological
probes; 6. phosphor development and intensifi-
cation screen development in medical x-ray ra-
diography; 7. phosphor development and fluo-
rescent lighting in medical phototherapeutics,
e.g., psoriasis and neonatal hyperbilirubinemia;
8. phosphor development and fluorescent light-
ing in medical-surgical lighting; and 9. phos-
phor development and uses in denture technol-
ogy.

Invited keynote speakers are being planned
for some sessions for the purpose of providing
overviews of specific topic areas.

Suggestions and inquiries should be sent to
the Symposium Chairmen: C. F. Chenot, GTE
Products Corp., Hawes St., Towanda, PA 18848
or M. Tecotzky, USR Optonix Inc., P.O. Box 409,
Hackettstown, NJ 07840.

Phosphor Screening

This symposium will emphasize properties of
phosphors which relate to the performance or
fabrication of phosphor containing products
such as fluorescent lamps, CRT's, flat panels,
and high resolution display tubes.
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Examples of subjects for papers might typi-
cally include the following: 1. optical properties
of phosphors as they pertain to performance, 2.
surface properties of phosphors and their rela-
tionship to deposition techniques, and 3. novel
approaches to deposition such as dry screening.

Also invited are papers on the basic chemistry
and physics of materials processing.

Suggestions and inquiries should be sent to
the Symposium Co-Chairmen: M. R. Royce,
RCA Corp., New Holland Ave., Lancaster, PA
17604 or P. Toch, Raytheon Corp., 465 Centre
St., Quincy, MA 02169.

General Session

Papers concerning any aspect of lumines-
cence are invited. Groups of papers will be or-
ganized, wherever possible, into the following
topics: synthesis or characterization of lumines-
cent materials; luminescent properties of lamp,
cathode-ray tube, and x-ray phosphors; organic
and organometallic phosphors; lasers; electro-
luminescence, thermoluminescence, or
chemiluminescence; ultraviolet phosphors and
lamps; special properties or uses of luminescent
materials and luminescence theory.

Phosphor screening and luminescence of bio-
logical materials or biological uses of lumines-
cence papers should be submitted to the appro-
priate special subject symposium. Twenty-five
minutes will be allotted for each paper, includ-
ing discussion. Review or survey papers requir-
ing a longer time will also be considered.

Suggestions and inquiries should be sent to
the Symposium Chairmen: G. R. Gillooly, Gen-
eral Electric Co., 1099 Ivanhoe Rd., Cleveland,
OH 44110 or W. B. White, 210 Materials Re-
search Laboratory, The Pennsylvania State Uni-
versity, University Park, PA 16802.

Recent News Papers Session

Recent News Papers and Extended Recent
News Papers consisting of topics covered by the
symposia and sessions being sponsored or
cosponsored by the Luminescence and Display
Materials Group are invited for presentation.

A special call for Recent News Papers will ap-
pear in the January, February, and March 1984
issues of the JOURNAL.

Suggestions and inquiries should be sent to
the Session Chairman: T. E. Peters, GTE Labo-
ratories, 40 Sylvan Rd., Waltham, MA 02154.

NEW TECHNOLOGY/
ELECTRODEPQSITION/INDUSTRIAL
ELECTROLYTIC

Advance in Pollution Monitoring,
Pollution Control, and Metal Abatement
in Waste Streams

This symposium will study the changing face
of pollution measurement and removal. It will be
a forum for discussing new concepts and for
considering manufacturing systems which inte-
grate pollution management.

Appropriate topics include the following: 1.
electrochemical, membrane, and electromem-
brane treatment and recovery; 2. new waste
treatment/recycle concepts for industrial pro-
cesses; 3. electrochemical pollution moni-
toring; 4. new pollutant sensors; and 5. systems
which integrate pollution control, monitoring,
and recycling with manufacturing.

Both original research papers and reviews of
related areas are welcomed.

Suggestions and inquiries should be sent to
the Symposium Chairmen: D. D. Snyder, Gen-
eral Motors Corp., Research Laboratories, Elec-
trochemistry Dept., RCEL, Warren, MI 48090 or
R. Wilmoth, U.S. Environmental Protection
Agency, Cincinnati, OH 45268.

ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY

Biomass Electrochemistry

This symposium will cover electro-organic
syntheses of chemicals including fine chemicals
from biomass and biomass-derived starting ma-
terials. Such starting materials include natural
polymers such as cellulose, hemicelluloses,
starch, and lignins, as well as chemicals derived
from the polymers, such as monomers and de-
rived materials. Electrosyntheses utilizing
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biomass-derived chemicals such as those con-
tained in essential oils derived from plant materi-
als (e.g., from wood extractives or plant extrac-
tives in general) are also an integral part of this
symposium. Though major emphasis of the sym-
posium is directed towards synthetic processes.
relevant mechanistic papers will also be ac-
cepted. Both invited and contributed papers are
planned.

Suggestions and inquiries should be sent to
the Symposium Co-Chairmen: H. L. Chum,
Solar Energy Research Institute, 1617 Cole
Blvd., Golden, CO 80401 or J. H. P. Utley, Dept.
of Chemistry, Queen Mary College, University of
London, Mile End Rd., London E1 4NS, En-
gland.

Electro-Organic Synthesis

The main focus of this symposium will be on
laboratory scale (up to one Ib per day) electro-
chemical conversions of organic compounds.
Pilot-scale studies will be considered. Papers
are solicited describing syntheses using direct
or indirect electrochemical methods. Topics of
special interest include the following: electro-
chemistry of small molecules, solvated electron
reductions, organometallic electrosyntheses,
electrosyntheses based on biomass-derived
chemicals, electrochemistry of coal, use of new
electrode materials, process variable effects,
mechanistic aspects, and electroinitiated
polymerizations.

Suggestions and inquiries should be sent to
the Symposium Co-Chairmen: N. L. Weinberg,
Electrosynthesis Co., Inc., P.O. Box 16, East
Amherst, NY 14051 or S.J. Pietsch, Amoco
Chemicals Corp., P.O. Box 400, Naperville, IL

66.

Redox Mechanisms and Interfacial
Properties of Molecules of Biological
Importance. Il

This symposium will present papers dealing
with the applications of electrochemical and al-
lied techniques to elucidate the redox chemistry
and/or interfacial properties of naturally
occurring biomolecules and related model sys-
tems. Furthermore, papers will be presented,
and are solicited, concerned with newly devel-
oped techniques which might be employed to
help obtain mechanistic information concern-
ing the redox and interfacial behaviors of
biomolecules. Finally, it is hoped to obtain pa-
pers dealing with the application and develop-
ment of electrochemical techniques for the
analysis of biomolecules. Both invited and con-
tributed papers are planned.

Publication of a proceedings volume for the
symposium is being considered. Suggestions
and inquiries should be sent to G. Dryhurst,
Dept. of Chemistry, University of Okalahoma,
Norman, OK 73019.

General Session

Suggestions and inquiries should be sent to
the Session Chairman: J. H. Wagenknecht,
Monsanto Co., 800 North Lindbergh Blvd., St.
Louis, MO 63166.

PHYSICAL ELECTROCHEMISTRY
Ultramicroelectrodes

This symposium will cover all aspects of elec-
trochemical behavior at ultramicroelectrodes,
including kinetics, mass transport, fabrication,
and experimental applications. Work with single
electrodes or with arrays of electrodes is of
interest.

Suggestions and inquiries should be sent to
the Symposium Co-Chairmen: R. Mark Wight-
man, Dept. of Chemistry, Indiana University,
Bloomington, IN 47405 or L. R. Faulkner, Dept.
of Chemistry, University of Texas, Austin, TX

General Session

Papers concerning any aspect of physical
electrochemistry not included in the topic areas
of the symposia are welcome.

Suggestions and inquiries should be sent to
the Session Chairman: L. R. Faulkner, Dept. of
Chemistry, University of Texas, Austin, TX
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PHYSICAL ELECTROCHEMISTRY/
BATTERY/INDUSTRIAL ELECTROLYTIC

Separators and Membranes

This symposium will focus on a wide spectrum
of topics on separators and membranes. Of par-
ticular interest are the fundamental studies of
these materials and their applications to battery
systems and industrial electrolytic, separation,
and recovery processes. Papers are solicited on
the following topics: 1. synthesis and fabrication
of separators and membranes; 2. structure and
properties of separators and membranes; 3.
transport phenomena in ion selective mem-
branes; 4. performance of separators in
batteries and fuel cells; 5. theories and practices
inindustrial membrane processes such as chlor-
alkali membrane cells, electrodialysis, Donnan
dialysis, and others; and 6. modeling and
optimization studies.

Publication of a proceedings volume is being
planned. Suggestions and inquiries should be
sent to one of the Symposium Co-Chairmen:
D. N. Bennion, Dept. of Chemical Engineering,

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

350 CB, Brigham Young University, Provo, UT
84602; P. K. Ng, General Motors Corp., Re-
search Laboratories, Electrochemistry Dept.,
Warren, Ml 48090-9055; or R. S. Yeo, Pinnacle
Research Institute, 10432 North Tantau Ave.,'
Cupertino, CA 95014.

PHYSICAL ELECTROCHEMISTRY/
CORROSION/BATTERY/ENERGY
TECHNOLOGY/HIGH TEMPERATURE
MATERIALS

In Situ Nonelectroch | Techniq
for the Study of Electrode Reactions

Papers are solicited which are concerned with
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