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FUTURE MEETINGS

LAS VEGAS, NEVADA—OCTOBER 13-18, 1985—HEADQUARTERS AT CAESAR’S PALACE
Final program published in the August 1985 issue of This Journal.

BOSTON, MASSACHUSETTS—MAY 4-9, 1986—HEADQUARTERS AT SHERATON BOSTON HOTEL

See the detailed Call for Papers published in the July-November 1985 issues of This Journal. Final program to be published in
the March 1986 issue of This Journal.

SAN DIEGO, CALIFORNIA—OCTOBER 19-24, 1986—HEADQUARTERS AT THE TOWN AND COUNTRY HOTEL

The detailed Call for Papers will be published in the December 1985-April 1986 issues of This Journal. Final program to be
published in the August 1986 issue of This Journal.

Planned symposia for the San Diego Meeting include the following Divisions, Groups, Subcommittee, and subjects.
Battery—Lithium Battery; Stored Hydrogen Batteries; Sodium-Sulfur Battery; General Session. Battery/Physical
Electrochemistry—Electrochemical and Thermal Modeling; Fuel Cell Electrochemistry and Electrolysis. Corrosion—Surfaces,
Sorption, and Inhibition (Norman Hackerman 75th Birthday Symposium); Corrosion Protection by Organic Coatings; General
Session. Corrosion/High Temperature Materials—Corrosion of Aerospace Materials. Dielectrics and Insulation/Electronics—
Isolation Technology; Sixth Symposium on Plasma Processing; Multilevel Interconnect and Contact Technology. Dielectrics
and Insulation/Electronics/High Temperature Materials—Silicon Nitride and Silicon Dioxide Thin Films.
Electrodeposition—Electrodeposition Technology—Theory and Practice in Different Industries; General Session.
Electrodeposition/Physical Electrochemistry—Electrosolidification and Crystallization. Electronics— Entrepreneurship in
the Semiconductor Industry. Electronics/Dielectrics and Insulation—State-of-the-Art Program on Compound Semiconduc-
tors V; Silicon Process Physics and Modeling; lon Implantation of Compound Semiconductors; Joint General Session; Joint
Recent News Papers Session. Electronics/Luminescence and Display Materials—Microstructured Silicon Sensors. Energy
Technology—Electrolyte Management in Electrochemical Energy Systems; Thermodynamic Analysis of Energy Systems;
Protonic and Hydroxyl Electrolytes for Use in Electrochemical Devices; Mechanical Properties of Photovoltaic Device Struc-
tures; General Session. Energy Technology/Physical Electrochemistry—Semiconductor-Electrolyte Interfaces. High Temper-
ature Materials/Corrosion/Dielectrics and Insulation/Electrodeposition—Protective Coatings at Elevated Temperatures. High
Temperature Materials/Physical Electrochemistry/Electronics—Electrical Properties and Applications of Amorphous Materi-
als. Industrial Electrolytic—Industrial Processes for the Production of Organic and Specialty Chemicals. Industrial
Electrolytic/High Temperature Materials—Industrial Electrolysis of Fused Salts. Luminescence and Display
Materials—Physics and Chemistry of Lamp Phosphors; Lamp Manufacture and Performance; Light Modulation in Optical Pro-
cessing; X-Ray Imaging; Picosecond and Faster Phenomenain Luminescence; General Session; Recent News Papers Session.
Luminescence and Display Materials/Dielectrics and Insulation—Materials and Fabrication Techniques for Display Devices.
Luminescence and Display Materials/Electronics—Sensors for Robot Applications. Luminescence and Display
Materials/Electronics/New Technology Subcommittee—Robotics for Use in Manufacture of Electronic Devices. Physical
Electrochemistry—General Session. Physical Electrochemistry/High Temperature Materials/Battery—Solid Electrolytes.

PHILADELPHIA, PENNSYLVANIA—MAY 10-15, 1987—HEADQUARTERS AT ADAM’S MARK HOTEL

The detailed Call for Papers will be published in the July-November 1986 issues of This Journal. Final Program to be pub-
lished in the March 1987 issue of This Journal.

Planned symposia for the Philadelphia Meeting include the following Divisions, Groups, Subcommittee, and subjects.
Corroslon—General Sessions. Corrosion/Energy Technology—Electrochemistry of Coal Slurries. Dlelectrics and
Insulation—Coatings and Media for Magnetic Recording; Nonblodgett Monomolecular Films. Dielectrics and
Insulation/Electronics—Fourth International Symposium on VLSI Science and Technology; Semiconductor Manufacturing
Science and Clean Room Technology; Contactless Testing of Semiconductor Devices; State-of-the-Art Program on Compound
Semiconductors VI; Interconnects and Contacts for Compound Semiconductors; Joint General Session; Joint Recent News
Papers Session. Energy Technology—General Session. Energy Technology/Industrial Electrolytic—Application of Fuel Cell
Electrodes in Electrolytic Industries. Energy Technology/Physical Electrochemistry/Electrodeposition—Electrochemistry
and Tribology. Energy Technology/Physical Electrochemistry/Organic and Biological Electrochemistry—Applications of
Macromolecules in Energy Conversion. High Temperature Materials --Rapidly Solidified Materials. High Temperature
Materlals/Battery/Corrosion—Materials and Processing for Soiid Oxide Fuiel Cells. High Temperature Materials/Corrosion/ Di-
electrics and Insulation/Physical Electrochemistry-—/n s/tu  Nonelectrochemical Techniques. High Temperature
Materials/Dielectrics and Insulation—Chemical Interactions in Ceramic Composites; Laser-Induced Chemical Reactions. In-
dustrial Electrolytic—General Session. Industrial Electrolytic/Physicai Electrochemistry—Electrochemistry in Mineral and
Metal Processing Il. Physical Electrochemisiry—The Electrical Dcuble Layer; Quartum Effects in Electrochemistry; General
Session. Physical Electrochemistry/Battery—Nonaqiiecus Elecirochemistry. Physical Electrochemistry/Battery/Energy
Technology—Electrode Materials and Processes for Energy Conversion and Storage. Physical Electrochemistry/New Tech-
nology Subcommittee—Magnetic Eftects in Electrochemistry.
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ABSTRACT

Pressure-temperature-voltage relationships in hermetically sealed high rate Li/SOCI, cells have been studied using
specially instrumented C-size cells. The cells generated considerably lower pressures than those expected on the basis
of established discharge reactions. This is believed to be due to the SO, generated being complexed by LiAlCl, and/or
absorbed by the carbon cathode. Li-limited cells produced lower internal temperatures and pressures towards the end of
discharge and during voltage reversal than cathode-limited cells. In high rate discharge involving >10 mA/cm?, Co-TAA-
catalyzed cathode cells exhibited higher capacities and lower IR heating than uncatalyzed cells. Li-limited Co-TAA cata-
lyzed cathode cells appear to be a desirable design for high rate applications.

The Li/SOCI, battery is a very attractive high energy
density system for many high power applications since it
can provide load voltages near 3.0V under high current
drains. However, high rate applications are generally lim-
ited by safety hazards that occur under certain conditions
of operation such as forced overdischarge or by poor
cathode performance. Several recent papers have exam-
ined some of the factors that can affect cell performance
and safety in SOCI, cells. Cell design is one such factor.
Early studies with spirally wound cells revealed that
some anode-limited cells exhibited hazardous behavior
during forced overdischarge at low rates (1, 2). These cells
were considered anode limited rather than Li limited
since substantial amounts of Li remained on the anode
despite anode potentials greater than 4.0V. This was at-
tributed to poor electrical contact between the Li and the
anode grid. Recent studies confirm that during high rate
cell reversal, cathode-limited cells were more hazardous
than those of Li-limited design (3).

A great deal of work has also been devoted to improv-
ing cell performance via the use of catalysts. Studies
show that both organic macrocyclic (4) and inorganic (5)
additives substantially improve cathode performance, es-
pecially at low temperatures. Recently, the use of cobalt
tetraazaannulene complexes as catalysts has been pro-
posed to enhance the safety of the SOCI, system by al-
tering the discharge mechanism so that no pressure
building SO, product is generated (6).

The presence of water as a safety factor in SOCI, cells
has received little attention. Studies have primarily ad-
dressed the effect of water on voltage delay or hydrolysis
reactions that produce HCI or H, gas (7-9). Water has been
shown to increase cell capacity of reverse polarity SOCl,
cells following storage at room temperature (10).

Despite the fact that no energetic products capable of
causing detonations have been found, occasionally SOCI,
cells have exhibited explosive behavior. Indeed the
mechanism of generating safety hazards is still not well
understood.

*Electrochemical Society Active Member.

To date, very little has been reported on the physio-
chemical characteristics of Li/SOCI, cells discharged un-
der high rate regimes. In particular, a detailed knowledge
of the cell’s internal pressure-temperature-electrode po-
tential behavior and its dependence on discharge rates,
depth of discharge, and environmental temperatures are
extremely important for the ultimate description of safe
cells.

By using specially instrumented cells, we have reex-
amined the effects of cell design, catalysis, and water on
the  performance-chemistry-safety  relationship  of
Li/SOCI, cells.

Experimental

Cell construction.—Specially instrumented, spirally
wound C-size Li/SOCI, cells, manufactured by Hellesens
Battery Engineering, Incorporated (Hyde Park, Massa-
chusetts), were used in this study. Each cell contained a
vent mechanism designed to vent at ~250 psig. A stain-
less steel threaded bushing fitted with a removable plug
was incorporated into the cell top. This allowed electro-
lyte sampling and the installation of a pressure trans-
ducer (Precise Sensor, Incorporated, Monrovia, Cali-
fornia) capable of measuring the internal pressure of the
cell in the 0-500 psig range. The temperatures at two dif-
ferent points on a horizontal plane perpendicular to the
cell wall were measured using internal and external iron-
constantan thermocouples. The internal thermocouple
was 0.010 in. diam with a 304 stainless steel sheath placed
in a 0.020 in. id-0.040 in. od closed tube positioned at the
core of the spiral electrode package halfway down the
electrode length. This permitted the thermocouple to be
isolated from the electrolyte yet provided rapid response
to temperature changes. The cell skin temperature was
measured by an external thermocouple held in place at
the middle of the cell height by the heat-shrinkable cell
jacket. Each cell contained a Li reference electrode to en-
able measurements of individual electrode potentials dur-
ing discharge. All other components had conventional
characteristics of commercial cells.
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Cell specifications.—Cells were designed as cathode
and Li limited. The specifications of the cathode-limited
cells were as follows: dimensions of the Li anode were
0.058 x 29.2 x 3.8 cm: Li weight of 2.4 + 0.2g. The dimen-
sions of the cathode were 0.064 x 25.4 x 3.8 cm; the car-
bon weight was 3.3 = 0.5g. The electrolyte was 1.8M
LiAICl, in SOClL,; its weight was 19.5-20g. The void vol-
ume was 1.5-1.8 ml based on electrolyte deletion. The av-
erage weight of the cathode-limited cell was 63g. The cell
volume was 29.5 cm?®.

The specifications of the Li-limited cells were as fol-
lows. The dimensions of the Li anode were 0.023 x 37.5 X
3.8 cm; the Li weight was 1.10 + 0.15g. The dimensions of
the cathode were 0.064 x 33 x 3.8 cm; the carbon weight
was 4.3 + 0.5g. The electrolyte was 1.8M LiAICl, in SOCIl,,
and its weight was 24.5-25g. The void volume was 1.5-1.8
ml based on electrolyte deletion. The average weight of
the Li-limited cell was 68g, and the cell volume 29.5 cm®.

Dry electrolyte, containing less than 10 ppm of water,
was used for all cells. The “dry” cells contained ~50 ppm
water. “Wet” cells containing ~500 ppm of water were
prepared by adding water to the dry electrolyte in a
controlled manner.

Catalyst.—Cathodes were prepared from Shawinigan
acetylene black. In addition to the regular cathodes, those
containing 5 weight percent of dibenzotetraazaannulene
complex of cobalt (Co-TAA) as a catalyst additive were
used. The catalyzed cathodes were prepared by mixing
the carbon with the catalyst and then heat-treating the
mixture at 500°C under inert gas. After cooling, this mix-
ture was made into a paste with water, isopropanol, and
Teflon binder, and then dried below 100°C. The mixture
was cured by heating to ~275°C under inert gas. At no
time was the catalyst heated above 100°C in air. The possi-
bility exists that the catalyst undergoes structural pertur-
bations during the heat-treatment at 500°C; however, we
did not investigate this.

Testing and analysis.—Prior to electrochemical experi-
ments, the cell was housed inside a specially designed
test chamber (11) provided with feedthroughs for electri-
cal connections and ports for collecting gases and liquid.
A stainless steel capillary tubing with 0.5 cm® of void vol-
ume connected the pressure transducer located on the
outside of the chamber to the cell inside. The chamber
was housed in a constant temperature environmental
chamber prior to electrochemical tests. Standard electro-
chemical equipment was used. Data collection and re-
trieval were done with Bascom-Turner Instruments
Series 8000 recorders equipped with microprocessor ac-
cessories.

Cell postmortem and sample collection for analyses
were done in a Vacuum Atmospheres dry box maintained
with an Ar atmosphere. Infrared (IR) spectra were re-
corded on a Beckman Acculab-5 double-beam spectrome-
ter. X-ray data were obtained by the Debye-Scherrer tech-
nique. Gas chromatographic (GC) analysis of volatile
materials from the cells were performed on a Varian 920
Gas Chromatograph equipped with a thermal conductiv-
ity detector and a 6 ft chromosorb Analabs column.

The water content of the cells was measured by remov-
ing electrolyte samples from cells stored one week. The
hydrolysis products present were analyzed using infrared
spectroscopy and quantitatively measured against IR cali-
bration curves prepared from samples of the dry electro-
lyte containing known amounts of water.

Results and Discussion

The discharge and overdischarge data and the related
pressure-temperature behavior for cathode-limited cells
containing uncatalyzed cathodes are given in Fig. 1 and 2.
The temperature and pressure changes which accompany
the discharge and overdischarge at 0.2A (~1 mA/cm?) are
rather minor. The temperature and pressure increase
slightly at the end of discharge when the cell potential ap-
proaches 0 V. The internal pressure after the voltage re-
versal remains at a slightly higher value than that during
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Fig. 1. Temperature, pressure, and voltage data for an lyzed

cathode-limited Li/SOCI, cell discharged at 0.20A at room temperature.

normal discharge. The data in Fig. 2 for the discharge and
overdischarge at 2A (~10 mA/cm?) show that the internal
temperature increased to ~50°C during the course of the
first 15% of discharge and remained at this value until
the end of the normal discharge. The internal pressure in-
creased slightly during the course of the normal dis-
charge, but attained a maximum of only ~25 pounds per
square inch (psi) at the 100% depth-of-discharge stage to a
2.0V limit.

By using the following information and the cell geome-
try and specifications given in the Experimental section,
we have calculated the internal pressure of the cells on
the basis of the generally accepted cell discharge reaction
given below

4Li + 2S0Cl, —» SO, + S + 4LiCl [1]

The vapor pressure of SO, at 50°C is about 130 psi (12).
The solubilities of SO, in SOCl, and SOCL/LiAICl, are
given in Ref. (13). The calculated volume reduction which
accompanies the Li/SOCI, cell discharge is 0.56 ml/Ah
(14).

The pressure of the cell discharged at 2A was calculated
to be at least 130 psi from the 75% depth-of-discharge
stage onwards. The observed pressures were much lower.
In addition, the internal temperature increases to ~115°C
during the early stages of voltage reversal. At this temper-
ature, an amount of SO, produced according to Eq. [1]
would have generated a pressure of at least 500 psi. The
measured maximum pressure is only ~140 psi, slightly
lower than the cell venting pressure of ~250 psi. As the
data in Table I show, the internal pressures are
significantly lower than that expected on the basis of the
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Fig. 2. Temperature, pressure, and voltage data for an uncatalyzed
cathode-limited Li/SOCI, discharged at 2.0A at room temperature.
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Table I. Averaged p p beh and safety characteristics of uncatalyzed Li/SOCI, C-cells
Discharge Environmental Capacity (Ah) Extent of
current temperature to overdischarge Maximum internal Maximum internal
Cell type® (A) (°C) 2.0V 0.0V (Ah) temp. (°C)* pressure (psig)®

AW 2.0 20 2.54 2.63 >5 79 73
AW 2.0 ~12 2.20 2.37 >5 54 L2
AD 0.2 20 2.90 3.0 >5 30 5
AD 2.0 20 2.66 2.95 >5 73 70
A-D 2.0 -12 2.63 2.90 >5 53 L]
A-D¢ 3.0 20 2.61 2.90 >5 95 T2
C-D 0.2 20 4.75 485 >7 30 i
CD 0.2 —12 2.70 2.88 >5 b b
C-D 2.0 20 3.45 3.59 >7 102 138
C-D 2.0 -12 1.60 2.16 >7 58 U
C-D 3.0 20 2.25 24 >7 130 153
c-w 2.0 20 3.26 3.42 >7 117 158
c-w 2.0 -12 1.74 2.10 >7 71 b

a A-W: Li-limited wet cells containing 500 ppm added H,O. A-D: Li-limited dry cells. C-D: cathode-limited dry cells. C-W: cathode-limited

wet cells containing 500 ppm added H,0.

b Pressure transducer response at —12°C was poor, so pressure data were unreliable.

< Average of five cells for each test current. No cells vented.

4 At a 3.0A rate, cell became cathode limited and vented after ~3 Ah overdischarge.

SO, stoichiometry of Eq. [1]. Complexation of the SO, by
LiAIC], (15), the absorption of SO, by carbon (10), and/or
the presence of a significant amount of the low volatile
(SO), rather than its decomposition products S and SO,
may be occurring (16). The minimum amount of LiAICl,
in our cells is ~0.02 mol, which is sufficient to complex
all the SO, produced at the 2.0A rate according to Eq. [1]
to form an adduct of the composition [Li'(SO,),AlCl,~].
Raman spectroscopic studies have revealed the existence
of such complexes in LiAICl, solutions in SO, (15). How-
ever, there is strong evidence for significant absorption
of SO, by Shawinigan carbon (10). The desorption of this
SO, gas is reflected in the rapid pressure rise accompa-
nying the temperature increase seen in the early stages of
overdischarge. If it were not for a built-in SO, scavenging
mechanism, the Li/SOCI, cell would produce excessive
internal pressures capable of potentially violent venting,
especially during early stages of cell reversal. If the
scavenging mechanism involves the formation of SO, ad-
ducts with LiAICl,, then the salt concentration is critical:
cells with higher salt concentrations should be safer.
However, a lower salt concentration is a widely recog-
nized remedy for alleviating voltage delays in the
Li/SOCI, cell (16).

Some typical data for uncatalyzed cells are given in
Table I. The temperature and pressure maxima reached
in the Li-limited cells were considerably lower than the
cathode-limited cells as illustrated by a comparison of the
data in Fig. 2 and 3. A substantial fraction of the internal
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Fig. 3. Temperature, pressure, and voltage data for an uncatalyzed Li-
limited Li/SOCI, cell discharged at 2.0A at room temperature.

heating at the end of cell life in cathode-limited cells at
both 20° and —12°C was associated with cathode polariza-
tion. Very little cathode polarization occurred in Li-
limited cells.

The effects of environmental temperature and the addi-
tion of 500 ppm H,O on uncatalyzed cell performance are
also tabulated in Table I. The data are averaged over five
discharges for each type of cell. Some of the observations
follow.

1. Addition of water showed no adverse affect on volt-
age delay at either 20° or —12°C. Cells with and without
the added water showed substantial voltage delays when
discharged at >10 mA/cm? at —12°C. In both types of cells,
the voltage delay exceeded 60s of time to recover to 2.0V.
Previous studies have examined the effects of smaller ad-
ditions of water on voltage delay after storage at 23° and
55°C. Subsequent to room temperature storage for 1
month, cells containing an additional 100 ppm water dis-
played a decreased delay and attained their running po-
tentials faster (10). Interestingly, partially discharged and
stored cells behaved as well as fresh cells. Thus cells dis-
charged for 1 Ah at 2.0A and stored 4 months at ambient
room temperature experienced no voltage delay on
redischarge at 2.0A (14 mA/cm? Lj) at room temperature.
The same type of cells redischarged at 3.0A (27 mA/cm?
Li) did exhibit a voltage delay.

2. The internal temperature and pressure maxima at 2A
at —12°C were substantially lower than that found at 20°C.
The internal temperature of cathode-limited cells was al-
ways higher in the presence of added water. Data for a
cathode-limited cell overdischarged at —12°C are illus-
trated in Fig. 4.

3. As seen in Table I, the capacity of the Li-limited cells
was decreased ~11% at 20°C and ~18% at —12°C by addi-
tion of the water.

4. Two cells each from the four types of uncatalyzed
cells were stored 4 months after having been discharged
for 1 Ah at 2.0A current. The pressure generated after 4
months storage was 42% greater in the “wet” cells.

In general, the uncatalyzed cathode- and Li-limited
cells exhibited safe behavior during extended periods of
forced overdischarge at both the 0.2 and 2.0A rates. No
cells vented.

Effect of Co-TAA catalyst.—The benefits of Co-TAA ca-
talysis in 1/2 AA Li/SOC], cells have been recently cited.
These include superior cell performance, significant re-
duction in voltage delay, and a new SO,free reduction
mechanism (6, 17). Our studies revealed that the addition
of Co-TAA affected the behavior of Li/SOCI, cells in the
following manner.

1. Increased voltages.—The catalyst gives rise to higher
load voltages at the 2.0A and higher discharge rates. Typi-
cal discharge and overdischarge data at 2.0A at 20°C for
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Fig. 4. Temperature, pressure, and voltage data for an uncatalyzed
cathode-limited Li/SOCI, cell containing 500 ppm H,O discharged at
2.0A at —12°C. Because of the poor response of the transducer, the
pressure reading may not be accurate.

cathode and Li-limited cells are-depicted in Fig. 5 and 6,
respectively. The cathode potential profiles vs. the lith-
ium reference electrode indicate that the higher voltage
results largely from improvements in cathode load
voltages—polarization of the catalyzed cathodes at the
higher currents is considerably lower than in the
uncatalyzed cells. In general, for both wet and dry cells
discharged at —12° and 20°C, the average middischarge
voltage was ~10 and 20% higher in cathode- and Li-
limited cells, respectively, when the catalyst was present.

2. Increased performance.—The effect of catalyst on in-
creasing the average cell capacity is shown in Table IIIL
The data indicate that wet cathode-limited cells dis-
charged at high rates and low temperatures benefit most
from the catalyst.

The cells discharged at low temperatures exhibited the
most pronounced effect of the catalyst. Even at low rates,
where no beneficial effect was expected, cathode-limited
cells discharged at —12°C at 0.2A (0.8 mA/cm?) showed a
55% improvement in cell capacity. As Table III indicates,

CAPACITY, A-HR
Fig. 5. Temperature, pressure, and voltage data for a catalyzed
cathode-limited Li/SOCI, cell discharged at 2.0A at room temperature.

at the 2.0A rate at —12°C these cells had approximately a
T74% average increase in cell capacity. At double the rate,
4.0A, the same cells containing catalyst had a 28% larger
average capacity at —12°C than uncatalyzed cells dis-
charged at only a 2.0A rate. Indeed, the catalyst was most
effective at higher discharge rates. Dry cathode-limited
cells discharged at 20°C at 0.2, 2.0, and 3.0A rates showed
a 8.6, 20.3, and 61.2% increase, respectively, in cell capac-
ity with added catalyst.

Interestingly, as Table III indicates, the catalyst was
most effective in enhancing the capacity of cells con-
taining 500 ppm H,O. In Li-limited cells, the catalyst ap-
pears to have negated the detrimental effect of water, per-
haps by inhibiting corrosion of the anode. The water or
hydrolysis products may play a role in the catalysis mech-
anism to increase the capacity of cathode-limited cells.

3. Lower internal temperatures and pressures.—Catalyzed
cells exhibited lower average internal temperatures
(~40°C) during discharge compared with uncatalyzed
cells (~50°C). This difference was also reflected in the
temperature maximum accompanying cell reversal. The

Table Il. Pressure-temperature behavior and safety characteristics of catalyzed Li/SOCI, C-cells

Discharge Environmental Capacity (Ah)* Extent of
current temp. to overdischarge Maximum internal Maximum internal
Cell type® (A) C) 2.0V 0.0V (Ah) temp. (°C) pressure (psig)®
C-A-D 0.2 20 3.20 3.24 >5 31 20
C-A-D 2 20 2.92 2.98 >5 65 57
C-A-D 2 -12 2.94 2.90 >5 43 5
C-A-W 2 20 3.05 3.15 >5 65 55
C-A-W 2 -12 2.91 3.17 >5 45 ]
C-A-D¢ 3 20 2.86 2.92 >5 74 B
C-A-D* 4 20 2.93 3.06 >5 131 140
C-A-We 4 20 2.98 3.02 >5 145 L
C-A-We 5 20 2.99 3.02 2 >200 190
C-C-D 0.2 20 5.15 5.20 >7 37 20
C-C-D 0.2 -12 4.60 4.72 >7 4 U
C-C-D 2 20 4.16 4.32 >7 102 74
C-C-D¢ 3 20 3.80 3.95 >7 150 236
C-C-D¢ 4 20 3.14 3.53 >7 150 350
C-C-D 2 -12 3.23 3.51 >7 69 B
C-C-D 3 -12 3.12 3.40 >7 130 B
C-C-w 2 -12 3.52 3.87 >7 68 b
C-C-W 2 20 4.39 4.52 >7 84 76
C-C-we 3 20 3.82 3.97 >7 146 218
C-C-wr 4 20 3.38 3.53 2 >200 >300

# C-A-D: catalyzed Li-limited dry cells. C-A-W: catalyzed Li-limited wet cells. C-C-D: catalyzed cathode-limited dry cells. C-C-W: catalyzed

cathode-limited wet cells.

b Pressure transducer response at —12°C was too poor to obtain reliable data.

¢ Average of three or four cells for each current.
4 Only one or two cells used in this category.

¢ One cell vented.

f Two out of two cells vented.
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Fig. 6. Temperature, pressure, and voltage data for a catalyzed Li-
limited Li/SOCI, cell discharged at 2.0A at room temperature.

data in Tables I and II reveal that addition of catalyst to
cathode-limited wet cells reduced the average internal
temperature ~28% during overdischarge at room temper-
ature.

Cells which experienced lower internal temperatures
also displayed lower pressure maxima. Upon addition of
the Co-TAA catalyst, the average pressure maxima in
type A-D, A-W, C-D, and C-W cells were reduced 19, 25,
46, and 52%, respectively.

Our results so far indicate that the catalyst is ineffective
in reducing the resistive heating which accompanies the
steep drop in cell voltages at the end of discharge and
during early stages of cell reversal. On the other hand, the
catalyst appears to be effective in lowering cell polariza-
tions during high rate discharge. As a result, the catalyzed
cells maintain an overall lower internal temperature pro-
file relative to uncatalyzed cells.

Indeed, the pressure-temperature profiles which ac-
company cell reversal at high rates were significantly
better in the Li-limited cells. Since Co-TAA catalyzed
cells exhibited lower cathode polarizations and higher
capacities, Li-limited catalyzed cells are a highly desirable
design for high rate applications with practically attrac-
tive capacities. It should be noted that our Li-limited test
cells were not optimized. Larger anodes would have pro-
vided additional capacity.

Discharge data for one of the lithium-limited catalyzed
cells tested at a constant current of 4.0A are given in Fig.
7. None of the dry Li-limited cells vented at the 4.0A rate.
Similar cells have been discharged and forced overdis-
charged at currents up to 5.0A to monitor their pressure-
temperature profiles and safety characteristics.

Co-TAA catalyzed cathode-limited cells have also
shown higher useful capacities and lower polarizations at
the 3.0 and 4.0A discharge rates. However, in this design,
the internal temperature during reversal at 4.0A rises to
very high values, approaching the melting point of Li.
One of the catalyzed cathode-limited cells tested at 3.0A

Table IlI. Effect of catalyst on increasing the average cell capacity

Increase in
average cell capacity
Discharge Cell (%)
Temp. (°C) rate (A) balance* Dry Wet
20 2.0 A 1 20
20 2.0 C 20 32
20 3.0 C 61 —
-12 2.0 A 0 34
-12 2.0 C 63 84

# A = Li limited. C = cathode limited.
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Fig. 7. Temperature, pressure, and voltage data for a catalyzed Li-
limited Li/SOCI, cell discharged at 4.0A at room temperature.

and two cells tested at 4.0A vented following reversal.
The venting occurred during the high temperature excur-
sion. Typically, the cells first vented relieving the inter-
nal pressure. Soon after, a second highly exothermic reac-
tion seemed to take place increasing the internal
temperatures to excessively high values (Fig. 8). A num-
ber of products have been identified in the gases col-
lected from vented cells wide infra).

Constant current vs. constant load discharge.—The
pressure-temperature behavior observed at the end of cell
discharge would be different in constant current and con-
stant load discharges. Since the current decreases sub-
stantially as the voltage falls towards 0.0 V in a constant
load discharge, cell heating would be much less com-
pared to a constant current discharge. This is illustrated
in Fig. 9 for a catalyzed cell discharged through a 1.0Q
load. The constant current data are most relevant to cells
in series connected batteries.

Cell chemistry.—Gas analysis.—Vapor phase IR spectra
and GC analysis were performed on collected gases. The
results indicate: (i) SO, is a discharge product of catalyzed
cells; (i1) HCI gas was most often found in wet cells with
high internal temperatures; and (iii) cells exhibiting the
largest temperature rise generated the largest amount of
the carbonaceous gases, COS, CO,, and CS,; specifically,
they were cells discharged at high rates, cathode-limited
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Fig. 8. Temperature, pressure, and voltage data for a catalyzed
cathode-limited cell discharged at 3.0A at room temperature.
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Table IV. X-ray diffraction data for cathodes from uncatalyzed cells at 2.0A at 20°C
Cell dis- Cathode-limited Li-limited S (rhombo-
charged 50% cell* cell LiCI" hedral)® LiAICL," Li,O"
d @) 11, d@&) 1, d @A) m, d @A) 11, d @A) m, d@) u, d @A) 11,
5.711 40 9.98 Diffuse® 5.82 50
5.09 40 8.44 Diffuse® 4.88 40
3.78 60 5.90 Diffuse* 5.40 60 4.76 50
3.61 60 5.06 4.60 50
3.21 100 3.82 30 3.87 80 3.89 100 3.25 75
3.39 10 3.45 30 342 80 3.00 60
3.05 10 2.99 10 3.21 10 2.89 100
2.92 20 2.95 100 2.96 40 2.97 100 2.86 75 2.66 100
2.72 10 2.70 40 2.72 100 2.1 100 2.83 7%
2.52 40 2.56 100 2.56 60 2.57 86 2.713 20
2.27 70 2.49 20
2.28 10
2.16 30 221 50
2.03 60
1.95 20 2.11 5 221 40 2.22 25
1.92 50 2.03 10 2.08 20 2.19 35
1.80 20 1.90 20 1.92 80 2.02 80
1.81 90 1.86 10 1.95 40
1.74 50 1.55 80 1.81 30 1.82 58 1.92 80 1.63 40
1.65 10 1.48 70 1.71 20 1.82 80
1.63 10 1.28 50 1.68 10 1.72 40
1.50 20 121 30 1.57 90 1.65 80
147 30 1.17 60 1.54 10 1.55 29 1.56 80
1.15 70 1.48 10 1.48 16 1.49 80 1.39 16
1.40 10 1.42 5
1.37 10 1.36 60 135 60
1.35 10 1.33 10 1.32 20
131 20 1.28 20 1.28 4
1.22 40 1.21 70 1.23 10
1.18 10 1.18 10 1.19 20
1.15 10 1.15 12 1.17 20

2 Forced overdischarged > 150% of the discharge capacity.

b Literature data from the ASTM files. In contrast to rhombohedral sulfur, the monoclinic form has primarily three strong lines at 6.6 (25),
3.74 (20), and 3.29A (100%).

¢ The diffuse lines at high d values are carbon background lines.

cells, and cells that vented. Comparison of Fig. 7 and 8 re- tions of carbon with S and SO,. Evidently, rather high

veals cathode-limited cells have higher internal tempera-
tures.

Gases collected from cathode-limited cells forced over-
discharged at > 3A showed small amounts of COS and
CO,, in addition to SOC], and SO,. Appreciable quantities
of these carbon containing gases and some CS, were
found in all cells that vented during forced overdischarge.
The cells that vented at high discharge rates generally
were those containing the 500 ppm of water. These cells
displayed the greatest amounts of HCI.

The formation of these gases typically accompanied or
followed the large temperature increase which occurred
in the early stages of voltage reversal. It appears the car-
bonaceous gases are produced in thermally initiated reac-

temperatures are required for the formation of these ma-
terials. Hence, the carbon cathode seems to play a major
role in the safety hazards.

Analysis of solids.—Tables IV and V summarize x-ray
data on cathodes taken from various discharged and
overdischarged uncatalyzed and catalyzed cells. Recent
x-ray studies on overdischarged (19) and 100% discharged
(20) cells have been interpreted to involve the formation
of Li,O, under those circumstances. It should be noted
that the x-ray data for Li,O, can be accounted for by the
combined x-ray powder patterns of LiCl and rhombohe-
dral sulfur. It has been proposed that the Co-TAA catalyst
alters the mechanism of SOCI, reduction to form Li,O (6).

Table V. X-ray diffraction data of cathodes

from catalyzed cathode-limited cells
CATHODE VS. LI REFERENCE
3 1 Discharged at 3A to 0.0V Forced overdischarged at
at room temperature 2A at room temperature
CELL POTENTIAL
2t ERE: d @) 1, d @) u,
7]
5 3|8
g s 1,18 9.38 Diffuse 9.94 Diffuse
i LU ] 8.09 Diffuse 8.53 Diffuse
< T _ 5.61 Diffuse 5.67 Diffuse
E ANODE VS. LI REFERENCE ® 4.88 Diffuse 5.13 Diffuse
] 2] 3.87 20 3.82 30
= b 480
2 3.40 10 2.96 100
= INTERNAL 3.17 10 2.70 90
o -2} TEMPERATURE 460150 3.04 5 2.56 100
o 2.93 100 2.20 10
4l | 2.81 5 1.91 10
EXTERNAL TEMPERATURE 2.53 100 1.81 80
al PRESSURE {1204 50 2.09 5 1.56 20
1.80 90 1.54 50
1.54 80 1.48 50
- - o'o 1.47 60 1.36 40
. : 2 2 4 1.28 50 128 10
TIME. HR : -
_ i 117 60 121 10
Fig. 9. Temperature, pressure, and voltage data for a catalyzed 115 70 1.17 50

cathode-limited cell discharged through a 1€) load at room temperature.

1.09 50
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The x-ray data in Table V give little evidence for this and
are generally in good agreement with the x-ray patterns
for LiCl and S.

In general, the catalyzed and uncatalyzed cells exhibit
the same discharge products. While the relative intensi-
ties of the LiCl peaks show good agreement to the litera-
ture data, the sulfur peaks do not. This may be due to
poor crystallinity of the sulfur and/or the existence of
more than one allotropic form of S. Furthermore, S exhib-
its substantial solubility in SOCl, and, as a result, only
small amounts would probably be present in the solid
state in partially discharged cells.

Additional x-ray lines are present in the cathodes of
partially discharged cells. These may arise from crystal-
lized solvates of LiAlCl, containing SO,, SOCl,, or SO,CL,.
Evidence for solvates in overdischarged Li-limited cells
comes from both the x-ray data and IR spectra.

When the electrolyte solution from overdischarged cells
was collected and dried by pumping off the volatiles un-
der vacuum, a glassy solid formed. These extracted salts
were examined by IR analysis. Catalyzed and uncatalyzed
cells gave identical spectra. However, as observed with
the x-ray data, the Li-limited cells displayed a more com-
plex spectral pattern than cathode-limited cells. The IR
spectrum of the salt extracted from an overdischarged Li-
limited cell is given in Fig. 10. The major absorptions at
1330 and 1070 cm-' are attributed to the complex
Li*'[(SO.), (SO,Cl,),JAICL,~. Such a complex has recently
been proposed (18). The peak at 1195 cm~—' may be the
S—O absorption associated with Li'(SOCI,),AlCl,~ and
agrees with the strong band reported for LiAICl, - 2SOCI,
(21). The fact that SO,Cl, is commonly reported in over-
discharged Li-limited cells supports the proposed first
complex. Additionally, the 1070 and 1195 cm~' bands
were not present in the IR spectra of the salts extracted
from the overdischarged cathode-limited cells. The peaks
at 825 and 695 cm~' are probably due to an oxychloro-
aluminate salt (18, 22). Studies indicate that the relative
amounts of the various materials formed during anode-
limited reversal depend on a number of factors including
the amount of electrolyte (i.e., flooded or starved cells),
the extent of overdischarge, and current density (2, 18,
23).

We also identified Li,S,0, in the cathodes of some
overdischarged cathode-limited cells via qualitative tests
with naphthol yellow-S (24). IR spectra of the cathode did
not show the characteristic absorptions of Li,S,0, (11, 25),
indicating it was a minor product. A band at 1015 cm-'
appeared only in catalyzed overdischarged cathode-
limited cells and may be associated with the catalyst.

LA L L L B L L L

PERCENT TRANSMISSION

PR I IR I B

1400 1200 1000 800 600 400
WAVENUMBER, CM"’

Fig. 10. Infrared spectrum of the glassy solid obtained by evaporating
the liquid products from forced overdischarged “dry” cells. Curve A:
cathode limited. Curve B: Li limited.
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Infrared spectra of the liquid collected from extensively
overdischarged cells, with or without catalyst, did not dif-
fer from the spectra obtained prior to the overdischarge.
SO, was the only product in the liquid. Previous studies on
electrolyte flooded cathode-limited cells showed evi-
dence for LiAlISCl, formation (2).

The ability of Li-limited cells to sustain extensive peri-
ods of overdischarge, as evidenced by their overdischarge
voltage profiles, seem to indicate regenerative processes
similar to those previously characterized (2).

Cathode-limited cells that were forced overdischarged
for extended periods exceeding the amount of Li origi-
nally present in the cell suggests cell short-circuiting ac-
companying plating of lithium onto the cathode. The
short-circuited cell apparently shunts current as if it were
a resistor. The fact that a substantial amount of Li re-
mains on the anodes of extensively overdischarged cells
supports this hypothesis.

Several cathode-limited cells experienced premature
anode polarization during discharge. A typical pattern of
behavior can be seen in Fig. 4. Polarization of the anode
begins after achieving ~1 Ah capacity, initiates a corre-
sponding temperature rise, and appears to trigger the on-
set of cathodic polarization. This phenomenon was unpre-
dictable, and most frequently occurred in uncatalyzed
cells discharged at low temperatures (—12°C) and usually
at 2.0A rates or higher. Occasionally, the anode polarized
at low rates as shown in Fig. 11. This event was fre-
quently characterized by a subsequent (ganging) or possi-
bly simultaneous (mimicking) failure of the cathode and
by the unexplained recovery of the anode to 0 V. It ap-
pears that a continuously growing LiCl anode film dur-
ing discharge or crystallized LiAICl, on the surface of the
anode as a result of ionic concentration gradients in the
cell increases the resistance to Li' transport across the
anode/solution interphase. Higher current densities and
low temperature increase the associated resistance polari-
zation of the anode. Eventually, the voltage of the Li an-
ode recovers, indicating that a disruption or dissolution of
the film has occurred. However, the mechanism of this
interesting process is not well understood. Lithium has
been recently shown to undergo anodic passivation in re-
search cells (26). It has also been shown that a greater
passivation occurs when LiCl films are grown quickly
(27). A temporary film has been recently shown to exist
during anodization of lithium in the SO, system (28). Ad-
ditional studies are warranted to characterize this inter-
esting phenomenon.

Conclusions

The pressure generated in Li/SOCI, cells has been
found to be significantly less than that predicted on the
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Fig. 11. Temperature and voltage data for an uncatalyzed cell dis-
charged at 0.2A ot —12°C.
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basis of the accepted discharge reaction. This is believed
to be due to the complexation of the generated SO, by
LiAICl, and/or the absorption of SO, by the carbon
cathode. The highest internal heating was observed to-
wards the end of constant current discharge and during

early stages of cell reversal. Cathode polarization was

identified as the major contributing factor to this type of
internal heating. Runaway reactions and venting were ob-
served in some cathode-limited cells in which the heating
caused the internal temperature to exceed the melting
point of Li. The generation of CO,, COS, and CS, ap-
peared to be a function of internal temperature—the
higher the temperature, the greater the amount of the car-
bonaceous gases that were produced. Li-limited cells
show very little or no cathode polarization towards the
end of cell discharge, and they produce considerably less
heat than cathode-limited cells. Premature anode polari-
zation has also been observed. This is proposed to be due
to a growing anode film or ionic concentration gradients
which increases the resistance of Li' transport across the
anode-solution interface. The addition of water appeared
to have no significant effect in voltage delay but gener-
ally lowered the capacity of uncatalyzed Li-limited cells,
generated greater pressures in stored cells, increased the
temperature of cathode-limited cells, and enhanced
venting at high rates. Cells incorporating Co-TAA cata-
lyzed cathodes exhibited higher capacities and less inter-
nal heating than uncatalyzed cells, especially at low tem-
peratures. Li-limited cells with Co-TAA-catalyzed
cathodes appear to be highly desirable for high rate
applications.
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Electronmicroscopic Examination of Corroded Aluminum-Copper
Alloy Foils

D. Y. Jung,* I. Dumler, and M. Metzger*

Department of Metallurgy and Mining Engineering and Materials Reserach Laboratory, University of Illinois at
Urbana-Champaign, Urbana, Illinois 61801

ABSTRACT

The formation of particles of copper through selective dissolution of dilute Al-Cu solid solutions in sulfuric acid was
studied by transmission electron microscopy of foils prethinned before corrosion. A technique was employed for pre-
thinning without surface enrichment. At —500 mV vs. SCE, a significant fraction of the copper made available by selec-
tive dissolution appeared as particles, but not at =100 mV vs. SCE. The results are discussed with reference to concur-
rent AES observations on the Cu-enriched solid solution beneath the anodic film over the main body of the electrode.

Selective dissolution during corrosion of Al-Cu alloys
may lead to the formation of metallic copper on the sur-
face and a large enhancement of the cathode reaction rate

* Electrochemical Society Active Member.

(1). In HCI solutions, this is displayed through rapid and
accelerating pitting corrosion (2, 3). One of the surface re-
actions in the selective dissolution was recently identi-
fied by Strehblow and co-workers (4, 5), who showed by
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Rutherford backscattering and ion scattering spectrom-
etry that anodic sweeps of Al-Cu alloys in buffer solutions
of pH 5.0-9.2 produced an undoped alumina film with en-
richment in Cu of the substrate beneath the film. The ob-
servations reported in this paper, which are part of a
study that included electrochemical and AES measure-
ments, were concerned with the formation of particles of
copper metal on the surface. The identification, distribu-
tion, and crystallography of these particles can be exam-
ined by TEM with high spatial resolution. The corrosion
was performed in sulfuric acid in order to maintain
passive conditions and with the intent to employ the
body of information on anodic films as an aid in inter-
preting film behavior. Specimens were thinned to near
electron transparency and then exposed to corrosion to a
small depth. A problem of specimen preparation arises
with these alloys in that electropolishing, which is re-
quired to thin specimens properly for microscopy, itself
produces surface enrichment in Cu. A procedure was de-
vised to deal with this.

Experimental

The high purity binary alloys, in the form of 1 or 0.1
mm sheet, contained 0.06, 0.20, 0.60, or 2.0% Cu. They
were given a final anneal at 580°C to yield solid solutions
of grain size >2 mm and water quenched. Testing was
done in 2.4M H,SO, at 25.0° + 0.2°C, without deaeration or
stirring, at —500 or —100 mV vs. SCE. Before switching on
the control potential, the rest potential was monitored for
a few minutes as a check on specimen surface cleanliness.
In all cases, the initial rest potential was = —950 mV vs.
SCE and near that of 99.999% Al, there being negligible
corrosion in this interval. Specimens for electrochemical
testing were polished mechanically to avoid initial sur-
face copper enrichment. Mechanical polishing cannot be
employed to thin specimens for TEM. Several electro-
polishing baths were tested and all produced severe sur-
face enrichment in Cu. It was found that the enriched re-
gion could be removed by sputtering. This was possible
because of the apparent absence of preferential sput-
tering under the conditions employed, as seen in the AES
work. A procedure for thinning from one side, as dia-
gramed in Fig. 1, was developed. After dishing a 0.12
mm sheet just to perforation by electropolishing in a

mechanical polish, 2 sides

¢ 3

electropolish
to perforation

{ 2
sputter + AES

potentiostatic
corrosion

\ punch/

3 mm dish

Fig. 1. Preparation of aluminum-copper corrosion specimens for trans-
mission electron microscopy.
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HNO,-H,0 bath, the specimen was inserted into the Phys-
ical Electronics 545 Auger unit and sputtered with 1 keV
Xe' over a region larger than the dish. The Cu peak at 918
eV was monitored, and the sputtering continued until the
Cu signal was indistinguishable from the bulk value as
determined on a mechanically polished specimen. After
sputtering, both sides of the sheet were exposed in sulfu-
ric acid for a period which would make the equivalent of
a few monolayers of Cu available by selective corrosion of
the solid solution. In the 0.60% Cu alloy, on which most of
the work was done, this required only a fraction of a mi-
crometer depth of corrosion. This, being small and rela-
tively uniform, enlarged the original hole but usually left
sufficient thin region for examination.

Observations were made either on a Phillips 400 micro-
scope at 120 kV or a JSEM 200B microscope at 200 kV,
both equipped with EDS capability for chemical analysis.

It was confirmed by electron diffraction of the matrix
material that a single-phase solid solution was retained by
quenching in all the alloys. Even the 2.0% Cu alloy aged
one week at room temperature showed a diffraction pat-
tern in the [100] orientation with no streaking indicative
of the formation of Guinier-Preston zones. With this alloy,
difficulties were anticipated in completely removing se-
vere surface enrichment without metallurgical changes in
the foil corrosion specimens, and it was not examined.

Results and Discussion

=500 mV vs. SCE.—At this potential, no loss of Cu from
the solid solution by direct dissolution would be ex-
pected. Cu particles or rounded patches were visible in
the thinner regions of the corroded foil as dark areas 4-35
nm across (Fig. 2a and 2b). These remained visible during
tilting, i.e., they were visible by mass thickness contrast
even in the absence of diffraction contrast and thus had
thicknesses substantial fractions of their diameters. The
particle density was relatively uniform from one field to
another and from one foil to another though showing lo-
cal variations within one field (Fig. 2). There was a tend-
ency for alignment or clustering of particles in the walls
of a topographic cell structure.

Figure 3a is a micrograph of the alloy of Fig. 2b after
twice as much corrosion. It is seen that the particle den-
sity increased but the range of particle diameters re-
mained about the same.

EDS observations in the thinner regions of the foil, em-
ploying the ratio of the Cu Ka peak height to that of the
Al readily confirmed the presence of Cu in excess of the
bulk value. Observations with selected areas of 0.1 um
diam (Fig. 3) confirmed that local regions of higher
particle density gave higher CwAl ratios (Fig. 3b and 3c).

The micrographs of copper particles were similar in
general appearance to micrographs shown by Tomashov
et al. (6) of palladium particles in extraction replicas from
a steel containing 25% Cr and 0.5% Pd. These were, how-
ever, produced under different conditions, i.e., by a few
minutes of active dissolution in sulfuric acid.

Selected-area diffraction in regions containing a num-
ber of particles (Fig. 4) showed full rings of very fine

2

*
¥

Fig. 2. Transmission micrographs showing copper particles in Al-Cu
foils after corrosion at —500 mV vs. SCE. a: 0.06% Cu, 12h. b: 0.60%
Cu, 2h.
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Fig. 3. Analytical examination of 0.60% Cu foil after 4h at —500 mV
vs. SCE. a: Transmission electron micrograph. b: EDS spectrum of region
A. c: EDS spectrum of Region B.

grained Cu,0 and spotty rings of Cu together with the
single-crystal spot pattern (incomplete cross grating) from
the selected grain of the aluminum substrate. A layer of
Cu,0 would have formed on the surface of the Cu when
the specimen was removed from the acid bath and rinsed
with water. ALLCu was not observed. Darkfield micro-
graphs employing portions of Cu rings imaged the par-
ticles. All diffraction patterns represented regions well
within a single grain of the substrate so that the observa-
tion of closely spaced spots on the Cu rings indicated that
a large number of Cu particle orientations arose from a
single orientation of the Al-Cu solid solution substrate.

—100 mV vs. SCE.—A second test potential of —100 mV
vs. SCE was chosen as one at which there is a small corro-

Phase hki Intensity

CuZO 110 w

Cup0 111 Vs

Cu 11+ Cuz0 200 VS

Cu 200 S

Cug0 220 m

Cu 220 m
——Cu 311 w
Ir===Cu 222 w

. Fig. 4. Diffraction pattern in an area containing many particles and
indexing of the rings as Cu and Cu,0. 0.60% Cu, —500 mV vs. SCE, 4h.
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sion current for pure Cu, i.e., = 80 pA/cm? as indicated by
data of Ghandehari et al. (7). Thus, any metallic Cu ex-
posed to the acid would suffer some corrosion and would
be removed unless it grew faster than it dissolved. The
severest case examined was that of the 0.60% Cu alloy ex-
posed 4h at —100 mV vs. SCE with a depth of corrosion
0.66 um and with the amount of Cu which would have
been made available by selective corrosion of the Al
equivalent to a 1.2 nm thick layer, far greater than in Fig.
2b or 3a. No Cu particles were detected in electron micro-
graphs (Fig. 5a), and an intensive search of thin regions of
the foils failed to reveal any Cu or Cu,O rings in the dif-
fraction pattern.

The topographic cell structure seen in Fig. 5a for 0.60%
Cu is characteristic of the potential rather than the copper
content since it appeared also with 99.999% Al (Fig. 5b).
Impedance data showed that the presence of this struc-
ture did not indicate severe surface roughening, as may
accompany selective dissolution in some cases (8).

Further Discussion

Quantity of copper in particles.—In many of the micro-
graphs, particles were visible down to projected diame-
ters of about 4 nm. Examination of the micrographs indi-
cated that any smaller particles present probably would
have been indistinguishable from the faint phase contrast
background, owing to the presence of the amorphous alu-
mina surface film. The distribution of particle diameters
had a maximum at 11-14 nm and fell more or less sharply
for smaller diameters. It was concluded that in any case
only a small fraction of the volume of copper would have
been in undetected particles below 4 nm diam.

An estimate of the amount of copper appearing as par-
ticles was made from the measured distribution in bright
field images. The particles being mainly noncircular in
section, a diameter was assigned to each particle to give
an equal area. For purposes of estimation, the particles
were assumed to be hemispheres and the volume of
particles in each size class was calculated and summed.
The results for three specimens are compared in Table I
with the total copper which would have been made avail-
able by selective dissolution. The latter was obtained by
integrating the partial anode current during the exposure
at =500 mV vs. SCE. The estimates show that under the
conditions of these experiments a significant fraction up
to perhaps one-half of the available copper appeared as
particles. It may be noted that an analogous calculation
was made for the total surface area of the copper particles
in the micrographs. The results were in rough agreement
with copper area figures deduced from capacitance mea-
surements and from cathodic polarization data, thus sup-
porting the validity of the TEM data.

An additional portion of the copper made available by
selective corrosion should be in the Cu-enriched solid so-
lution beneath the film over the main body of the elec-
trode, according to the results of Strehblow et al. (4). To
discuss this point, some pertinent results are cited below
from the companion AES study, which will be reported
separately.

Fig. 5. Transmission electron micrographs of foils after corrosion at
—100 mV vs. SCE. a: 0.60% Cu, 4h. b: 99.999% Al, 12h.
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Table I. Quantity of copper metal produced by
selective corrosion at —500 mV vs. SCE

Estimated
Calculated Cu as
weight  Available particles, Fraction
Cu content Time loss u TEM data® Cuin

(w/o) (h) (g/em?) (g/em?) (g/em?) particles
0.06 12 39x10~* 24x107 9 x10* 0.4
0.60 2 49x10- 3.0x10-7 1.6 x 107 0.5
0.60 4 90x10-" 54x 107 23 x 10-7 04

# Particles assumed hemispherical.

AES observations.—Figure 6 presents for illustration
some AES depth profiles for the 0.60% Cu alloy. The en-
richment in Cu of surfaces of Al-Cu alloys prepared by
electropolishing, which has been noted previously for an
alloy of higher copper content (9), is shown in Fig. 6a.
This enrichment appears greater than that of the mechan-
ically polished specimen exposed to sulfuric acid at —500
mV vs. SCE (Fig. 6b), but the efficiency of enrichment
was actually much greater in the latter case, which was
produced by corrosion to a depth two orders of magni-
tude smaller. The depth profiles in Fig. 6 show a maxi-
mum in the copper signal at the oxide-metal interface, in-
dicative of an enriched zone beneath the film. These data
do not reveal the lateral distribution of copper or the
phases present. In interpreting these depth profiles, it
must be borne in mind that the enriched zone will appear
thicker than it actually is. The mixing effect of ion bom-
bardment (i) causes the enriched zone to be sensed before
the nominal sputtered depth has actually reached the
outer limit of the zone, and (ii) drives some of the excess
copper inward so that an excess copper signal persists be-
yond the original maximum depth of the enriched zone.

Surface at =500 mV vs. SCE.—The Cu particles formed
at this potential were up to 25 nm across and thus were
too large to be covered by the alumina film (estimated as
= 4 nm thick). Even if they had originally formed beneath
it, the overlying film would disappear by slow chemical
dissolution in the acid since the copper blocks its re-
newal. The exposed copper metal would be stable at this
immune potential. The alloy surface at a particular expo-
sure time is then modeled, as shown schematically in Fig.
Ta, as isolated patches of copper covering a few percent of

Al-0.6% Cu

as electropolished Al-0.6% Cu

Mech. polish
-500 mVgce, 2h
Cu(xIO) ’

Cu(x5)

Normalized APPH

Al-0.6% Cu
Mech. polish
-100 mVgce, 2h

18 o™ Tobelaoeg 1 L 1
O 10 20 30 40 50 60 70 80 90 100
Sputtering Time (minutes)

Fig. 6. Auger depth profiles of 0.60% Cu alloy after various treat-
ments. Sputtering was performed with 0.5 keV Xe'. a: Electropolished in
20% perchloric acid in ethanol. b: Mechanically polished and exposed in
2.4M H,50,, —500 mV vs. SCE, 2h. c: Mechanically polished and ex-
posed in 2.4M H,50,, —100 mV vs. SCE, 2h.
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-500 mVsce -100 mVsce
Cu Patch Trapping of
Porous Undercut Cu
Al03
Porous
g PR Alx03
(a) (b)

Fig. 7. Schematics of proposed surface conditions after exposure at
=500 mV vs. SCE (a) and —100 mV vs. SCE (b).

the surface with the remainder, in line with Strehblow’s
model, consisting of an undoped alumina film overlying
a few layers of enriched solid solution. An AES depth
profile of such a surface with a 0.03 mm? electron-beam
sampling many particles would show a copper concentra-
tion of a few percent at the external surface concurrent
with the oxide film signals and there would be a maxi-
mum at the film-substrate interface, consistent with Fig.
6b. The copper depth profile does not yield a separation
of the contributions from particles and enriched zone. Es-
timates of the total excess copper in these profiles are
subject to some uncertainty, but do suggest that a sub-
stantial or large fraction of the copper made available by
corrosion remains on the electrode at this potential.

Although the copper metal particles are immune at this
potential, there would be a tendency for them to be un-
dercut and released in the course of continued corrosion.
The smallest particles would be most susceptible to
undercutting, the ones which achieve larger diameters
surviving longer. This could explain why the particle size
frequency decreases at the smaller diameters.

Surface at —100 mV vs. SCE.—The processes occurring
at this potential are considered to be the same as at —500
mV vs. SCE, except for the presence of a significant dis-
solution current for copper. The cell current was higher
and the film thicker.

Consideration is given first to the special case of the
0.60% Cu alloy. The AES depth profile in Fig. 6c shows a
Cu-enriched zone beneath the film, but also shows a
small copper signal concurrent with the oxygen signal
through the film region. The latter would be contrary to
Strehblow’s model if such signified doping of the film
structure with copper ions. The copper signal from within
the film cannot be attributed simply to copper metal
particles of the size and nature discussed in the previous
section because no Cu or Cu,0 was detected in the TEM
observations and the cathode polarization data were also
not consistent with this. The behaviors of 99.999% Al and
99.999% Cu in this acid are such that an area fraction of
exposed copper of only 10—* would produce cathode cur-
rents an order of magnitude greater than those of the pure
aluminum. It is conceivable that the film formed on this
alloy contains fragments of copper, or of copper-alumi-
num alloy from the enriched zone, which have been un-
dercut from the substrate and trapped in the film, which
at this potential is = 20 nm thick. Such fragments are pre-
sumably suffering slow corrosion in the porous film. The
model is represented schematically in Fig. 7b. Some small
particles or clusters yielding the small (<= 0.6%) Cu signal
in Fig. 6c could be undetected by electron microscopy,
and, being isolated from the substrate by an alumina film
of low electronic conductivity, they would not be effec-
tive cathodes.

In the 0.20 and 0.06% Cu alloys exposed at —100 mV vs.
SCE, the AES depth profiles showed no detectable cop-
per signal from within the film (0.20% Cu still showed
copper enrichment beneath the film). This is interpreted
as a consequence of a lower rate of particle formation and
growth in these alloys so that any copper or copper con-
taining patches exposed at the surface would have dis-
solved before they could be undercut. Overall, it is con-
cluded that the presence of a Cu signal from within the
film may arise from processes other than doping of the
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film structure with copper ions and that the present AES
observations are not necessarily inconsistent with Streh-
blow’s model.

Orientation relationships.—The dissolution in this sys-
tem is highly selective at —500 mV vs. SCE and it would
be expected that the nucleus of a particle of copper metal
would have to form by a solid-state process from copper
atoms in the alloy and would thus tend to be coherent
with the substrate and of the same crystal orientation.
This is expected whether the nucleation occurs through
aggregation of copper atoms in the enriched zone under
the film or if it occurs in conjunction with film break-
down and transient pitting processes. The orientation
would persist during growth although misfit dislocations
would form. Forty and Durkin (10) made a TEM study of
selective dissolution in (111) orientation thin foils of
Ag-Au solid solutions and found the substrate orientation
retained in the gold-enriched regions; it may be noted
that this is a system with minimal coherency strains be-
cause the lattice parameter varies by less than 0.2%. How-
ever, in the well-formed copper particles noted in the
present work, many orientations were present within a
single grain of the alloy. Also, in many cases (e.g., Fig. 2b),
the particle images showed internal structure indicating
that they were not generally monocrystalline. Multiple
orientations could have come from nuclei forming in twin
relation to the substrate and from growth twinning. The
copper requires a strain of 12% to remain coherent with
the substrate. It is conceivable that the copper particles
do not necessarily nucleate as thin coherent plates but
may nucleate in the enriched solid solution beneath the
film as incoherent entities too thick to be coherent. The
distribution of orientations of the copper particles and its
origin needs further study. It is thought unlikely that nu-
cleation at this potential involves transport through the
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Anodic Oxide Films on CrSi,

A. ). Barcz,' M. Bartur,* T. Banwell, and M-A. Nicolet*
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ABSTRACT

Oxide layers on chromium disilicide of thicknesses up to several thousand angstroms are formed by constant cur-
rent anodization in ethylene glycol containing different amounts of water. For low H,O concentrations (1-10%), the films
have essentially uniform composition of about 92% SiO, and 8% Cr,0,; the chromium being dissolved in the electrolyte
during the anodic oxidation at a rate of one Cr atom per seven oxygen atoms incorporated. Greater H,O content leads to
increased current efficiency and higher angstrom per volt values for the anodization. In a 50% H,O electrolyte, Cr-free
SiO, films can be grown up to a limited thickness. These results are compared with the anodic oxidation of Si and the

thermal oxidation of CrSi,.

It is expected that silicides will be applied to intercon-
nection lines in VLSI technology due to silicides, low re-
sistivity relative to the commonly used polysilicon (1) as
well as their ability to form insulating layers upon
thermal oxidation (2). An exciting feature of the oxidation
of most silicides is that the growing oxide appears to be
pure SiO, while the integrity of the silicide is being pre-
served. From a purely thermodynamic point of view, as-
suming equilibrium and unlimited supply of the
reactants, one might expect that both silicon and the
metal will oxidize since the heat of formation of the sili-
cides is small compared to those of the respective metal
oxides [see, for example, the data tabulated per metal
atom in Ref. (1)]. The calculations fall closer to the experi-
mentally observed results when the corresponding heats
of reaction are taken per one oxygen atom (3). Neverthe-

* Electrochemical Society Active Member.

! Present address: Institute of Electrical Technology, 02-668
Warsaw, Poland.

less, it seems that kinetic factors such as oxygen trans-
port through the oxide and the rapid migration of Si and
metal atoms through the silicide at the temperature of ox-
idation play a key role in the mechanism which leads to
the formation of the metal-free oxide. Several possibilities
concerning the mass transport across the silicide layer are
discussed in Ref. (2).

In this paper, we report on a study of the formation of
anodic oxides on CrSi, grown in an ethylene glycol con-
taining small quantities of KNO, and H,0, an electrolyte
known to produce high quality, compact SiO, films when
applied to silicon (4). This study gives an interesting op-
portunity to verify concepts adopted to explain the
thermal oxidation processes and, specifically, to identify
what is common and what is different in the thermal vs.
electrochemical mechanism of the oxidation of silicides.
First, in anodic oxidation carried out at room temperature
any atomic transport across the remaining silicide can be
ignored. Second, ionic movement in the high electric
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field within the oxide includes usually both cationic and
anionic components (5), in contrast to the thermal oxida-
tion of Si, in which the mobile species in the oxide is an
oxygen containing molecule.

Finally, we point out that the potential advantages of
using anodic vs. thermal oxides of a silicide could be (i) a
higher dielectric constant results if the metal oxide is
present in the SiO, film, and (i) that the silicon-silicide
interface is not being affected by the high temperature
treatment.

Experimental Procedure

Chromium films about 750A thick were deposited in an
oil-free vacuum of ~10-7 torr by electron-beam evapora-
tion onto Si <111> substrates. The wafers were then heat-
treated in a vacuum furnace (600°C, 20 min, 10-7 torr
range) to form ~2300A of the stoichiometric chromium
disilicide. The samples to be oxidized were degreased
with trichloroethylene, rinsed in deionized water, and
blown dry prior to being placed as anodes in an electro-
lytic cell. The samples were masked so that a limited area
(0.3 cm?) was in contact with the electrolyte. A platinum
cathode was positioned about 2 cm from the anode, and
the electrolyte was stirred. The solution used in the pres-
ent experiment was anhydrous ethylene glycol containing
0.5 weight percent (w/o) KNO, with different quantities of
water: 1, 2, 10, 20, and 50 w/o. Oxidations were performed
at a constant anode current density of 3 mA/em? up to a
predetermined voltage (V,,.,) followed by a current decay
at the maintained voltage V,,, down to one-quarter of its
initial value. After the oxidations, the samples were
rinsed in acetone and high resistivity water. Also, some
oxidations were made using either 2 atom percent KNO,
in the electrolyte or 0.5 mA/cm? current density. No de-
tectable influence of these parameters changes on the
composition of the films was found. Complementary
thermal oxidations of CrSi, were performed in an open-
tube furnace at 900°C by steam oxidation. The samples
were introduced into the furnace with high N, flow to
minimize oxidation during the temperature rise of the
sample. After the sample had reached the desired temper-
ature, O, bubbled through 96°C water was introduced.

It is important to note that the as-evaporated Cr con-
tains about 7 a/o oxygen (6). Also, after thermal oxidation
a thin layer of Cr oxide was always observed on the
sample surface.

Elemental analysis of the oxidized layers was per-
formed using 2 MeV ‘He' backscattering spectrometry
(BS). Samples were positioned normal to the primary
beam, and backscattered ions were detected at an angle
of 170°. The backscatter analysis provides full information
about the composition of the films, since, owing to a
large mass difference, signals corresponding to the three
components Si, Cr, and O can be independently observed.
From these, we derive such quantities as stoichiometric
ratios and overall oxygen content. Also, owing to the ex-
isting reference plane at the Si-CrSi, interface, it its possi-
ble to detect the loss of Si or Cr atoms by comparing the
respective count integrals before and after the anodic pro-
cessing. The masked edge enables reliable comparison of
oxidized and unoxidized CrSi, at adjacent spots on the
sample.

Results

Most oxidations were performed with either 1 or 10 w/o
H,O electrolytes. In these conditions, laterally uniform
anodic films were reproducibly grown up to cell voltages
of about 125V. Occasionally, it was possible to obtain
Vomax @s high as 200V (1% H,0) before the initial reaction
ceased. Typical voltage-time curves for CrSi, and pure Si
substrates oxidized in the above electrolytes are shown in
Fig. 1. There is a pronounced difference in the slope of
the two curves corresponding to CrSi,, while the curves
for Si seem to overlap except for the initial potential rise.
Figure 2 depicts the BS spectra of the CrSi, oxide re-
sulting from the oxidation in the 10% H,O glycol to V..
= 50V; the solid line represents the spectrum of the initial
silicide. First, we noticed that the surface film contains
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Fig. 1. Voltage-time curves for CrSi, and Si anodization in glycal with
water percentage of either 1 or 10% at constant current density of 3
mA/em?.

oxygen, silicon, as well as chromium atoms. The integral
over the O peak yields 1.2 x 10'* at/cm? of incorporated
oxygen. Furthermore, the stoichiometry ratios calculated
on the basis of the signal heights give O/Si = 2.27 and
Cr/Si = 0.17. It is thus clear that the oxide grows
deficient in chromium with regard to the elemental pro-
portions in the silicide (Cr/Si = 0.5). The difference in the
Cr integrals confirms the net loss of chromium atoms
equal to 1.8 x 10'7 at./cm?, i.e, one Cr atom lost per seven
O atoms incorporated. No loss of silicon atoms is de-
tected. We also note that the composition profile is uni-
form and that the oxide-silicide interface is, and Si-
silicide interface remains, sharp. A similar picture
presented in Fig. 3 concerns the anodization to V., =
75V in a solution containing smaller amounts of water
(1 w/o). Here, the resultant oxygen content is 4.9 x 107
at/cm?® with a stoichiometry profile comparable to the
previous case. A slight Cr enrichment at the surface be-
comes more evident for the anodic runs in which the elec-
trolyte was not stirred (broken line in the figure). Without

2300 A CrSi, /< Si
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Fig. 2. 2 MeV “He' backscattering spectra of CrSi, on Si before (solid
line) and after anodic oxidation in 10% H,O electrolyte to a voltage of
50V (full dots).
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Fig. 3. Backscattering spectrum corresponding to CrSi, oxide obtained
by oxidation in glycol containing 1% water to V.., = 75V (dots), when
no stirring was applied to the electrolyte (broken line), and with CrSi,/Si
substrate (solid line).

stirring, the current decay stage proceeded down to one-
tenth (instead of one-quarter) of its nominal 3 mA/cm?,
and the Cr appeared at even higher concentrations
reaching the ratio of Cr/Si = 0.5.

Considering the above two figures, it is evident that the
water content has a large effect on the outcome of the
anodization: the sample oxidized in 10% H,O to a lower
voltage contains 2.4 times more oxygen than the one oxi-
dized to the higher voltage in the 1% H,O electrolyte. This
trend is clearly appreciable in Fig. 4, where the oxygen
content in atoms per square centimeter is plotted against
the maximum effective potential drop AV in the oxide
(AV = V..« minus initial potential rise). For comparison,
data for pure Si are also shown. In all cases, the depen-
dence appears to be linear; for CrSi,, the slope for oxida-
tions carried out at 10% H,O is significantly higher than
that for the 1% H,O electrolyte. Both slopes for CrSi, are
greater than that of Si, which oxidizes at a rate which is
nearly independent of the H,O content. These slopes can
be expressed in terms of convenient ‘“electrochemical”
units of angstroms per volt by assuming atomic concen-
tration of the oxygen atoms equal to that of pure SiO,
which is justified by a relatively small contribution of the
Cr oxide. The corresponding values are 5.2 A/V for Si, 18.5
A/V for CrSi, (1% H,0), and 65 A/V for CrSi, (10% H,0).

Anodization in solutions of increasingly aqueous char-
acter leads to further increase in the angstroms per volt
value and to a more efficient Cr dissolution. At the same
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potential drop in the film for CrSi, and Si, processed at constant current
density of 3 mA/cm? in 1 and 10% H,O glycol.

Fig. 5. Backscattering spectra of CrSi, (solid line) and CrSi, oxide
(dots) produced in 50% H,0 glycol; V., = 12V.

time, the maximum voltage that the film can sustain is
reduced to 10-20V. An example of this type of behavior is
shown in Fig. 5, where the anodic growth proceeded only
to V.o = 12V (from the starting potential of 7.5V, V =
4.5V). The oxide layer is practically free of Cr and consti-
tutes a pure SiO, of a thickness of about 850A. This result
is thus similar to thermally grown oxides except that the
silicide is not preserved as a whole, and Cr is lost into the
solution.

Additional information about the growth mechanism
can be acquired by analyzing an oxide layer produced by
anodic followed by thermal oxidation. In Fig. 6,
backscatter spectra are shown for the individual oxida-
tions of CrSi,: anodic oxidation (10% H,O, V.. = 30V
producing incorporation of 5 x 10'7 O at./cm?), thermal ox-
idation (900°C, wet, 30 min) resulting in an oxide with 8.5
x 10" O at./cm? together with the spectrum resulting
from thermal oxidation of the already preformed anodic
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Fig. 6. Schematic BS spectra of chromium disilicide oxides. Anodic:
10%H,0; V... = 30V. Thermal: 90°C, wet, 30 min. Anodic followed by
thermal.
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oxide (11.5 x 10'7 O at./em? incorporated). A most interest-
ing feature in these spectra is the observation of the Cr
exclusion within the films. As far as the concentration
level of Cr in the anodic oxide is concerned, only a trace
amount is detected at the surface in the thermal case. In
the double-oxidized sample, the Cr profile in the oxide
seems to be divided into two regions: a surface region
(1.4-1.45 MeV) with similar Cr concentration as in the
anodic oxide, and a chromium-free layer underneath
(1.35-14 MeV). The deleterious effect of the heat-
treatment on the Si-CrSi, interface is also visible in the
bottom spectra as broadening of the step at 0.85 MeV.

For a sample that was initially oxidized thermally, fol-
lowed by anodic oxidation and finally thermal oxidation
again, Cr was not detected in the oxide layer.

Discussion and Conclusion

The experiment described in this paper gives evidence
that thick uniform oxides can be grown on chromium
disilicide by anodic oxidation in ethylene glycol + potas-
sium nitrate + water electrolyte. This may be regarded as
the main result of this work. In view of a still inadequate
understanding of the anodic processes, it is not possible
to rigorously predict whether a given material in a given
oxidizing medium will yield substantial oxide films (7, 8).
Apart from valve metals such as Al, Hf, or Ta that oxidize
with 100% current efficiency to voltages of at least 200V
and sustain high electric fields (>10° V/cm), there exist
many other materials that only partially fulfill these crite-
ria. Such behavior is exhibited by silicon, which in or-
ganic electrolytes can be oxidized to several hundreds
volts, though exhibiting a poor current efficiency sug-
gesting the evolution of an appreciable amount of oxygen
(9). On the other hand, chromium, which passivates to
form Cr,0, (10), has not been reported to produce thick
oxides. In the electrolytes employed here, anodization of
a pure Cr film does not induce any potential buildup, and
creates a black spot on the Cr film surface containing no
oxygen detectable by He backscatter spectrometry. Con-
sequently, the CrSi, compound seems to be a rather com-
plicated system as far as its anodic behavior is concerned.
It is known that compounds or single phase alloys com-
posed of valve or near-valve metals oxidize easily (11).
The general situation becomes more complicated. Exten-
sive studies on the anodization of GaAs (12), for example,
show that several factors (e.g., current density, oxide
thickness) determine the composition and quality of the
compound oxide formed. As for silicides, data on anodic
oxidation are not available; the corrosion study of Cu, Co,
and Ni silicides published in Ref. (13) was oriented pri-
marily toward electrorefining and electrowinning from
ores.

Summarizing the oxidation of CrSi, in glycol with a
water content ranging from 1 to 10%, it can be concluded
that the oxide has a fixed composition with a relative
concentration of the constituents given by O/Si = 2.27 and
Cr/Si = 0.17. Assuming that the film is composed of SiO,
and Cr,0, molecules, these numbers are consistent with a
composition of 92% SiO, and 8% Cr,0,. This indicates that
during the film formation, a substantial segregation takes
place; preservation of the Cr/Si proportion in the silicide
would require an oxide composition of 83% SiO,, and 17%
Cr,0,. Undoubtedly, the excess Cr is dissolved in the elec-
trolyte. From the corrosion behavior of chromium, it is
known that at higher potentials Cr atoms enter the elec-
trolyte as CrO,*~ anions (14). Also, chromium tends to
lose its passivity rather easily in the presence of certain
contaminants, especially chloride ions (9). The accumula-
tion of Cr at the oxide surface observed when the 1% H,O0
electrolyte was not stirred during the anodization sug-
gests that the dissolution could be further reduced by
saturating the solution with Cr ions. Alternatively, more
Cr atoms are leached out of the film for electrolytes with
greater water content. Hence, the Cr-to-Si ratio in the ox-
ide can be controlled by choosing adequate experimental
conditions.
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The current efficiency for oxide formation on CrSi, in-
creases from 3 to 16% when the H,O content of the elec-
trolyte is raised from 1 to 10%. This is probably associated
with enhanced field-assisted ionic transport across the
(porous) oxide. It is unlikely that there is suppression of
the current contribution from parasitic reactions and/or
electronic conduction, since the oxide breakdown voltage
dropped with increasing H,O content as one might antic-
ipate (15). The ionic current associated with Cr dissolu-
tion also degrades the current efficiency.

Anodic vs. Thermal

Comparison between anodic and thermal oxidation
gives further insight to the prevailing processes.

1. In both cases, the silicide dissociates readily. In
thermal oxidation, the excess Cr diffuses through the sili-
cide to the Si substrate, where it reacts and reforms sili-
cide, hence preserving the silicide (16). But, during anodic
oxidation, Cr diffuses through the growing oxide and a
fraction of the dissociated Cr oxidizes while the rest is
dissolved in the electrolyte.

2. Increasing the water content in the oxygen gas dur-
ing thermal oxidation increases the oxidation rate. In
anodic oxidation, a higher water content also results in a
higher oxide formation rate. Possibly, it has to do with
the oxygen containing molecule that diffuses through the
oxide. In the thermal oxidation case, the effective diffu-
sion coefficient changes, while in anodic oxidation it
may be only the boundary condition at the oxide/electro-
lyte interface.

3. With the assumption that the heat capacity of the
reactants and products are similar, the heat of the reac-
tion AH at room temperature and at high temperatures
(for thermal oxidation) never exceeds 3 kcal/gatom (17).
So the thermodynamic predictions (3) are the same by
definition for anodic and thermal oxidation. The ob-
served different results are due to different kinetic
limitations.

4. From the sequential thermal/anodic oxidation results,
we conclude that (i) chromium cannot diffuse through
thermal SiO, (see Fig. 6 and also the results of thermal/
anodic/thermal), and (ii) an oxygen containing molecule
diffuses through the anodic oxide driving wet oxidation
faster than through thermal oxide. This conclusion is
reached with the assumption that the thermal oxidation is
parabolic rate limited. The predicted oxygen content of
anodic and thermal oxides, assuming the same diffusion
coefficient in anodic and thermal oxides, is 10'7 (5* +
8.5%)" = 9.9 x 10" O at/cm?; while we get 11.5 x 107 O
at./em?, which is indicative of a faster diffusion rate in the
anodic oxide.

Since no electrical characterization of the layers was
conducted and no data on insulating properties of anodic
Cr,0, have been published, it is difficult to predict dielec-
tric constant e or breakdown voltage of the films. There
are indications, however (9), that the anodic oxide of Cr,
having a low formation field, should have a high e value
(> 40), as it is known that low e values (e.g., SiO,) tend to
be associated with high anodization fields and vice versa.
Additionally, the breakdown voltage can be roughly esti-
mated from the angstrom per volt values because they are
nearly linearly correlated (18). (However, it is uncertain
how the individual properties of SiO, and Cr,0, will con-
tribute in the mixed oxide.)
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Application of Kramers-Kronig Transforms in the Analysis of

Electrochemical Systems

l. Polarization Resistance

Digby D. Macdonald* and Mirna Urquidi-Macdonald
Chemistry Laboratory, SRI International, Menlo Park, California 94025

ABSTRACT

A Kramers-Kronig transform that is useful for validating electrochemical and corrosion impedance data is employed
to calculate the polarization resistance from the frequency-dependent imaginary component. Applications of the trans-
form in the analysis of experimental impedance data for TiO,-coated carbon steel in HCIVKCI solution at ambient tem-
perature and for aluminum and Al-0.1P-0.1In-0.2-Ga-0.01TI alloy in 4M KOH solution at 25°C are discussed.

Electrochemical techniques are now used extensively
for investigating the mechanisms of electrochemical and
corrosion processes, and for the measurement of corro-
sion rates (1-4). With respect to the latter, the advantages
offered by electrochemical methods are that they can be
applied in situ in hostile environments and that they re-
quire minimal manipulation of samples or post-test analy-
ses. In all electrochemical methods for estimating corro-
sion rates, the objective is to measure the polarization
resistance (R,), from which the corrosion current and cor-
rosion rate may be calculated using the Stern-Geary rela-
tionship (5, 6), provided that the Tafel constants are
known.

A widely used technique for measuring R, is impedance
spectroscopy (1-3), in which the impedance of the
corroding interface is measured over an effectively
infinite bandwidth. The polarization resistance is there-
fore given by

Ry = | 2(w) lo = | Z(j) |on (1]
= Re [Z(jw)]o—s — Re [Z(jw)]o—x 2]

where Re denotes the real part of the complex impedance
Z(jw). In other words, the polarization resistance may be
obtained from only the real component of the impedance,
provided that it is measured over a sufficiently wide fre-
quency range.

A critical problem in any impedance analysis involves
validation of the data. This is particularly true because of
the need to employ low amplitude excitations, and when
working with inherently “noisy” systems. In this paper,
we describe how Kramers-Kronig transforms may be
used to estimate R, from the imaginary component of the
impedance. We also argue that comparison of the R, value
computed from the imaginary component via the K-K
transforms with that derived directly from Eq. [2] repre-
sents a simple and convenient test of the validity of corro-
sion impedance data.

*Electrochemical Society Active Member.

Kramers-Kronig Transforms
Derivation of the Kramers-Kronig transforms (7-11) is

based upon four quite general conditions of the system
being fulfilled.

Causality.—the response of the system is due only to
the perturbation applied, and does not contain
significant components from spurious sources.

Linearity.—the perturbation/response of the system is
described by a set of linear differential laws. Practically,
this condition requires that the impedance be indepen-
dent of the magnitude of the perturbation.

Stability.—the system must be stable, in the sense that
it returns to its original state after the perturbation is
removed.

Impedance values.—the impedance must be finite
valued at w—0 and w—», and must be a continuous and
finite valued function at all intermediate frequencies.

Provided that the above conditions are satisfied, the
K-K transforms are purely a mathematical result, and do
not reflect any other physical property or condition of
the system. The transforms have been used extensively in
the analysis of electrical circuits (9), but only rarely in the
case of electrochemical systems (10-14).

Two of the more important transforms may be stated as
follows (9, 11)

2 = " _ "
Z'(w) — Z'() = (7) [ XZ@) - oZw) 3]

)

X -

Z'w) — Z'0) = (2—“’)
™

1 1
J[CEERE PR

where Z' and Z" are the real and imaginary components
of the impedance, respectively. Therefore, according to
Eq. [2], the polarization resistance simply becomes



Vol. 132, No. 10

- (2)[[F]e-G) [ 5P e w
a/J, x m iiin x

The forms of Eq. [3][5] deserve brief comment. First, it
is evident that if the integral in Eq. [5] is to be convergent
and finite, then Z"(x)/x —» 0 as x > Ty, = 0 and x — Ty
— x, The approximation is valid when the integrals from
x = 0 to xp, and from x,,, to © are negligible compared
with the integral from x,, to x,.. Second, it appears
that the functions beneath the integrals in Eq. [3] and [4]
contain singularities at x = w. However, as we show later
(16), expansion of (x* — w?)~' reveals that no singularity
actually exists, and hence that the precision of integration
is not compromised on passing through x = o, as is some-
times claimed.

In this study, we evaluate the integral in Eq. [5] in a
piece-wise fashion by fitting a fifth-order polynomial to
experimental Z” vs. frequency (x) data using a least
squares technique

Z'(x) = a, + a,x + a,x* + a,xt + axt + ax’ [6]

The segments over which the integral is evaluated are
chosen to coincide with changes in the sign of Z"(x)
and/or with changes in the gradient of Z"(x) vs. frequency.
The total integral is then evaluated as

2 ast
R, = (;) > [a‘,ln x + ax + ;

a,x? axt ax® ] i+l
+ + 7
3 4 5 1, (7

where i is the segment number. The limitation on the size
of the segment is that the number of data points must ex-
ceed the highest order of the polynomial; we have found
that a fifth-order polynomial is well suited for the cases
discussed later in this paper.

The use of Eq. [5] in the analysis of impedance data for
corroding systems has also been proposed by Kendig and
Mansfeld (12) and was subsequently used by Mansfeld et
al. (13). However, these workers propose that this equa-
tion is a basis for estimating polarization resistance data
from the imaginary component of the interfacial imped-
ance at high frequencies, thus avoiding the need to obtain
impedance data at time consuming low frequencies. As
noted by Kendig and Mansfeld (12), this approach is valid
only if the plot of Z" vs. log w (e.g., see Fig. 2) is symmetri-
cal. This is true only for those systems that exhibit single
semicircles in the complex plane that are either de-
pressed or centered on the real axis; it is generally not
valid for systems that exhibit multiple resistive/capacitive
or resistive/inductive relaxations or for those systems that
are best described in terms of a diffusional impedance or
a transmission line. Accordingly, the method described
by these workers is not expected to be generally applica-
ble to experimental impedance data, except in those
cases for which the condition noted above holds.

In this work, we adopt a more general approach in the
application of Eq. [5], in that the integration is carried out
over the entire frequency range and not just over the high
frequency arm of the Z" vs. log w region, as proposed by
Kendig and Mansfeld (12). Accordingly, our analysis is
not restricted by the shape of the Z" vs. log w correlation,
but should be applicable to all impedance data, provided
that the four general conditions for a valid impedance are
fulfilled and that the integral in Eq. [5] can be evaluated.
This then forms the basis for using Eq. [5] as a diagnostic
criterion for determining the validity of impedance data.

Analysis of Experimental Data

In order to illustrate the application of the K-K transfor-
mation method for validating polarization resistance mea-
surements in particular and for verifying impedance data
in general, we consider three systems: TiO,-coated steel
in a HCVKCI solution of pH = 2 at 25°C, Al-0.1P-0.1In-
0.2Ga-0.01TI alloy in 4M KOH at 25°C, and pure aluminum
(99.99%) also in 4M KOH at 25°C. The first system was
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chosen because it is characterized by an extensive (Z', Z")
vs. frequency data set that appears to satisfy the four con-
ditions listed previously for a valid impedance. The sec-
ond and third systems are included because aluminum
corrodes rapidly in KOH solution, so that the condition of
stability may not be satisfied. Furthermore, the third sys-
tem exhibits characteristics that suggest the presence of
experimental artifacts in the experimental impedance
data. Accordingly, this system affords an opportunity to
examine the sensitivity of the transform currently being
considered to apparently “bad” data.

The complex plane plot for TiO,-coated carbon steel in
HCUKCI solution, pH = 2, at 25°C is shown in Fig. 1. The
high frequency region exhibits a slope of ~ =/4, indicating
that the interfacial properties are dominated by a mass-
transfer process. At lower frequencies, the locus of data
points curls over and ultimately intercepts the real axis at
a frequency of less than 0.01 Hz. The measured polariza-
tion resistance is readily computed from the high fre-
quency and low frequency intercepts as R, = 158.48—1.35
= 157.13Q. The experimental Z" vs. log,, x (x = frequency
in hertz) data are plotted in Fig. 2, and demonstrate that
this system exhibits a single dispersed relaxation cen-
tered about x = 0.58 Hz. Also plotted on this figure are
data calculated from the least squares piecewise fit of Eq.
[6] to the experimental data. In this case, five segments
were used, corresponding to one for x < 0.58 Hz and four
for x > 0.58 Hz. The value of R, calculated from the inte-
gral (Eq. [7]) was found to be 158.20Q which differs from
the experimental value noted above by less than 0.7%.
This error is of the same order (1-1.5%) as that found by
transforming data calculated from equivalent electrical
circuits; systems that we know a priori satisfy the condi-
tions for a valid impedance. Thus, the observed error may
be attributed principally to the algorithm itself.

In the second case Al-0.1P-0.1-In-0.2-Ga-0.01Tl alloy in
4M KOH at 25°C, (Fig. 3 and 4), both the complex plane
and the Z’ vs. log,, x plots demonstrate the existence of
resistive/capacitive and resistive/inductive relaxations at
high and low frequencies, respectively. The data plotted
in Fig. 4 were analyzed in three segments: A-B, B-C, and
C-D. Agreement between the experimental data and that
recalculated from Eq. [6] is clearly less exact in this case
than in the previous one. Also, it was necessary to use
much wider segments in the evaluation of the integral in
Eq. [5]. The calculated R, value was found to be 82.4Q
compared with 90 + 50 obtained by extrapolating the
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Fig. 1. Complex plane impedance plot for TiO,-coated carbon steel
in HCI/KCI solution. pH = 2. T = 25°C. The numbers refer to fre-
quencies in hertz.
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Fig. 2. Plot of Z" vs. log,, x (x in hertz) for TiO,-coated carbon
steel in HCI/KCI solution. pH = 2. T = 25°C. Dashed line: polynomial
fit (Eq. [6]). Solid-line: experimental data.
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Fig. 3. Impedance diagram for Al-0.1P-0.11n-0.2Ga-0.01T! alloy in
4M KOH at 25°C and at the open-circuit potential (—1.760V vs.
Hg/HgO). Numbers next to the experimental points are frequencies in
hertz.
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Fig. 4. Plot of Z" vs. log x (x in hertz) for Al-0.1P-0.1In-0.2Ga-
0.01Tl alloy in 4M KOH at 25°C under open-circuit conditions (E =
—1.76V vs. Hg/HgO). Dashed line: polynomial fit (Eq. [6]). Solid line:
experimental data.

measured impedance to intercept the real axis in the limit
of zero frequency. We believe that the difference is
significant, and that it reflects not only an overall lower
quality of data, as expected for a rapidly corroding sys-
tem, but also a less extensive data set, particularly in the
critically low frequency region. Nevertheless, the trans-
form is quite satisfactory, considering the dubious
fulfillment of the stability condition.

The final case considered in this paper (Fig. 5 and 6)
was chosen because the system apparently exhibits a neg-
ative resistance at high frequencies and multiple inter-
secting loops at low frequencies. This latter characteristic
is frequently observed experimentally, and is predicted
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Fig. 5. Complex plane impedance plot for pure Al (99.99%) in 4M
KOH at 25°C. E = —1.56V vs. Hg/HgO. Numbers next to the experi-
mental points are frequencies in hertz.
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Fig. 6. Plot of Z" vs. log,, x (x in hertz) for Al in 44 KOH at 25°C.

E = —1.56V vs. Hg/HgO. Dashed line: polynomial fit (Eq. [6]). Solid
line: experimental data.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1985

theoretically for certain dissolution reactions (12), so that
verification that data of this type correctly transform is a
matter of considerable interest. The negative resistance at
high frequencies is almost certainly an experimental arti-
fact, presumably arising from poor cell design. In carry-
ing out the transformation, a three-segment (A-B, B-C,
C-D, Fig. 6) integration was used to yield an R, value of
7.55Q. This value is significantly lower (by 18%) than the
value of 9.2Q) obtained by extrapolating the high and low
frequency arms to the real axis. Part of the difference
may be due to the fact that the data were not obtained at a
sufficiently low frequency to detect an inductive loop;
note that the data point at 0.01 Hz does in fact lie below
the real axis. However, a more likely explanation is that
the real component of the impedance is distorted by some
cause that results in the appearance of an apparent nega-
tive resistance at high frequency. Indeed, if it is assumed
that the high frequency data intersects the real axis at the
origin, then an experimental value for R, of 8.2 = 0.50 is
obtained. This value is in much better agreement with
that calculated above using the K-K transform.

Discussion

The analyses described above demonstrate that the
Kramers-Kronig transform, as embodied in Eq. [5], is an
accurate and convenient tool for assessing the validity of
electrochemical impedance data.

From the present analysis, it is evident that the quality
of electrochemical impedance studies depends heavily
upon the size and accuracy of the experimental data set,
as exemplified by the first example analyzed in this
study. It is also apparent that psuedoinductive imped-
ances (second case), and possibly those exhibiting inter-
secting loops (third case), also transforrn correctly, and
hence may be regarded as valid characteristics of an ob-
served impedance function. Finally, the transform appar-
ently is sensitive to experimental artifacts that may, for
example, lead to the distortion of one component; in the
third case analyzed here, the distortion results in negative
resistance at high frequencies. It is important to note,
however, that the entire weight of the validation test af-
forded by Eq. [5] is placed on a knowledge of the real and
imaginary components of the impedance over an effec-
tively infinite frequency bandwidth. Since reliable im-
pedance data for the low frequency region are not always
available, considerable care must be exercised in ap-
plying Eq. [5] as a quantitative validity test. It is possible
that more accurate and convenient validation analyses
might be developed by considering the full set of K-K
transforms, including Eq. [3] and [4], in order to de-
emphasize the importance of the low frequency region.
This possibility is currently being explored, and will be
discussed in the second part of this series (16).

Acknowledgments
Financial support of this work from the Department of
Energy and Eltech Systems, Incorporated, through Con-
tract LNL-1806205, is greatly appreciated. The authors
also thank Dr. M. C. H. McKubre for supplying data on
TiO,-coated carbon steel and Ms. Silvia Real for some of
the experimental data for aluminum.

Manuscript submitted Feb. 8, 1985; revised manuscript
received June 10, 1985.

SRI International assisted in meeting the publication
costs of the article.

REFERENCES

1. D. D. Macdonald and M. C. H. McKubre, in “Modern
Aspects of Electrochemistry,” Vol. 14, J. O’'M. Bock-
ris, B. E. Conway, and R. E. White, Editors, p. 61,
Plenum Press, New York (1982).

2. D. D. Macdonald and M. C. H. McKubre, in “Electro-
chemical Corrosion Testing,” STP727, ASTM,
Philadelphia (1981).

3. D. D. Macdonald, “Transient Techniques in Electro-
chemistry,” Plenum Press, New York (1977).

4. A. J. Bard and L. R. Faulkner, “Electrochemical
Methods,” John Wiley and Sons, New York (1980).



Vol. 132, No. 10

M. Stern and A. L. Geary, This Journal, 104, 56 (1957).
F. Mansfeld, Adv. Corr. Sci. Technol., 6, 163 (1976).
H. A. Kramers, Physiol. Zool., 30, 522 (1929).

R. de L. Kronig, J. Opt. Soc. Am., 12, 547 (1926).

H. W. Bode, “Network Analysis and Feedback Ampli-
fier Design,” Chap. 14, Nostrand, New York (1945).
V. A. Tyagai and G. Ya. Kolbasov, Elektrokhimiya, 8,

59 (1972).
11. R. L. Van Meirhaeghe, E. C. Dutoit, F. Cardon, and
W. P. Gomes, Electrochim. Acta, 21, 39 (1976).

cEN oo

i
=

KRAMERS-KRONIG TRANSFORMS

2319

12. M. Kendig and F. Mansfeld, Corrosion, 39, 466 (1983).

13. F. Mansfeld, M. W. Kendig, and W. J. Lorenz, This
Journal, 132, 290 (1985).

14. C. D. S. Tuck, Abstract 191, p. 276, The Electrochemi-
cal Society Extended Abstracts, Vol. 84-2, New Or-
leans, LA, Oct. 7-12, 1984.

15. M. Keddam, O. R. Mattos, and H. Takemouti, This
Journal, 128, 257 (1981); ibid., 128, 266 (1981).

16. M. Urquidi and D. D. Macdonald, To be submitted to
This Journal.

Anodic Oxide Growth on Aluminum in the Presence of a Thin
Thermal Oxide Layer

Walter J. Bernard* and Steven M. Florio
Sprague Electric Company, North Adams, Massachusetts 01247

ABSTRACT

The presence of a thin film of thermal oxide on the surface of aluminum promotes the growth of additional crystal-
line (y'-Al,O,) oxide during subsequent anodization in an aqueous phosphate solution. It was shown through the use of
phosphorus-32 tracer and chemical thinning procedures that the anodic crystalline oxide is formed beneath a discrete,
continuous layer of amorphous oxide, and that the original thermal oxide is incorporated in the anodic crystalline film.
The concentration of phosphorus in the amorphous layer is greater than that which occurs in the absence of crystalline
oxide. Evidence is given that the occluded phosphorus species has some ionic mobility in both oxides.

The anodic oxidation of aluminum in aqueous borate or
phosphate solutions generally results in the growth of ox-
ide films that appear amorphous by x-ray or electron dif-
fraction. Under some conditions, however, these dielec-
tric films may display some degree of crystallinity. For
example, if the metal is treated with hot water before an-
odic oxidation to a high voltage in aqueous borate, a
portion of the dielectric contains crystals of y'-AlLO, (1, 2).
This has been studied in some detail. Low voltage films
grown in citric acid after a boiling water treatment have
also been shown to have a partial crystalline character (3).

Crystalline oxide growth may also be promoted by the
use of a brief thermal oxidation prior to the anodic oxida-
tion (4, 5). The thermal oxide, identified as y-Al,O, (6), has
been shown (7, 8) to consist of small crystallites that nu-
cleate below the pre-existing amorphous oxide, spreading
laterally to cover the entire metal surface.

The presence of the thermal oxide modifies the mecha-
nism of anodic oxidation so that the growth of additional
crystalline oxide is promoted, and it may also affect the
composition of the layers of oxide that comprise the over-
all complex film structure. That such compositional
modification can be brought about by the presence of an
existing film was shown (9) in the case of anodic oxida-
tion of aluminum in an aqueous phosphate solution.
When the surface is free of oxide the dielectric contains
substantial amounts of phosphorus (10, 11), but when the
foil is first covered with a hydrous oxide layer the subse-
quently formed anodic oxide is essentially free of phos-
phorus. One purpose of this study was to see if the ther-
mal oxide behaves analogously.

The location of the thermal oxide during anodization
may be conveniently observed by the use of a pretreat-
ment of the foil in hot phosphoric acid containing *P. As
a result of this treatment, the aluminum surface becomes
covered with a monolayer of the acid (or other phosphate
species). This phosphorus is retained during thermal oxi-
dation, becoming incorporated into the thin thermal film
and thereby acts as a marker during the following
anodization. The location of the tagged thermal oxide
may be determined by measuring the amount of residual
2P during chemical sectioning of the composite films.

Further information on the mechanism of the reaction
was obtained by carrying out the foil pretreatment in non-

*Electrochemical Society Active Member.

radioactive phosphoric acid; in this case, the thermal step
was followed by anodization in a radioactive solution of
ammonium dihydrogen phosphate.

Experimental

The aluminum specimens were cut from 76 um thick
Alcoa foil of 99.99% purity. Prior to phosphoric acid treat-
ment, the specimens were electropolished in a perchloric
acid/acetic anhydride mixture for 150s at 10 mA/cm?, and
then rinsed with distilled water and dried with acetone.
This electropolishing procedure produces a smooth metal
surface covered with a very thin (<20A) oxide film (12).

Carrier-free **P isotope was obtained from New Eng-
land Nuclear as H,PO, in water. A 2.0 mCi portion of this
acid was incorporated into a 0.01M solution of H,PO,; a
similar 0.01M H;PO, solution without tracer was also pre-
pared. A second 2.0 mCi portion of the radiolabeled acid
was incorporated into a 0.01M solution of ammonium di-
hydrogen phosphate (ADP); a similar 0.01M ADP solution
without tracer was also prepared.

Standards for determining activity were prepared by
the uniform distribution of an aliquot (either 50 or 100
pliter) of the active solutions, in small droplets, over an
area of aluminum equivalent to that used for counting ex-
perimental specimens. The phosphoric acid for these
standards was neutralized with 0.01N NaOH before use.
The foils were then dried at 60°C before counting.

For all radioactive specimens, a circular area of 7.9 cm?
was measured with a Geiger-Muller counter. A tantalum
mask, 0.76 mm thick, served to define the counting area.
The aluminum foil itself was transparent to g-radiation
emitted by *P, and hence both sides of the experimental
samples were counted simultaneously.

Acid pretreatment was carried out in vigorously boiling
solutions of 0.01M H,PO, for 90s. These foils were then
thoroughly washed with distilled water, dried with ace-
tone, weighed, and counted when applicable. The weight
changes for this step and all subsequent operations were
determined with a digital microbalance. Specimens were
oxidized in air at 600°C for 5 min, and then reweighed and
counted.

After thermal oxidation, the active specimens were ano-
dized in nonactive 0.01M ADP solution; foils that had
been pretreated with nonradioactive H,PO,, on the other
hand, were anodized in ADP solutions containing the *P
tracer.
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Anodizations were performed in glass-jacketed cells,
using Teflon supports for platinized-platinum counter-
electrodes. Stirring of the electrolyte was accomplished
with a magnetically driven stirring bar. A constant-tem-
perature liquid pumped through the cell jacket main-
tained the anodizing solution at 85° + 0.2°C. The current
density was 1.0 mA/cm?, and during the constant-voltage
period it was allowed to decay to 0.05 mA/cm?.

Measurements of series capacitance, at 120 Hz, were
made in a similar cell using aqueous ammonium borate at
26°C.

The distribution of radiotracer in the films was deter-
mined by dissolving the films stepwise in a stirred solu-
tion of 2% Cr0.,/5% H,PO, at 65°C. This solution has been
shown to attack amorphous Al,O, uniformly at a moder-
ately fast rate, with extremely little attack on the metal
(13). However, the rate of attack on crystalline Al,O, has
been shown to be much slower (14, 15). As such, this pro-
cedure is effective for discriminating between the two
types of oxide.

In addition to the determination of weight loss and re-
sidual radioactivity following the chemical sectioning
steps, capacitance and remaining barrier voltage were ob-
tained to give a measure of the film thickness. The bar-
rier voltage was determined by applying a small constant
current (i.e., 10% of the formation current density) in the
original anodizing electrolyte, and observing the knee of
the V-t curve. The point which is taken as V,, is the begin-
ning of the constant slope corresponding to the calculated
rate of new film growth. This is found by extrapolation
of the straight line to the point of curvature, and is indica-
ted by vertical lines on the tracings in Fig. 3. For short
chemical treatment times, the break in the curve is satis-
factorily sharp, and observations were reproducible to a
volt or two. For longer periods, where film undercutting
may occur, there is correspondingly less certainty in the
value.

Results and Discussions

The amount of thermal oxide grown on aluminum de-
pends on both the temperature and the reaction time.
Crystalline oxide can be formed at temperatures as low as
450°C (6), but more complete coverage of the foil is
achieved under more vigorous conditions; this, in turn,
increases the amount of crystalline anodic oxide. Five
minutes at 600°C gave satisfactory results for the work re-
ported here.

Under the experimental conditions used, it is believed
that after thermal treatment the oxide present on the
metal surface is almost entirely crystalline. The exposure
to dilute phosphoric acid serves to dissolve the natural
amorphous oxide as well as to create an adsorbed layer of
phosphate. The oxide-free aluminum is thus largely pro-
tected from regrowth of oxide until exposure to tempera-
tures which permit the growth of crystalline oxide. This
sequence of events is supported by weight measurements
showing that the loss in weight during exposure to phos-
phoric acid corresponds to the removal of the original
amorphous film; no substantial weight gain occurs until
high temperature oxidation takes place. Only a small frac-
tion of the resulting film is soluble in phosphoric acid.
Details will be given in a future publication.

In the first series of experiments foil samples were
treated with active H,PO,, thermally oxidized, and then
anodized in nonactive ADP. When these foils were sub-
jected to the chemical sectioning procedure, the **P activ-
ity and oxide weight varied with time, as shown in Fig. 1.

The duplex nature of the anodic films can be deduced
from these results. It is apparent from the weight loss
curve that a soluble oxide is positioned above an insolu-
ble layer, as shown by the abrupt reduction in weight loss
after 2 min. The insoluble layer was identified by elec-
tron diffraction as y’-Al,0,, confirming earlier reports
(14, 16). In addition, the fact that only about 10% of the
original activity is lost during chemical stripping shows
that the bulk of the original adsorbed species has become
a constituent of the insoluble crystalline oxide. This can
only have come about by nearly complete incorporation
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Fig. 1. Loss of activity and weight during chemical sectioning of
100V ADP films. Pretreated with active H.PO, and then thermally
oxidized.

of phosphorus in the thermal oxide that was grown at
600°C; upon anodization this thermal oxide, which en-
hances the anodic growth of y'-Al,0,, occupies the same
golcation in the complex film as the thicker crystalline

m.

It is not clear why the thermal oxide failed to tie up the
entire layer of adsorbed phosphoric acid, allowing about
10% of the phosphorus to be removed during the early
stage of the chemical sectioning. It might have been rea-
sonable to expect the y'-Al,O, film to have sufficient
mass to accommodate all the phosphorus available; using
a density of 3.6 g/lem* (5) and an oxide weight of 5.7
ugl/em?, the film thickness is estimated to be about 160A.

The very small amount of phosphorus introduced as a
marker has apparently no significant effect on the mech-
anism. From activity data, it was calculated that only
about 0.035 ug/cm* was present before thermal treatment,
and that about 0.030 ug/cm? remained in the final duplex
oxide before chemical sectioning. These figures were es-
sentially independent of the anodization voltage, as
shown in Table I.

The curves of weight loss and residual activity do not
show the limiting horizontal lines which would be antic-
ipated for ideal behavior. This is most likely a result of
the incompletely continuous nature of the crystalline ox-
ide, which permits some degree of penetration and under-
cutting of the crystalline particles, followed by mechani-
cal dislodging of these grains.

The curves in Fig. 2 provide further evidence for the
layered structure of the dielectric film. Separate foil
specimens were chemically stripped and reanodized to
determine the amount of barrier remaining (V,,), as well as
the capacitance of the remaining film. The shape of the
Vy curve is similar to that of the weight loss curve of Fig.
1, and for a 100V film it indicates that about 35% of the
original barrier consists of the easily soluble amorphous
oxide. The remainder of the film appears to be largely
crystalline, although the presence of an additional thin
amorphous layer at the metal/oxide interface is likely (3),
and is supported by the manner in which the crystalline

Table I. Weight of phosphorus on aluminum surface

(ng/em?)
Anodization voltage
50V 100V 150V
Before 600°C treatment 38 35 33
After 600°C treatment 34 36 35
Final weight in oxide 30 29 27
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Fig. 2. Change in barrier voltage and reciprocal capacitance during
chemical sectioning of 100V ADP films. Pretreatment as in Fig. 1.

film may be undercut after extended chemical stripping.
When carried out for sufficiently long periods, it was pos-
sible to observe minute particles of insoluble oxide sus-
pended in the stripping solution.

Reanodization curves also demonstrate that the crystal-
line layer is not a completely inpenetrable barrier, but
consists, in part at least, of some defects and channels in
which amorphous film is grown. A typical reanodization
curve, shown in Fig. 3, demonstrates that a small but sig-
nificant charge is required to refill gaps in the crystalline
layer when chemical sectioning approaches the amor-
phous/crystalline interface. A 30s stripping (curve I) re-
quired only 6.8 mC/cm? to recharge the film to 97V, corre-
sponding to 3.6% of the charge passed during the original
formation to that voltage. A longer reaction time of 120s,

VOLTS

150

60 90 120
TIME (SECONDS)
Fig. 3. Recorder tracings of reanodization of 100V ADP films chem-

ically stripped for 30s (curve 1) and 120s (curve II). Foils pretreated

as in previous figures.
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on the other hand, required the passage of 9.3 mC/cm? to
reach the residual barrier level of 71V (curve II); in terms
of anodization charge, this amounts to 6.6% of that
needed to form a 71V film.

Figure 2 also shows the dependence of reciprocal
capacitance on stripping time; a constant value of 1/C is
reached after about 120s, the same point at which V;; be-
comes constant. The data in this plot represent measure-
ments made immediately after reanodization, which gave
stable reproducible values. If measured before reanodiza-
tion, however, capacitances were unstable and fictitiously
high, either through the dissolution of intergranular
amorphous oxide, or because of some degree of dielectric
instability revealed by the chemical treatment. This type
of dielectric relaxation is commonly observed in high
voltage films that have been formed in the presence of a
hydrous oxide layer, but has also been observed with low
voltage films of the type described here (2, 17).

The two forms of anodic oxide differ not only in their
degree of crystallinity, but also in other properties. The
growth constant (reciprocal field strength) of the crystal-
line layer is obviously greater than that of the amorphous
film, and it should be possible to estimate its value from
the curves in Fig. 2 and from the appropriate physical
constants of the amorphous oxide, i.e., 14.8 A/Vtand € =
8.5 (18).

The voltage across the crystalline film is 71V (assum-
ing that there is only a negligible amount of amorphous
oxide at the metal interface), while its reciprocal capaci-
tance is only 54% of the total film. If its dielectric con-
stant is 8.6, as reported (5), its growth rate is calculated as
7.2 A/V. This suggests that the field in the crystalline ox-
ide is much higher than has been reported previously;
weight measurements, on the other hand, lead to different
results. From the curve in Fig. 1, and using an oxide den-
sity of 3.61 g/cm?® (5) for the crystalline layer, the growth
rate is calculated to be 9.2 A/V, in good agreement with
Alwitt and Takei (5).

These discrepant results could perhaps be reconciled if
a higher value of ¢ for y'-Al,O, were used. In view of the
relatively high values that have been published for poly-
crystalline aluminas—10.5 and higher (19)—it would not
be surprising to find the value for y’-Al,O; to be some-
what greater than 8.6.

The second set of experiments involved the use of ac-
tive phosphorus in ADP solution to tag the growing an-
odic film. The amount of phosphorus takeup (Fig. 4) was
constant with formation voltage up to 150V, as was ob-

!The cited paper reported 12.3 A/V at a current density of 0.05

mA/cm?* at 25°C. From this value, we have made an estimate of
the thickness of the amorphous film at 85°C.

1.0y
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|
100 T
FORMATION VOLTAGE
Fig. 4. Weight of phosphorus incorporated into films during anodi-
zation in active ADP. Foils previously treated with inactive H,PO,, fol-
lowed by thermal oxidation.
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Fig. 5. Loss of activity and weight during chemical sectioning of
100V films anodized in active ADP. Foils pretreated as in Fig. 4.

served earlier in films formed in the absence of a thermal
oxide (10), but the distribution was quite different. Figure
5 shows the rate at which activity was lost in the chemical
stripping solution; the rate of weight loss is also depicted,
in good agreement with the previous independent set of
measurements. The bulk of the phosphorus (about 65%) is
in the outer amorphous layer, but a significant amount is
incorporated in the crystalline film.

The concentration of phosphorus in the amorphous
layer is influenced by the presence of the underlying
crystalline material. When anodization conditions are cho-
sen so that a fully amorphous oxide is grown, a 100V film
has a [P] of 640 ng/cm? (20, 21). But since phosphorus is
found only in the outer 70% of the film, where it is
homogeneously distributed (10), the concentration may
be better expressed as 9.1 ng/cm? for each volt of film. In
the case of the duplex film described in the paper, how-
ever, the outer amorphous layer does not appear to be as
homogeneous, judging from the absence of a sharp transi-
tion in the rate of activity lost during chemical sectioning,
and the phosphorus concentration is much greater. From
the activity data, it was calculated to be 19 ng/cm?>-V or
about twice that found in the conventional film. The
crystalline portion of the film, on the other hand, has a
[P] of only 4.4 ng/cm?-V.

These data suggest that the crystalline oxide acts as a
conductor not only for aluminum ions during film
growth, but also for oxygen and phosphate ions. The
presence of phosphorus in that portion of the dielectric
cannot come about by direct occlusion from solution as it
does for the outer amorphous film, since the crystalline
layer is never in contact with the solution once the first
contribution to film growth by metal ion migration takes
place. The results cannot therefore be reconciled to the
picture of P as an inert marker, but rather as a film com-
ponent with ionic mobility.

The difference in the phosphorus concentration in the
amorphous and crystalline oxide forms can thus be attrib-
uted to its lower mobility in the y’-modification. In the
case of a wholly amorphous film, it was found (10) that
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the rate of phosphorus incorporation from the advancing
oxide/solution interface is constant at constant current
density; the rate of phosphorus diffusion into the phos-
phorus-free region grown at the metal/oxide interface is
such that a uniform distribution results in the outer layer
of the duplex film. In the present case, however, because
the diffusing ions encounter the environment of y'-Al,O,
in which mobility is sharply reduced, the concentration in
the amorphous layer is increased.

It is also significant that the total amount of phospho-
rus in the overall film structure is greater than the paral-
lel case with an all-amorphous film, the figures being
950 and 640 ng/cm?, respectively. This can be accounted
for if the contribution to film growth by aluminum ion
motion is greater in the presence of the crystalline film,
since this would lead to greater growth at the electrolyte
interface and increased inclusion of phosphate ion.

A more detailed description of the process—in particu-
lar, the transport numbers of the ions—is not justified by
the available data. If the P species is not an immobile
marker, the measurement of its profile in the outer layer
alone cannot be used to estimate transport numbers. A
concentration profile of P in the crystalline films by
means other than chemical sectioning might do much to
throw more light on the overall process.

Manuscript submitted April 3, 1985; revised manuscript
received May 27, 1985. This was Paper 54 presented at the
Toronto, Ontario, Canada, Meeting of the Society, May
12-17, 1985.
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Anodic Oxidation of Reductants in Electroless Plating

Izumi Ohno,' Osamu Wakabayashi,? and Shiro Haruyama
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ABSTRACT

The anodic oxidation of reductants (hypophosphite, formaldehyde, borohydride, dimethylamine borane, and hydra-
zine) was studied on different metal electrodes (Au, Pt, Pd, Ag, Cu, Ni, and Co) at various temperatures, with special in-
terest in the catalytic aspect of electroless plating. The rate of the anodic oxidation strongly depended on the pH value,
the concentration of reductants, and the nature of the metal electrode. The catalytic activities of the metals for the
anodic oxidation of different reductants were evaluated by the potentials at a reference current density. The order of the
catalytic activity with metal varied depending on the nature of the reductants. The catalytic activity series thus obtained
can be utilized for choosing the reductant suitable for the metal to be deposited. Arrhenius plots of the anodic currents
on different metals at a reference potential yielded their respective straight lines. Some correlations were observed be-
tween the catalytic activity and the activation energy. The catalytic activity series was discussed in connection with that

for hydrogen electrode reaction.

It is widely accepted that electroless plating proceeds
along the electrochemical mechanism as the simultane-
ous reaction of cathodic metal deposition and anodic oxi-
dation of reductant (1-5). The electrochemical conditions
for electroless plating taking place are, first, the oxida-
tion potential of the reductant’s being less noble to the re-
versible potential of the metal to be deposited, and, sec-
ond, the metal’s having enough catalytic activity for the
anodic oxidation taking place with reasonable rate. The
first condition can be readily provided by simple thermo-
dynamic consideration. Therefore, the rate of anodic oxi-
dation of the reductant is, in some sense, a dominant fac-
tor in electroless plating.

The reductants used in electroless plating have a spe-
cial feature. A limited variety of reductants is used in an
electroless process, e.g., hypophosphite, formaldehyde,
borohydride, dialkylamine borane, and hydrazine. Elec-
troless plating usually accompanies hydrogen evolution,
the rate of which is not directly related to that of metal
deposition. Different reaction mechanisms have been pro-
posed to account for the hydrogen evolution during elec-
troless plating: (i) the proton discharge mechanism (6, 7),
(i1) the hydroxide mechanism (8, 9), and (iii) the hydride
ion mechanism (10, 11) and atomic hydrogen mechanism
(12,13). It was found by Gorbunova et al. (14) and
Holbrook et al. (15) that the hydrogen evolved during
electroless plating was originated mainly from the reduc-
tant molecule. Electroless plating proceeds mostly on cer-
tain metals that are known to be hydrogenation-dehydro-
genation catalysts. It was reported by Gorbunova et al.
(16) and Pearlstein et al. (17) that the poison for hydrogen-
ation catalysts such as thiourea and mercaptobenzothia-
zole functions as stabilizer in an electroless process.

Various reaction mechanisms were presented for
respective electroless processes (18-25). It was suggested
by several workers that the key step in the reaction is the
dissociative chemisorption to form adsorbed atomic hy-
drogen and an adsorbed anion radical. Van der Meerak-
ker (26) claimed that all the electroless plating processes
can be explained by a universal mechanism with the de-
hydrogenation of the reductant as the first step, thus

RH R+H [1
R + OH- ROH + e- [2]
H+H H, [3]
H+OH- ——— S HO+e- [4]
M™ + ne- M (5]

where RH represents the reductants. Reactions [3] and [4]
represent the recombination and ionization of adsorbed
atomic hydrogen, respectively, which can occur in paral-
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lel. Van den Meerakker also advocated that the catalytic
aspect in electroless plating is originated from the cata-
lytic property of the metal for reaction [3]. There are, how-
ever, only a few works on the anodic oxidation of the re-
ductant in connection with the catalytic activity of the
metal.

The aim of this paper is to establish the anodic oxida-
tion behavior of the reductants on different metal elec-
trodes with special interest in the catalytic activities of
the metals in electroless plating.

Experimental Details

Polarization experiments were carried out on gold, plat-
inum, palladium, silver, copper, nickel, and cobalt elec-
trodes in the appropriate complex solutions containing
sodium hypophosphite, formaldehyde, sodium borohy-
dride, dimethylamine borane, and hydrazine, respec-
tively. The standard compositions of the baths and the
experimental conditions are summarized in Table I. Plati-
num, gold, and silver plates of surface area 0.4 cm? were
used as the working electrodes. A platinum plate of the
same surface area plated with the metal under investiga-
tion was also used as the working electrode. The counter-

Table 1. Electrolytic solutions and experimental conditions
for anodic oxidation of reductants

Reductant Electrolyte
NaH,PO, NaH,PO, 0~ 04M
Na-citrate 0.2M
H,BO, 0.5M
pH 70~95
Temperature 290.2 ~ 350.2 K
Air atmosphere
HCHO HCHO 0~ 1M
EDTA - 2Na 0.175M
P 11.0 ~ 13.2
Temperature 278.2 ~ 3302 K
Nitrogen atmosphere
NaBH, NaBH, 0.01 ~ 0.1M
EDTA - 2Na 0.175M
pH 115 ~ 13.8
Temperature 2772 ~ 3202 K
Nitrogen atmosphere
DMAB* DMAB 0 ~ 8 gfliter
Na-citrate 0.2M
3 B0, 0.5M
CH,0H 2 ml/liter
pH 6.0 ~ 8.0
Temperature 287.2 ~ 3292 K
Nitrogen atmosphere
NH,NH, NH,NH, - H,0 0~2M
EDTA - 2Na 0.175M
pH 11.0 ~ 13.0
Temperature 298.2 ~ 339.2 K

Nitrogen atmosphere

* Dimethylamine borane.
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electrode was a platinum plate of surface area 18 cm? The
electrolytic cell was a Pyrex cylinder 5 cm in diameter
and 8.5 cm in height. The potential of the working elec-
trode was measured against a saturated calomel electrode
(SCE) via a Luggin capillary and a salt bridge. Polariza-
tion measurements were made in potentiodynamic mode
with a sweep rate of 0.002 V/s using an electronic
potentiostat and a function generator. The experiments
were carried out without agitation at 298.2 K unless other-
wise noted. Some of the experiments were performed by
using a rotating disk electrode. The rotating electrode
was a platinum disk 0.3 cm in diameter plated with the
metal under investigation. It was found, however, that the
rotation of the electrode had no significant effect on the
polarization behavior.

Results and Discussions

The anodic and cathodic reactions in electroless plating
are more or less interdependent when they occur simulta-
neously (27, 28). The rate of the anodic oxidation of the
reductant is in many cases accelerated in the presence of
the cathodic deposition of the metal. As a first approxi-
mation, however, it can be assumed that the anodic polar-
ization curve obtained in the absence of the metallic ion
represents the true partial anodic reaction that would oc-
cur in the complete baths. In order to understand the cat-
alytic aspect in electroless plating, the anodic polarization
experiments were carried out on gold, platinum, palla-
dium, silver, copper, nickel, and cobalt electrodes in the
baths containing the reductants as listed in Table I. Simi-
lar polarization experiments were carried out in the baths
in the absence of the reductant to distinguish the anodic
current attributable to the dissolution of the metal.

Effect of pH and the concentration of reductant.—The
rate of the anodic oxidation of the reductants increases
with increasing either pH value or the concentration of
the reductant. As the examples, the effects of the concen-
tration on the anodic polarization curve of nickel in the
solution containing hypophosphite are shown in Fig. 1.
The polarization curves exhibit a maximum in current

4 T T T T T T T T

i/10-3A-cm~2

N

1

Current density,

Potential, E/V (SCE)

Fig. 1. Current-potential curves of anodic oxidation of hypophos-
phite on nickel at different concentrations. Bath composition: 0.2M
Na-citrate + 0.5M H,BO, + NaH,PO, (varied), pH 9.0, 343 K. Con-
centration of NaH,PO,(mol/dm?): open circles, 0.40; open squares, 0.20;
open triangles, 0.10; solid circles, 0.06; solid triangles, 0.03.
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Fig. 2. Current-potential curves of anodic oxidation of hypophos-
phite on nickel at different pH values. Bath composition: 0.2M NaH.PO,
+ 0.2M Na-citrate + 0.5M H,BO,, 343 K. pH: open circles, 9.5; open
squares, 9.0, open triangles, 8.5; solid circles, 8.0; solid squares, 7.5;
solid triangles, 7.0.

which increases with increasing the concentration. Al-
though the depression of current after the maximum has
been often attributed to the formation of an oxide film on
surface, it occurs sometimes on noble metals and the de-
pression potentials are mostly less noble compared to the
reversible potentials for the oxide formation of the
metals.

Figure 2 shows the effect of pH value on the anodic oxi-
dation of hypophosphite on nickel. The current increases
with increasing the pH value, shifting the current maxi-
mum to less noble potentials. The effects of the concen-
tration of hypophosphite and the pH value on the anodic
current at a fixed potential are summarized on logarith-
mic diagrams in Fig. 3 and 4, respectively. The slopes of
the current-concentration diagram in Fig. 3 scattered be-
tween 0.44 and 0.80, depending on the nature of metal.
The reaction orders with respect to hydroxyl ion were ob-
tained from Fig. 3 to be approximately 0.25, except that
for platinum (29).

Polarization experiments similar to those described
above were carried out in the other baths shown in Table
1. The dependencies of the current on pH value and the
concentration of reductant in the other baths were very
complicated, and the logarithmic plots of the relation sim-
ilar to Fig. 3 and 4 did not exhibit a straight line (30, 31).
Summarizing all the results, the reaction orders with re-
spect to the reductants seem to scatter between 0.4 and
0.8, regardless of the natures of metal and reductant. The
reaction orders regarding hydroxyl ion ranged from 0.2 to
0.4. Since the anodic oxidation of the reductants in the
complex solutions is affected by pH in various ways,
however, the apparent reaction orders may not be so
helpful for the diagnosis of the reaction mechanism.

Effect of the nature of metals.—The polarization curves
for the anodic oxidation of hypophosphite on different
metals in sodium citrate solution are shown in Fig. 5. An-
odic current attributable to the oxidation of hypophos-
phite was not observed on copper and silver electrodes,
which simply dissolved anodically as indicated by the
dotted line in Fig. 5. The polarization curve on palladium
electrode exhibits a monotonous increase in current with
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shifting the potential to noble direction. The polarization
curve on gold shows three maxima of current, and the
current falls off finally at around 0V. The current on
nickel electrode reaches a maximum at —0.7V and falls
off at —0.4V. Cobalt electrode dissolved anodically at the
potentials noble to the current maximum. It is readily
seen in Fig. 5 that platinum is less active for the anodic
oxidation of hypophosphite.
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Fig. 4. Dependency of the anodic oxidation current of hypophos-
phite on pH value. Bath composition: 0.2M NaH,PO, + 0.2M Na-
citrate + 0.5M H,BO,, 343 K. Potential (vs. SCE): —0.80V (for Au,
Ni), —0.70V (for Pd, Co), +0.20V (for Pt).

2325

50

Lﬁ
¢ 10 ¢
E F ]
CIE ]
T 5 ]
o | J
s
z
2 1f E
[ F ]
© [ 4
T 0.5 1
2 + i
‘5 F B
o
.'
0.1F : ‘f 1
o | |
L | [} ]
: i 4 | L P
-1.0 -0.8 -0.6 -0.4 -02 O 0.2 04 0.6
Potential, E/V (SCE)

Fig. 5. Polarization curves for the anodic oxidation of hypophos-
phite on different metals. Bath composition: 0.2M NaH,PO, + 0.2M
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The polarization curves for the anodic oxidation of for-
maldehyde on different metals in a EDTA solution are
shown in Fig. 6. Cobalt and nickel electrodes exhibit the
anodic current attributable to oxidation of formaldehyde
only at the potentials noble to 0.3V. The anodic current
on copper starts to rise at —0.95V and falls off at —0.3V,
exhibiting a maximum in current. The polarization
curves on gold, silver, platinum, and palladium electrodes
obey the Tafel relation at less noble potentials, exhibiting
a limiting current at noble potentials. The limiting cur-
rent was scarcely affected by the rotation of the electrode.
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Fig. 6. Polarization curves for the anodic oxidation of formaldehyde
on different metals. Bath composition: 0.1M HCHO + 0.175M EDTA.2Ng,

pH 12.5, 298 K. Dotted line: current attributable to the anodic disso-
lution of Cu and Co electrodes.
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It is seen in Fig. 6 that the apparent oxidation potential of
formaldehyde on copper is less noble than that on the
other metals.

The polarization curves for the anodic oxidation of
borohydride on different metals are shown in Fig. 7. Most
of the polarization curves obey the Tafel relation exhibit-
ing an asymptotic behavior at noble potentials, whereas
those on cobalt and nickel electrodes show a current
maximum.

Figure 8 shows the polarization curves for the anodic
oxidation of dimethylamine borane on different metals.
Copper electrode simply dissolved without exhibiting the
current attributable to anodic oxidation of dimethylamine
borane. The current maximum behavior was observed on
nickel, cobalt, and platinum electrodes.

The polarization curves for the anodic oxidation of hy-
drazine on different metals are shown in Fig. 9. The polar-
ization curves on cobalt and nickel show a maximum cur-
rent behavior, whereas those on platinum, palladium,
copper, gold, and silver exhibit well-defined Tafel lines.

Referring to the results shown in Fig. 5-9, it is seen that
the shapes of the polarization curves can be classified
into three categories: the Tafel type, the Tafel type with
limiting current, and the volcano type. The limiting cur-
rent has been attributed to a limited diffusion of reactant
in solution, whereas it is less sensitive to agitation of solu-
tion. Occurrence of the volcano type of polarization curve
has been often attributed to the formation of anodic oxide
film on surface, although the potential of falling off of
current is usually less noble than the reversible potential
of oxide formation. It is highly probable that these polari-
zation behaviors reflect the mechanism of anodic oxida-
tion of reductants as such. It is also noted that electroless
plating usually takes place at the potentials correspond-
ing to the less noble branch of the polarization curves.

Effect of temperature—The anodic polarization experi-
ments similar to those described above are carried out on
various metals and reductants at different temperatures.
The Arrhenius plots of the currents on different metals at
appropriate potentials for the anodic oxidation of hypo-
phosphite, formaldehyde, borohydride, dimethylamine
borane, and hydrazine are shown in Fig. 10, 11, 12, 13, and
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Fig. 7. Polarization curves for the anodic oxidation of borohydride
on different metals. Bath composition: 0.03M NaBH, + 0.175M
EDTA.2Ng, pH 12.5, 298 K. Dotted line: current attributable to the
anodic dissolution of Co electrode.
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DMAB + 0.2M Na-citrate + 0.5M H,BO,, pH 7.0, 298 K. Dotted

line: current attributable to the anodic dissolutior of Cu and Co elec-
trodes.

-1.0

14, respectively. The reference potential was so selected
in the Tafel region at less noble potentials in Fig. 5-9 that
the temperature dependency of the current on different
metals could be evaluated on the basis of a common po-
tential. Because of difference in the shape of polarization
curves and in its temperature dependency, however, all
the data on different metals could not be covered by
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Fig. 9. Polarization curves for the anodic oxidation of hydrazine on
different metals. Bath composition: 1.0M N,H, + 0.175M EDTA.2Na,
pH 12,0, 298 K.
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single reference potential. The apparent activation ener-
gies and the frequency factors obtained from Fig. 10-14
are summarized in Table II, together with the reference
potentials. The activation energies (kJ/mol) hitherto pub-
lished on the rate of electroless plating in the net electro-
less baths are 74.1 for NiP-hypophosphite (18), 49.0 for

Table Il. Potentials at 1.0 x 10—* A/cm?* (E*), apparent activati gi
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Fig. 11. Arrhenius plots of the anodic oxidation current of formal-
dehyde at a reference potential. Bath composition: 0.1M HCHO +
0.175M EDTA.2Na, pH 12.5. Reference potential (vs. SCE): —0.70V
(for Au, Cu), —0.65V (for Ag), —0.50V (for Pt), —0.35V (for Pd),
0.40V (for Ni), 0.45V (for Co).

Cu-formaldehyde (32), 44.4-64.0 for NiB-dimethylamine
borane (33), 80 for Au-borohydride (22), and 66.5 for Co-
hydrazine (34). The activation energies for the anodic oxi-
dation of reductants shown in Table II seem to be appre-
ciably low in comparison with those for the rate of
electroless plating in the net electroless baths, probably
because the latter values involve the temperature depend-

y factors (logi *) for the anodic oxidation of reductants on

different metals. For conditions, see the captions of Fig. 10-14

* E, log i* Reference potential
Reductants Metal (V vs. SCE) (kJ/mol) (10-* A/cm?) (Vvs. SCE)
NaH,PO, Au -0.982 33 5.7 -0.80
Ni -0.935 46 9.2 -0.80
Pd -0.910 54 8.9 -0.80
Co -0.854 88 11 -0.80
Pt -0.300 59 8.8 0.20
HCHO Cu —-0.906 50 8.5 -0.70
Au -0.770 29 4.7 -0.70
Ag -0.675 29 43 -0.65
Pt —-0.508 38 6.1 -0.50
Pd —-0.464 24 44 -0.35
Ni 0.366 46 7.3 0.40
Co 0.450 31 48 0.45
NaBH, Ni -1.190 40 7.2 -0.95
Co -1.180 40 8.2 -0.95
Pd -1.136 54 10 -0.95
Pt -0.983 46 8.4 -0.95
Au -0.850 39 7.4 -0.70
Ag -0.832 46 7.4 -0.70
Cu -0.761 46 7.3 -0.70
DMAB Ni -0.866 35 6.2 -0.55
Co -0.832 37 6.3 -0.55
Pd -0.766 41 7.1 -0.55
Au -0.650 42 6.8 -0.55
Pt -0.633 14 1.6 -0.55
Ag -0.565 50 8.0 -0.55
NH,NH, Co -0.940 31 5.7 -0.75
Ni -0.871 33 5.5 -0.75
Pt -0.800 17 3.0 -0.75
Pd -0.797 38 6.1 -0.75
Cu -0.556 33 5.3 -0.50
Ag -0.460 42 6.3 -0.50
Au -0.413 59 8.1 -0.50
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(for Pt, Pd, Ni, Co), —0.70V (for Au, Ag, Cu).

encies of the rate of cathodic metal deposition and of the
dissolution equilibrium of complex ion.

Hydrogen evolution during anodic oxidation of reduc-
tant.—Before the polarization experiments start, evolu-
tion of hydrogen gas was observed on some electrodes at
open-circuit condition, especially in the solutions con-
taining either hypophosphite or borohydride or dimethyl-
amine borane. With shifting the potential to noble poten-
tials, however, hydrogen evolution on cobalt, nickel,
palladium, and platinum electrodes decreased and finally
ceased. Therefore, it is probable that the hydrogen evolu-
tion in open circuit is attributable to the cathodic proton
discharge under mixed potential control, thus

2H' + 2e- H, [6]
RH + 20H- ——— ROH + H,O +2e- [7]

On the other hand, the rate of hydrogen evolution on cop-
per, silver, and gold electrodes increased with shifting the
potential to noble direction, regardless of the nature of
the reductant. This means that the reductants are anodic-
ally oxidized on copper, silver, and gold electrodes
accompanied by evolution of hydrogen gas that is origi-
nated from the reductant molecule. Accordingly, it is
likely that the anodic oxidation of the reductants pro-
ceeds mainly along the hydrogen evolution mechanism
on copper, silver, and gold, and the hydrogen ionization
mechanism predominates on cobalt, nickel, palladium,
and platinum.

Catalytic activity of the metal.—As is shown in Fig. 5-9,
the shape of the polarization curves of anodic oxidation of
the reductants varies in a complicated way depending on
the natures of metals and reductants, probably because of
complexity in reaction mechanism. Therefore, it seems
difficult to evaluate the catalytic activity of the metal for
respective reductants on the basis of a unified theoretical
standard. As a first approximation, however, it can be as-
sumed that the catalytic activities of the metals are char-
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acterized by the potential at a reference current density
on the polarization curves shown in Fig. 5-9. The charac-
teristic potentials at 1.0 x 10~* A/cm? are summarized in
Fig. 15. The oxidation-reduction potentials of the reduc-
tants and the reversible hydrogen potentials in respective
solutions are also indicated in Fig. 15.
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Fig. 14. Arrhenius plots of the anodic oxidation current of hydrazine
at a ref e p ial. Bath ¢ iti 1.OM NH, + 0.17M

EDTA.2Nag, pH 12.0. Reference poternﬁuls (vs. SCE): —0.75V (for Pt,
Pd, Ni, Co), —0.50V (for Au, Ag, Cu).
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It can be seen in Fig. 15 that the catalytic activity of the
metals for the anodic oxidation of different reductants de-
creases in the following order, respectively: Au, Ni, Pd,
Co, and Pt for hypophosphite, Cu, Au, Ag, Pt, Pd, Ni, and
Co for formaldehyde, Ni, Co, Pd, Pt, Au, Ag, and Cu for
borohydride, Ni, Co, Pd, Au, Pt, and Ag for dimethyla-
mine borane, Co,Ni, Pt, Pd, Cu, Ag, and Au for hydrazine.
Although there is no simple rule governing these orders,
it is noted that the order of the catalytic activity for
borohydride is almost the same as that for dimethylamine
borane. This fact seems to imply that the anodic oxida-
tion of these two boron containing reductants involve the
same adsorbed intermediate in the rate determining step
as was suggested by Okinaka (3). It must be also pointed
out that copper, silver, and gold are very active for the
anodic oxidation of formaldehyde, whereas they are less
active for the other reductants.

The requisite kinetic condition for the electroless plat-
ing taking place with a reasonable rate is the characteris-
tic potentials being less noble to the reversible potential
of the metal to be deposited. According to this approach,
Fig. 15 can be utilized for choosing the reductant suitable
for electroless process of respective metals. Since the re-
versible potentials of metals in the complex solutions that
are utilized in electroless processes are mostly in the
range from —0.65 to —0.45V (SCE) (35, 36), it is said that
the reductants available for depositing the metals are hy-
pophosphite for Au, Ni, Pd, and Co, formaldehyde for Cu,
Au, Ag, (Pt), and (Pd), borohydride for Ni, Co, Pd, Pt, Au,
Ag, and (Cu), dimethylamine borane for Ni, Co, Pd, and
(Pt), and hydrazine for Co, Ni, Pt, Pd, and (Cu). It can be
seen that borohydride can be utilized for the electroless
process of most metals and formaldehyde is substantially
the only reductant which can be used in high speed elec-
troless copper process. Such speculations based on Fig.
15 are in accord with the conventional usage of the reduc-
tant in electroless process.

The characteristic potentials at 1.0 x 10—* A/cm? are
listed in Table II, together with the activation energies.
The activation energies are plotted against the character-
istic potentials in Fig. 16. For the anodic oxidation of hy-
pophosphite and dimethylamine borane, the characteris-
tic potential shifts, except for platinum, to noble
potentials with increasing the activation energy. Some-
what similar correlation is observed on hydrazine. Al-
though the physical meaning of the activation energy is
not clarified yet, the observed parallelism between the
catalytic activity and the activation energy is quite
acceptable from the usual understanding of chemical re-
action. On the other hand, the correlation as described
above is not observed for borohydride and formaldehyde.
The activation energies for borohydride and formalde-
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hyde scatters around 42 and 30 kJ/mol, respectively, re-
gardless of the nature of metal.

Since the electroless plating accompanies hydrogen ev-
olution originated from the reductant molecule, the cata-
lytic nature in electroless plating has been often dis-
cussed in connection with that in hydrogen electrode
reaction (12, 13, 16). According to Van den Meerakker (26),
the anodic oxidation of the reductant proceeds along four:
elementary steps: dissociative adsorption, anodic oxida-
tion of adsorbed radical, and recombination and/or ioniza-
tion of adsorbed hydrogen. Namely, the adsorbed atomic
hydrogen formed by dissociative adsorption of reductant
is removed by either recombination or ionization, as simi-
lar with that in hydrogen electrode reaction. It is known
(37) that the exchange current density of hydrogen elec-
trode reaction decreases in the following order with
metal: Pt, Pd, Ni, Co, Cu, Ag, and Au. It is probable that
the anodic oxidation of the reductants proceeds mainly
along the hydrogen evolution mechanism on copper,
silver, and gold electrodes which are less active for hydro-
gen electrode reaction. Thus, it seems likely that the pref-
erential reaction path for removing the adsorbed atomic
hydrogen is related to the activity of metal for hydrogen
electrode reaction. However, there is no simple correla-
tion between the order of catalytic activity with metal for
hydrogen electrode reaction and that for the anodic oxi-
dation of the reductants. Therefore, it is not likely that the
rate of anodic oxidation of the reductants is controlled by
the removal of the adsorbed hydrogen. Much attention
should be focused on the electrochemical step for remov-
ing the adsorbed anion radical.

Summary

The catalytic activity of metals for the anodic oxidation
of different reductants in electroless plating was evalu-
ated by the potentials at a reference current density. The
catalytic activity series thus obtained serve to choose the
reductant suitable to the metal to be deposited. Some
correlations were observed between the catalytic activity
and the apparent activation energy.

It is suggested that the anodic oxidation of the
reductants proceeds mainly along hydrogen evolution
mechanism on copper, silver, and platinum, whereas the
hydrogen ionization mechanism predominates on cobalt,
nickel, palladium, and platinum. It is found, however,
that the catalytic activity series of metal for anodic oxida-
tion of reductants does not coincide with that for hydro-
gen electrode reaction.

Manuscript submitted Dec. 10, 1984; revised manu-
script received May 9, 1985. This was Paper 444 presented
at the New Orleans, Louisiana, Meeting of the Society,
May 12-17, 1985.
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Copper Electrodeposition onto Moving High Resistance Electroless

Films

J. F. D'Amico* and M. A. DeAngelo
AT&T Technologies, Incorporated, Princeton, New Jersey 08540

F. R. McLarnon*
Applied Science Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

ABSTRACT

The electrodeposition of Cu from aqueous CuSO,-H,SO, electrolyte onto a high resistance moving substrate has
been studied. Substrate speeds of 0.5-2.0 cm/s, average current densities of 12-50 mA/cm?, input Cu thicknesses of 0.1-0.5
pm, and cell depths of 30-74 cm were employed. Measured Cu metal thickness distributions showed good agreement
with those predicted by a steady-state “terminal effect” model.

The production of printed circuits by additive methods
(1) is initiated by the electroless deposition of a thin (0.1
wum) conductive coating of Cu onto an insulating sub-
strate. This coating may be patterned (1) or may be a uni-
form deposit over the dielectric. The thickness of this
coating can then be increased to practical values (ca. 35
wum) by electrodeposition of Cu. The patterned electroless
coating may be built up by electrodeposition (if the pat-
tern is continuous) or by high speed electroless plating.
The unpatterned electroless deposit will most often be
used as a cathodic connection for pattern electrodeposi-
tion through a plating mask. The latter process is usually
referred to as “semiadditive” plating.

Additive production methods permit an inventory of
Cu metal which is smaller than that required by standard
printed-circuit production methods, where the starting
material is (typically) an insulating substrate clad with 35
wm thick Cu foil. The additive printed-circuit production
method minimizes reliance on etching processes, which
thereby enhances the process capability for definition of
fine-line patterns.

Continuous or semicontinuous production of flexible
printed circuits may be carried out by passing a sheet of
substrate material through a series of processing tanks,
using rollers to guide the substrate along its desired path.

*Electrochemical Society Active Member.

A schematic diagram of the electrodeposition portion of
such a continuous processing machine is illustrated in
Fig. 1. Electrodeposition apparatus similar to that shown
might be expected to increase the thickness of the Cu de-
posit from 0.1 to 5 um. The apparatus, with dimensions as
shown in Fig. 1, accommodates substrate speeds of 1-5
cm/s in order to be compatible with the remainder of the
additive process. Economic constraints dictate that the
apparatus should be compact and have the capability of
operating at high current densities.

Previous studies by D’Amico et al. (2) showed that prac-
tical current densities in the electrodeposition apparatus
(Fig. 1) were well below mass-transfer-limited values.
Measurements of Cu thickness distributions indicated
that this limitation was a consequence of highly nonuni-
form current distributions; the local current density was a
strong function of axial position of the substrate in the
apparatus. This highly nonuniform current density distri-
bution was attributed to the so-called “terminal effect”
(3), caused by the relatively high resistance (small Cu
thickness) of the substrate on which the Cu metal is elec-
trodeposited. Another source of nonuniform current dis-
tribution is the uneven division of current between differ-
ent loops of Cu-clad substrate connected to one or more
metallic rollers that are held at the same cathodic poten-
tial. Proportionately more current is distributed to sub-
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strate loops with thicker Cu deposits; i.e., higher currents
are observed closer to the location where the substrate
exits the electrodeposition apparatus. D’Amico et al. eval-
uated several designs that provided more even current
density distributions, including “field shields,” addi-
tional cathode connections located within the electrolyte
phase, and shorter loops near the location where the sub-
strate enters the electrodeposition apparatus.

The purpose of the present work is to apply basic mod-
els of current density distribution to evaluate measured
Cu deposit thickness variations in a pilot-scale continu-
ous electrodeposition apparatus. It is expected that these
models can be used as a predictive basis for the design of
full-scale electrodeposition equipment employed in the
production of printed circuits by additive methods.

Other investigators have studied the problem of non-
uniform current density distribution during electrodepo-
sition onto a substrate of high ohmic resistance. Both
steady-state (3) and transient (4) analyses of the current
density distribution on resistive, stationary plane-parallel
electrodes have been performed, and the transient cur-
rent density distribution on a resistive, stationary wire
electrode has been studied (5). The problem of nonuni-
form current density distribution during electrodeposi-
tion onto a moving wire electrode of high ohmic resist-
ance has been analyzed (6, 7). Both steady-state (8) and
transient (9) analyses of forced-convection mass transfer
to a moving sheet electrode of negligible resistance have
been performed. None of these investigations has studied
the problem of nonuniform current density distribution
along resistive, moving plane-parallel electrodes.

Experimental

Electrodeposition apparatus.—Copper electrodeposi-
tion was carried out in the “single-pass” cell shown in
Fig. 2. This cell is intended to model a single loop of a
“multipass” apparatus, such as that shown in Fig. 1. The
anodes were 0.64 cm thick, 15.2 cm wide oxygen-free,
high conductivity Cu sheets of various lengths. The 6.5
cm wide, 0.05 mm thick polyimide (du Pont Kapton®)
flexible substrate material, initially coated with a 0.1-2.5
pm layer of Cu (unpatterned), passed over 3.5 cm diam
stainless steel rollers, which served not only to guide the
substrate through the cell, but also to make electrical con-
tact to the substrate. Electrical connection to the sub-
strate on the side not in contact with these rollers was
made through numerous Cu-plated through-holes in the

Table I. Electrolyte properties

COPPER ELECTRODEPOSITION

Concentrations
(mol/liter)
Conductivity
Electrolyte CuSO, H,SO, Q'-ecm™")
1 0.27 1.76 0.475
I 0.90 0.57 0.162
111 0.59 1.17 —
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Fig. 2. Schematic diagram of electrodeposition cell. A side view of
the cell is shown in the lower portion of the figure, and a plan view of
the cell is shown in the upper portion of the figure. All dimensions are
in centimeters.

substrate, as described previously in Ref. (2). Anode/ca-
thode spacings were 1.9 and 5.7 cm, as shown in Fig. 2. A
mean electrode separation of 3.8 cm was employed in the
subsequent analysis. Average electrolyte flow velocities
were 2.8-3.8 cm/s.

Electrolyte.—The electrolytes used were acid copper
sulfates, having compositions and conductivities as listed
in Table I. Electrolytes I and II were proprietary composi-
tions, Cubath I® and Cubath II® supplied by Sel-Rex
Company (Nutley, New Jersey). Electrolyte III was a
50-50 (volume percent) mixture of I and II. In addition to
the sulfate ingredients listed, these baths contained trace
amounts of electroplating additives, including 30 ppm
Cl-. These additives are expected to have little effect on
the electrolyte conductivity.

The conductivities reported in Table I were measured
with a direct reading conductance bridge (Industrial In-
struments, Incorporated) at 1 kHz. The conductance cell
was platinum-glass, with a cell constant of 1.0 cm—'. Mea-
surements were made at 22°-24°C in reagent-grade CuSO,-
H,SO, mixtures. The conductivity of electrolyte III was
not measured, so an interpolated value « = 0.319 was used
in subsequent calculations.
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The electrolyte temperature was maintained at 22°-25°C,
and it was continuously pumped through polypropylene
and carbon filters in a recirculation loop. The electrolyte
composition was monitored by periodic measurement of
Cu*, pH, and Cl-. Electrolyte losses due to water evapo-
ration and mechanical loss (i.e., the small amount of elec-
trolyte that adhered to the substrate) were compensated
for by periodic additions of H,0, CuSO,, H,SO,, and/or
HCI, as necessary.

Electrodeposition experiments.—Electroless Cu-clad
substrate was passed through the electrodeposition cell
shown in Fig. 2. After setting the substrate speed and cell
current, the cell was operated for an interval correspond-
ing to three to four times the substrate residence time
within the electrolyte, in order to assure that steady-state
conditions were reached. The cell circuit was then
opened and the substrate movement was simultaneously
halted. The two locations where the substrate rested at
the top of the stainless-steel rollers were marked on the
substrate, and the substrate was then fed out of the cell at
3 cmys. This procedure resulted in an open-circuit resi-
dence time within the electrolyte of not more than 1 min.
Other experiments showed that during a 1 min interval,
not more than 0.01 um of Cu would be etched by the
CuSO,/H,S0O, electrolyte. This amount of etching could
create errors as high as 10% (near the entrance to the cell)
in subsequent determinations of Cu thickness.

Copper thicknesses were determined by weighing the
deposited metal. The substrate was cut in to 3.2 cm long
specimens, which were then weighed on a Mettler H-15
balance (accuracy of approximately 0.1 mg). The speci-
mens were then dipped in dilute HNO, solution to re-
move the Cu metal, and the substrate was dried and
reweighed to arrive at the net weight of Cu metal. The
weight of the 3.2 cm long Cu-free substrate was 135 mg.
The standard bulk Cu density of 8.93 g/cm® and the mea-
sured specimen area of 40 cm? (both sides) was used to
calculate the average Cu metal thickness on the speci-
men.

Analysis

A complete analysis of the electrodeposition cell used
in this study would necessarily consider the interrelated
electric-field, kinetic, hydrodynamic, and mass-transfer
effects, as well as the spatially and temporally variable
ohmic resistance of the cathode substrate. However, con-
sideration of the conditions that exist in a continuous
electrodeposition cell suggests that the following approxi-
mations may be made (refer to the cell geometry shown in
Fig. 3). (i) The anode/cathode separation is typically much
smaller than the depth and width of electrodes, so the pri-
mary current density distribution (in the limiting case
where the cathode substrate resistance is zero) is fairly
uniform. (ii) The electrolyte is continuously agitated by
pumping, so that concentration and temperature gradi-
ents within the cell are relatively small. Mass-transfer lim-
iting conditions are not approached anywhere in the cell.
(iii) The net thickness change (< 35 um) of electrodepos-
ited metal in a multiloop electrodeposition apparatus
(Fig. 1) is much smaller than the anode/cathode separa-
tion. Therefore, provided that electrodeposition condi-
tions lead to a uniformly smooth metal deposit, the
anode/cathode separation is constant. (iv) The net Cu
electrodeposit thickness change (0.5-5 um) over the cath-
ode substrate length L (which corresponds to one-half of
aloop in a multiloop electrodeposition apparatus) is small
relative to the local electrodeposit thickness (0.1-35 um).
This approximation is most likely to be valid near the exit
of the electrodeposition apparatus where the metal de-
posit is relatively thick, and it is least likely to be valid
near the entrance to the device where the metal deposit is
relatively thin. However, it has been shown (2) that it is
appropriate to use lower currents and shorter loops
(smaller values of L) where the metal deposit is relatively
thin, which leads to a smaller net Cu electrodeposit thick-
ness change per loop near the entrance to the device. This
approximation permits the effective resistance of the
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cathode substrate to be defined by a single value that is
characteristic of the average (i.e., averaged over the
Z-direction) thickness of the Cu deposit at some location
0 = x = L. (v) Because the Cu metal is either shielded (up-
ward facing side of the cathode substrate) or remote
(downward facing side of the cathode substrate) from the
anodes, little metal deposition (or dissolution) occurs as
the cathode substrate passes around the lower guide
roller (x > L). (vi) Negligible rates of metal deposition (or
dissolution) occur after the cathode substrate leaves the
electrolyte phase and enters air. (vii) The electrode kinet-
ics for Cu electrodeposition on the cathode substrate and
Cu electrodissolution from the anode may be described
by linear expressions. This should be a good approxima-
tion if the cell design leads to a fairly uniform current
density distribution, because even if the levels of current
density correspond to operation in the Tafel region, the
Tafel expression can be linearized if there are only small
excursions from average current density values. (viii) The
electrodeposition process is 100% efficient, i.e., there are
no side reactions such as H, evolution. (ix) Steady-state
conditions prevail. ’

By making the nine approximations listed above, it is
possible to treat each half-cell as a classical steady-state
“terminal effect” problem, solved by Tobias and Wijsman
(3). They found the current density distribution to be a
strong function of a single parameter ¢ (defined in Eq.
[2]), that represents the ratio of the electrode resistance to
the electrolyte resistance, and identified conditions un-
der which a simplified model could be applied. Their re-
sults show that the simplified model can be used when
d/L < 0.1, (A, + Ay) is not >> 1, and (i, + pg) is not >> 1.
For the conditions employed in the present work, 0.05 <
d/L < 0.12, 0.04 < (A, + A)) < 4.0, and 0.02 < (u, + py) <
0.06. Even when d/L = 0.12, the computed results shown
in Fig. 10 of Ref. (3) suggest that the simplified model
will predict values of local current densities that fall
within about 2% of those calculated for the exact solution,
0.05 < x/L < 1. The simplified model is easier to apply
than the exact model, and it thereby permits rapid esti-
mation of the current density distributions that will result
from various designs of the electrodeposition apparatus.
The simplified Tobias-Wijsman model can now be ap-
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Fig. 4. Dimensionless current per unit cathode substrate width for
various values of the parameter ¢.

plied directly. The dimensionless current J per unit width
(in the Z-direction) of Cu is given by

_ sinh [¢(1 - X)]

i) =1 sinh ¢ o
where
\ pkL?
B e Sl o 2
¢ T(d + 2«b) 21

is a parameter related to the ratio of the X-direction po-
tential gradient in the resistive cathode substrate to the
potential gradient in the electrolyte phase. The corre-
sponding local current density distribution is given by

iX) . cosh[¢(l - X)]
— sinh ¢

(3]
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Fig. 5. Dimensionless current density distributions for various values
of the parameter ¢.
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Equations [1] and [3] are plotted in Fig. 4 and 5, respec-
tively, for various values of the parameter ¢. Small values
of ¢ correspond to uniform local current densities and a
linear variation of J vs. X. Large values of ¢ correspond to
nonuniform local current densities and a nonlinear varia-
tion of J vs. X.

The local Cu metal thickness can be related to the local
current density through Faraday’s law

M f Ii(J:) dx [4]
nFpv J,

T(x) = T(0) +

or it may be equivalently related to the current per unit
width (in the Z-direction) of Cu

T(x) = T(0) +

M
o i(x) [5]
Equations [1] and [5] can be combined to predict the ax-
ial distribution of Cu metal thickness in the electrodepo-
sition cell.

Results and Discussion

Electrolyte composition, loop depth, substrate speed,
cell current, average cathodic current density, and en-
tering Cu deposit thickness are listed for ten separate ex-
periments in Table II. The measured steady-state axial Cu
thickness distributions are shown as the filled circles in
Fig. 6-10.

o
®

COPPER THICKNESS (MICRONS)

S0 60 70 80

POSITION (CM)

Fig. 6. Axial Cu thickness distributions. Lower abscissa: distance
along cathode substrate (cm). Upper abscissa: dimensionless axial dis-
tance x/L. Left ordinate: Cu thickness (um). Right ordinate: dimen-
sionless Cu thickness J(X). Dashed line: dimensionless thickness dis-
tribution J(X), computed using the Cu thickness at the lower guide
roller location x = L to calculate the effective substrate resistivity p,.
Solid line: dimensionless thickness distribution J(X), computed using
the Cu thickness where the substrate enters the electrolyte (for the
portion of the solid curve to the left of the inflection point), or where
the substrate leaves the electrolyte (for the portion of the solid curve
to the right of the inflection pomt) Solld circles: meusured axial Cu
thickness distrib The exper t ployed for
the data shown in the upper half (A) and Iower half (B) of the figure
are listed in Table II.
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Table Il. Experimental conditions

e T(0)
Figure Electrolyte® L (cm) v (cmv/s) I (A) (mA/em?) (um)

6A 1 30.5 1.45 9.3 117 0.17
6B I 30.5 0.55 14.7 185 0.19
TA 1 30.5 1.93 23.2 29.2 0.51
7B I 30.5 1.09 23.0 29.2 0.50
8A I 30.5 0.53 23.2 29.2 0.41
8B 1 30.5 0.54 329 41.5 0.44
9A I 30.5 0.78 11.5 145 0.08
9B 11 30.5 0.78 40.1 50.5 0.08
10A 111 74.1 1.94 45.3 23.5 0.54
10B 111 74.1 1.06 455 23.6 0.51
* See Table L.

The Cu deposit resistivities were measured using the
standard four-point probe method. Strips 1.27 cm wide
and 15.2 cm long were cut from sections of the plated sub-
strate, and their resistances were measured on a special
fixture designed to accommodate these specimens. The
copper thickness of the same specimens was then deter-
mined using the weighing method previously described.
This method requires that the deposit density be known,
and the literature value for electrolytic copper was used
for both electroless and electroplated Cu. The density of
electroless Cu is reported (10) to be only a few percent
lower than that of electrolytic Cu.

Electroplated Cu deposit resistivity p. was 2.0 x 10—
Q-cm, which is close to the literature value of 1.8 x 10-¢
Q-cm. Electroless Cu deposit resistivity was three times
higher, 6.0 x 10~-% Q-cm. The linear polarization parameter
b = 1.3 Q-cm?* was estimated by linearizing Cu electrode
kinetic data, reported by Turner and Johnson (11), about
the average cathode current density. The use of a single
polarization parameter will not account for asymmetry of
the anodic and cathodic polarization curves, nor will it ap-
ply when there are large variations in local current den-
sity [see approximation (vii) above). However, the effect
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Fig. 7. Axial Cu thickness distributions. Designations are identical
to those listed in the caption for Fig. 6.
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Fig. 8. Axial Cu thickness distributions. Designations are identical
to those listed in the caption for Fig. 6.

of electrode kinetics on the current density distribution is
expected to be relatively small. This effect can be esti-
mated from the magnitude of the last term in the denomi-
nator of Eq. [2]; even if this term is neglected, there re-
sults only a 5-15% error in the value of ¢, which
corresponds to a similar error in the associated current
density distribution Eq. [3]. The assumption that both the
anode and cathode exhibit the same linear electrode ki-
netic behavior, which is consistent with the assumptions
made in the derivation of Eq. [2], is therefore expected to
lead to small errors in calculated current density distribu-
tions and metal thickness distributions. Values of the
computed dimensionless parameter ¢ ranged from 0.7 to
6.0.

Computed dimensionless thickness distributions J(X)
are plotted as the dashed and solid curves in Fig. 6-10.
The dashed curves correspond to the value of ¢ calcu-
lated using the measured Cu deposit thickness at the bot-
tom guide roller. The solid curves to the left of the
inflection points correspond to the value of ¢ calculated
using the measured Cu deposit thickness on the substrate
as it enters the electrolyte [i.e., T(0) listed in Table II]. The
solid curves to the right of the inflection points cor-
respond to the value of ¢ calculated using the measured
Cu deposit thickness on the substrate as it leaves the elec-
trolyte. The solid and dashed curves therefore represent
extremes of effective cathode substrate resistivity along a
single half-loop. The spread between the solid and dashed
curves indicates the uncertainty associated with em-
ploying a single value of Cu deposit thickness to charac-
terize the effective resistance of the cathode substrate.
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For example, the large spread between the solid and
dashed curves to the left of the inflection point on Fig.
9B suggests that the use of a single value of Cu deposit
thickness to compute a characteristic value of ¢ may lead
to considerable error. In this case, the experimental pa-
rameters give rise to an increase in Cu deposit thickness
from 0.08 to 0.55 um, which violates the conditions lead-
ing to approximation (iv). The failure of the present anal-
ysis to accurately predict the measured axial Cu thick-
ness distribution to the left of the inflection point in Fig.
9B is, therefore, not unexpected.

Another case where the predicted axial thickness distri-
butions do not agree well with the measured distributions
is in Fig. 8B, where the measured thickness distribution
is more uniform than that predicted. Note that a relatively
high average current density of 41.5 mA/cm?® was em-
ployed with the low Cu''-concentration electrolyte, and a
discolored (“burned”) Cu electrodeposit was observed
near the location where the substrate exits the cell. These
observations suggest that mass-transfer limiting condi-
tions were approached, which violates approximation (ii).
Again, therefore, it is not surprising that in Fig. 8B the
measured axial thickness distributions do not agree well
with those predicted.

Figures 6-10 show that the “terminal-effect” model pro-
vides a good basis for predicting axial metal thickness
distributions (and the associated current density distribu-
tions Eq. [4]) under a range of electrolyte compositions,
cell depths, substrate velocities, average current densi-
ties, and initial Cu thicknesses. The uniformity of current
density distribution (linearity of Cu thickness distribu-
tion) is enhanced by: (i) more shallow loops (cf. Fig. TA
and 10A), (i) thicker initial Cu deposits (¢f. Fig. 6B and
7B), (iii) slower substrate speeds (which leads to thicker
Cu electrodeposits) (¢f. Fig. TA and 7B), (iv) higher aver-
age current densities (which leads to thicker Cu deposits)
(cf. Fig. 9A and 9B), and (v) lower electrolyte conductivity
(see Eq. [2]).

Conclusions

The steady-state ‘“terminal effect” model has been
shown to provide a good basis for the prediction of axial
metal thickness distributions along a resistive cathode
substrate in a continuous electrodeposition cell. Good
agreement between predicted and measured thickness
distributions is found for a wide range of experimental
parameters; for example, the dimensionless parameter ¢
ranged from 0.7 to 6.0. These results indicate that the cur-
rent density distribution is typically determined by the
value of ¢, which includes several factors: ohmic poten-
tial drop in the resistive cathode, ohmic potential drop in
the electrolyte, kinetic overpotential at the electrodes,
and cell geometry. Other factors, such as the concentra-
tion overpotential, are of secondary importance. Condi-
tions leading to cases where the model may not apply
have been identified; these conditions can correspond to
cell designs and operating parameters (e.g., those leading
to local mass-transfer limiting currents) that can produce
electrodeposited metal exhibiting undesirable properties.
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LIST OF SYMBOLS

kinetic polarization parameter (2-cm?)
anode/cathode separation (cm)
Faraday constant (C/eq)

local current density (A/cm?)

average current density (A/cm?)

cell current (A)

current per unit substrate width (A/cm)
J(x)/i(L)
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electrode length (cm)

molecular weight of electrodeposited metal (g/mol)

cation valence (eg/mol)

metal deposit thickness (cm)

substrate speed (cm/s)

electrode width (cm)

axial coordinate (cm)

x/L

horizontal coordinate (cm)

electrolyte conductivity (2-'-cm~"')

»» A dimensionless parameter p.L/T for the electrodes

at y = 0 and y = d, respectively

Mo, kg dimensionless parameter kb/L for the electrodes at
y = 0 and y = d, respectively

p density of electrodeposited metal (g/cm®)

Pe resistivity of electrodeposited metal (2-cm)

¢ dimensionless parameter (Eq. [2])
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ABSTRACT

Direct production of potassium carbonate by electrolysis of potassium chloride solution with the membrane cell was
studied. The current efficiency was high since the hydroxyl ion concentration in the cathode compartment was low, re-
sulting in minimum back-migration of OH- through the membrane. The reduction of the cell voltage is discussed in
some detail. The anode and cathode materials having low overvoltages were studied, and Nafion 423 was used as the
separator. The operation of a separate reactor for carbonating the catholyte liquor is also described briefly.

Although the production capacity and the market of
caustic and carbonate potash are small in comparison
with the soda products, they are still important chemi-
cals. Potassium carbonate is produced only by absorption
of carbon dioxide with caustic potash, and there is no di-
rect route from chloride such as the Solvay process for
making soda ash because of the large solubility of potas-
sium carbonate: 127g/100g H,O compared to 46g/100g H,O
of Na,CO, at 60°C (1).

Caustic potash is produced by electrolysis of potassium
chloride solution. However, the current efficiency of the
membrane cell is said to be low somewhat caused by
small transport number of K' in the membrane compared
to the case of NaCl electrolysis (2).

There are several publications on the electrolytic pro-
duction of sodium carbonate where the caustic catholyte
is carbonated to keep the OH- concentration low, re-
sulting in high current efficiency (3, 4). In fact, it is troub-
lesome since sodium carbonate and bicarbonate deposit
in the cathode compartment.

In the case of potassium salts, on the other hand, this
process would be desirable because of no unwanted dep-
osition (5). This paper deals with a small cell experiment
and a pilot test for the direct electrolytic production of
potassium carbonate from potassium chloride solution
with a membrane cell followed by absorption of carbon
dioxide with the catholyte effluent.

Flowsheet and Reaction Sequence

A proposed flowsheet is illustrated in Fig. 1. Concen-
trated and purified KCI solution is pumped to the anode
compartment of the membrane cell, and its effluent is
sent back to the reservoir through the gas-solution sepa-
rator where chlorine gas is recovered. Polishing of the
feed brine with the chelating resin column is of great im-
portance in eliminating a trace of hardness ions so as to
keep the cell performance high and in extending the
membrane service life (6, 7). The depleted brine is sent to
the brine treatment yard. It is not shown in this figure.

* Electrochemical Society Active Member.

' Exchange scholar at Nagoya Institute of Technology
(1981-1982).

The catholyte liquor flows down from the top of the
CO, absorption tower packed with the Raschig rings to car-
bonate caustic solution into carbonate, then bicarbonate
after separation of hydrogen. A part of the catholyte lig-
uor is bypassed to the second stage of the absorption
tower, where carbonate is converted into bicarbonate.

Water is supplied to the catholyte reservoir to adjust the
water balance and the solution concentration.

The reaction sequence is simple. In the electrolytic cell,
chlorine and hydrogen are liberated at the anode and the
cathode, respectively

2C1- = Cl, + 2 [1]
and
2H,0 + 2¢ = H, + 20H- (2]

Since the catholyte contains bicarbonate ions, reaction [3]
takes place in the bulk of solution

OH- + HCO,- = CO#- + H,0 [3]

The catholyte effluent is further carbonated in the ab-
sorption tower to keep the OH- concentration low, but
the bicarbonate content in the product should also be
controlled.

An excess solution absorbs more CO, to convert into bi-
carbonate in the second stage of the tower

CO,2- + CO, + H,0 = 2HCO,- (4]

Cly Hy
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Fig. 2. A small Lucite cell

Experimental Procedure

A small Lucite cell, shown in Fig. 2, was fabricated to
determine the electrode polarization, the IR drop through
the membrane, and the cathode current efficiency in the
batch-wise system. That is, four Luggin-Haber probes
were positioned on the front of the anode and cathode,
and both sides of the membrane. The Luggin probes lo-
cated at the cathode compartment were connected with
respective reference electrodes composed of Hg/HgO/1M
KOH, while the probes in the anode side were referred to
the saturated calomel electrodes (SCE).

The solution gaps in both the anode and cathode com-
partments were large enough for the convenience of ex-
periment.

The DSA-type (RuO,+ TiO,) anode was prepared by a
conventional manner, and another material—named
MODE—was also used. The MODE is a platinized Ti
mesh loaded with IrO, as the electrode catalyst (8). A
nickel sheet was used as the cathode.

The solutions, 0.2 liter each in volume at the anode and
cathode sides, were agitated by the magnetically driven
stirrer, and the temperature was controlled at 60°C by
electric heater.

The flowsheet of the pilot experiment was almost the
same as shown in Fig. 1, with some exceptions. A major
difference was the separate operation of the electrolyzer
from the gas absorber.

A vertical and rectangular-type electrolytic cell, also
made of Lucite resin, is illustrated in Fig. 3. The Nafion
membrane of 5 cm wide and 40 cm long was flanged by
two frames, and supported by the anode mesh. The

Copper busbar

Membrane
Cathode
‘|‘ 3
Anolyte outlet Catholyte outlet

‘ \;_ ..... = T

| ﬂ g

' =g

Anode\

- 466

} Luggin probes

R i

=]
Copper busbar —t _{EI

Catholyte inlet

Fig. 3. A vertical cell
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membrane-to-cathode gap was adjusted by a frame of a
certain thickness. A MODE mesh was employed with this
cell. A plain Ni sheet was mostly used as the cathode, and
some experiments were conducted with an activated
mesh cathode consisting of a steel coated with the Raney
nickel. An alloy composed of 50% Ni and 50% Al was
plasma-sprayed on a steel mesh substrate, then aluminum
was leached out with hot concentrated caustic soda for a
day. The apparent electrode area was about the same as
of the membrane, so that the current density on both elec-
trode and membrane was ca. 40 A/dm? at 80A in total am-
perage. The current density presented in this paper is
referred to the membrane surface.

Nafion membranes 315, 417, and 423 were employed.
Most experiments were conducted with 423. These mem-
branes were treated with boiling water for about an hour
prior to experiment.

The temperature was controlled by the electric heater
immersed in the reservoir. The solution volume was 8 Ii-
ters each side. The anolyte flow was kept constant at 3
liter/min, and was large enough to keep the solution com-
position to be unchanged during experiment. On the
other hand, the catholyte flow rate was varied in a wide
range, 0.04-3.0 liter/min. All the catholyte flows through
the gap between the membrane and the flat plate cath-
ode. On the other hand, a part of the catholyte and hydro-
gen bubbles evolved may pass through the back-space
when the mesh cathode is provided.

Potassium chloride of 4.2M in concentration was fed to
the anode compartment. The catholyte was composed of
a mixture of KHCO, and K,CO,. The total molarity was
kept constant at 2.0M, and the concentration ratio of the
constituents was varied in a wide range. Its composition
and concentration are not optimum, but it is just for the
convenience of experiment. In practice, the higher the
catholyte concentration, the higher is the performance of
the cell. Potassium hydroxide was also added to the
catholyte if necessary. These electrolytes were prepared
with reagent-grade chemicals and deionized water. Also,
the anolyte was further treated by passing through the
chelating resin column when the hardness content
reached unacceptable levels.

The catholyte was titrated with HCI solution and the in-
dicator composed of methyl red and bromocresol green
before and after electrolysis to evaluate the current
efficiency for the cathode products. The solution compo-
sition was determined by pH titration.

A vertical cell was normally operated continuously for
30 Ah at various current densities, while a small batch cell
was operated for 2.1 Ah.

Results and Discussion

As is shown in Eq. (3] and (4], the reaction of KOH with
KHCO, is just a neutralization, so that OH- and CO,*~ may
exist in alkaline solution. On the other hand, the solution
containing excess CO, or HCO,~ is composed of KHCO,
plus K,CO,, but no KOH. In consequence, a parameter «
shown by Eq. [5] is used to represent a nature of the
mixed solution or the KOH-K,CO,-KHCO, system instead
of the molar concentration C of the components

= Crnu!‘ F CI)H—
CH(‘();;" ity C('n;;2~

At a = 1, neither OH- nor HCO,~ exist in the solution;
that is, the solution contains only K,CO;. If a < 1, the so-
lution contains excess KHCO,, but no KOH. On the other
hand, OH - remains in the solution, but there is no KHCO,
when « > 1. It is useful to compare the electrolyte
of different composition and concentration.

Figure 4 shows an example of the current efficiency
and the terminal voltage of a small cell shown in Fig. 2 as
functions of a. It is clear that the current efficiency de-
creases when « increases, especially in the region larger
than unity of « caused by a significant migration of OH-
from the cathode compartment to the anode side through
the membrane. On the other hand, the cell voltage goes
down with the increase of a because the IR drop between

(5]
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Fig. 4. Current efficiency and voltage of the small cell as functions of
the solution composition. Closed points: solution containing carbonate.
Open points: solution free of carbonate. Anode: DSA. Cathode: plain Ni.
Membrane: Nafion 423. Anode-to-membrane gap: 27 mm. Cathode-to-
membrane gap: 27 mm. Current density: 20 A/dm?. Temperature: 60°C.

the cathode and the membrane decreases with the in-
crease of the ionic strength and/or the KOH concentra-
tion. The cell voltage in this figure is very large and is
shown as reference because the solution gaps in both the
anode and cathode sides are large.

This figure also shows the current efficiency and the
cell voltage obtained with the KOH catholyte free of car-
bonate. The current efficiency is almost equal to that of
the cell operated with mixed solutions. It represents that
the back-migration of OH- through the membrane is not
affected significantly by carbonate ions. The cell voltage
was, of course, very high in weak solutions whereas it was
almost the same as of the cell filled with mixed solutions
in the concentration range of OH- more than 1.5M.

The current efficiency and the voltage of the vertical
cell equipped with Nafion 423 as functions of the
catholyte composition are shown in Fig. 5. The current
density was 20 A/dm?, and the solution temperature was
kept constant at 60°C. The catholyte flow was 3 liter/min
orca. 16.7 cm/s in a 6 mm gap between the flat plate cath-
ode and the membrane. As is shown by the top draft in
this figure, the current efficiency of the vertical cell was
almost equal to that of the small cell described above.
The cell voltage in this case is relatively low in compari-
son with that of the small cell because the membrane tou-
ches on the anode mesh and the cathode gap is small, but
is still insufficient. The flow rate was a small factor on
the current efficiency as shown in Fig. 6. Of course, elec-
trolytic hydrogen bubbles associate with forced circula-
tion to agitate the catholyte and to keep the solution com-
position uniform across the vertical cell.

At the flow rate lower than 0.1 liter/min or 0.6 cm/s, the
OH - concentration in the cathode compartment increases
and causes the current inefficiency.

Figure 7 illustrates that the current efficiency is almost
independent of the current density in the range 10-40
A/dm? if « does not exceed unity. Also, the current
efficiency did not change in the temperature range
40°-70°C. The cell voltage is almost linear with the current
density in the range 10-40 A/dm? (see bottom of the
figure), which represents that the major factor of the cell
voltage is the ohmic component, either membrane or
electrolyte, rather than the overvoltage.

From the viewpoint of product quality, potassium car-
bonate is contaminated by either caustic potash or bicar-
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Fig. 5. Current efficiency and voltage of the vertical cell as functions
of the solution composition. Anode: MODE. Cathode: plain Ni. Mem-
brane: Nafion 423. Cathode-to-membrane gap: 6 mm. Current density:
20 A/dm?. Temperature: 60°C. Catholyte flow rate: 3 liter/min.
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Fig. 6. Current efficiency and voltage of the vertical cell as functions
of the catholyte flow. Operating conditions were the same as in Fig. 5,
except « = 0.9-1.0.

bonate depending on «, and hence « must be controlled
as exactly as possible.

Table I shows the breakdown of the terminal voltage of
the small cell and the vertical cell at a given current den-
sity (20 A/dm?) and temperature (60°C). The figures for
the small cell were obtained by experiment with the ex-
ception of the catholyte IR drop. Its IR drop was calcu-
lated with an assumption of 6 mm for the electrolysis gap
to compare the voltage drop in two cells under the same
conditions. The solution conductivity was measured with
a separate cell for this treatment. The anolyte IR drop of
the small cell was dropped from the list for the same rea-
son. Both cells were equipped with a mesh-type MODE
anode, a plain Ni cathode, and Nafion 423. As shown in
Fig. 2, since the solution gaps in both the anode and cath-
ode compartments of the small cell are large enough, the
gas voidage is small, and hence it is concluded that the
experimental results do not contain any bubble effect of
hydrogen and chlorine in this case.

In the vertical cell, on the other hand, Nafion mem-
brane is supported by the anode mesh while the cathode
plate is located at 6 mm from the membrane, and the
catholyte is circulated in between at a constant rate (3
liter/min). Therefore, detachment of chlorine bubbles
from the anode-membrane structure is delayed, and the
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Fig. 7. Current efficiency and voltage of the vertical cell as functions
of the current density. Operating conditions were the same as in Fig. 5,
except for « = 0.9-1.0. :

catholyte in the electrolysis zone is crowded by hydrogen
bubbles to some extent. As a result, the overvoltages at
the anode and the cathode, and also the membrane IR
drop, increase considerably depending on the blinding of
these surfaces.

The reversible potentials for the hydrogen and chlorine
electrode processes under operating conditions of solu-
tion composition and temperature were measured with
the small cell and agreed with theory. These results were
used to break down the cell voltage shown in Table I.

The overvoltages obtained with the small cell are also
shown in Fig. 8. In this case, the IR drop between the
working electrode and the Luggin probe was calibrated
by the current interruption technique. However, the an-
ode potential of the vertical cell in Table I contains some
IR drops between the anode and the Luggin probe.

The membrane IR drop in the small cell was some 0.6V,
as shown in Table I, and did not contain any disturbance
as the vertical cell was affected. However, it is still very
large in comparison to the IR drop of similar Nafion em-
ployed in the NaCl cell: ca. 0.3V at 80°C with Nafion 427
(9) due to different conductivity in both cases.

As is shown in Table IIA as example with Nafion 315,
the resistance of Nafion membranes immersed in potas-
sium electrolyte is larger than that in sodium salt solution
due to different permeability of K' and Na'. Also, the
specific resistance in carbonate solution is large com-
pared to hydroxide solution. These factors reflect di-
rectly the IR drop through the membrane in potassium

Table I. Breakdown of the cell voltage at 20 A/dm?*.
Membrane: Nafion 423. Anode: MODE mesh. Cathode: plain Ni plate.
Cathode-to-membrane gap: 6 mm. Flow rate: 3 liter/min. o = 1.
Temperature: 60°C

Small cell Vertical cell
(4% (8%
Anode potential 1.350 1.563
Reversible potential 1.300 1.300
Overvoltage 0.050 0.263
Cathode potential -1.315 -1.321
Reversible potential -0.735 -0.735
Overvoltage -0.580 -0.586
Catholyte IR drop 0.348 0.368
Membrane IR drop 0.662 1.130
Membrane potential -0.010 -0.025
(Sum) Terminal voltage 3.665 4.357
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Fig. 8. Polarization curves of various electrodes. Anolyte: 4.2M KCI.
Catholyte: 2.0M K,CO,. Temperature: 60°C.

Current density

carbonate cell under discussion. Table IIB lists the nomi-
nal resistance of Nafion membranes in a dilute KCl solu-
tion (0.6N KCl at 25°C, reported by du Pont) and the test
results obtained in the small cell under operating condi-
tions.

On the other hand, very large IR drop through the
membrane positioned in the vertical cell was recorded as
shown in Table I. Because the membrane was supported
by the anode mesh, chlorine bubbles liberated from the
anode were disturbed to escape, and hence the membrane
surface was covered by gas bubbles to a great extent.
This causes large IR drop through the membrane, also
the anode overvoltage. It is known that gas bubbles can
detach from the membrane if the surface is hydrophilic.

Uneven current distribution in the membrane attached
to the mesh electrode is also a factor on high voltage
drop; that is, the effective area for passing electrolytic
current reduces to some extent, which is a common prob-
lem for the membrane cell technology. Consequently, an
adequately designed electrode must be employed to elim-
inate, or minimize at least, these troubles.

The cathode overvoltage is the second largest factor of
the terminal voltage after the membrane IR drop when
the plain Ni cathode is used. Several cathode materials
showing low hydrogen overvoltage are available in the
market. The hydrogen overvoltage of a Raney-type po-
rous Ni cathode is very low (see Fig. 8), and its Tafel slope
is somewhat small, ca. 110 mV/decade, in comparison
with 142 mV/decade of a plain Ni cathode.

The solid line labeled 423 in Fig. 9 shows the volt-
ampere curve of the cell equipped with Nafion 423 and a
porous Ni-coated mesh cathode attached with Nafion.
The voltage saving from the cell with a plain Ni cathode
(see dotted line) is ca. 0.6V at 20 A/dm?. The experimental

Table Il. Resistance of Nafion membranes

A. Nafion 315 in various solutions at 60°C

Resistance

Anolyte Catholyte (Q-cm?)
4.2M KCl1 2M K,CO, 4.0

1M K,CO, + 2M KOH 3.2

4M KOH 2.7
5.4M NaCl 2M Na,CO, 29

1M Na,CO, + 2M NaOH 2.0

4M NaOH 1.6

B. Nafion 423, 417, and 315

Resistance (Q-cm?)

Type of Nafion membranes Nominal® Measured”
423  5-1200/T-12 5.4 33
417  7-1100/T-12 4.1 23
315  2-1500/4-1100/T-12 5.5 4.0

“In 0.6N KCl at 25°C, quoted from du Pont’s brochure.
b Anolyte: 4.2M KCl. Catholyte: 2.0M K,CO, at 60°C.
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Fig. 9. Voltage vs. current density curves (solid line) of the vertical cell
equipped with MODE and a porous Ni cathode attached with Nafion
membrane at 60°C. Dotted line shows the results with a plain Ni cathode
located at 6 mm for the membrane (see Fig. 8). Catholyte flow: 3
liter/min. « = 0.9-1.0.

results with other membranes are also shown. The cath-
ode current efficiency at 20 A/dm? was, of course higher
than 95% in all cases.

The solution temperature is an important factor for cell
operation. The higher the temperature, the lower is the
cell voltage. The cell voltage could be reduced further by
0.2V when the operating temperature is raised from 60° to
90°C, whereas only few experiments were conducted un-
der such conditions since the plastic cell was affected by
chemical attack.

Most experiments described here were conducted with
the catholyte of 2M total concentration and at the current
density of 20 A/dm? for the convenience of experiment. Of
course, the higher the concentration, the lower was the
cell voltage. The current efficiency was almost indepen-
dent of the total catholyte concentration. Therefore, the
concentration must be kept as high as possible. Also, we
estimate that an optimum current density may exist at
higher levels than 20 A/dm?, so that the investment or the
fixed charge is lowered while further experiment and en-
gineering considerations are required for evaluating the
economy of this process.

Absorption of carbon dioxide with potassium hydrox-
ide solution (reaction [6]) followed by reaction [4] or [7] is
a typical process of gas absorption accompanied with
chemical reaction (10-12), and is very fast, especially at
high temperatures

CO, + 2KOH = K,CO, + H,0 [6]
and
CO, + K,CO, + H,0 = 2KHCO, [7]

The catholyte can be carbonated by introducing CO, gas
into the cathode compartment, while the cell configura-
tion is complicated somewhat (4). However, use of a sepa-
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rate reactor in parallel with the electrolyzer is preferable
for easy operation and reduction of the energy consump-
tion, as is illustrated in Fig. 1.

Excess caustic in the catholyte effluent is neutralized
in the upper column of the absorption tower (see Fig. 1),
and a part of solution is recovered as an intermediate of
the product, which is concentrated or evaporated, de-
pending on the market. Remains flow down to the sec-
ond stage of the tower where the solution absorbs more
CO, to obtain bicarbonate (reaction [4A]) to prepare the
catholyte liquor.

In conclusion, electrochemical production of potassium
carbonate with a membrane cell was studied. The cath-
ode current efficiency was high at almost 100% in a wide
range of the operating conditions since the OH- concen-
tration in the cathode compartment was low. The IR drop
through the membrane was the largest factor of the ter-
minal voltage. Although Nafion 423 was employed most
often in this experiment, any membrane having lowest re-
sistivity is preferable since the OH- concentration in the
catholyte liquor is sufficiently low, and further reduction
of the cell voltage is thus anticipated. The flowsheet
shown in Fig. 1 is applicable to practice because of easy
operation of the whole process of interest.
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Analysis of Laboratory Data in Early Stages of Evaluation of

Electro-Organic Reactions

Edward K. Yung*' and Richard C. Alkire*
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ABSTRACT

The production of 1,2-dichloroethane and ethylene chlorohydrin by electrolysis of ethylene containing hydrochloric
acid solutions was studied with a bench-scale continuous-flow undivided parallel-plate cell. The product distribution
was independent of electrolyte flow rate and current density, but was significantly influenced by the chloride ion con-
centration. The cell current-voltage curves were found to be independent of electrolyte flow rate. Engineering models
which included consideration of the chemical environment in the electrolysis zone were developed from fundamental
principles of mass transport, ohmic resistance, and reaction kinetics. The models were verified by comparison with ex-
perimental findings, and were subsequently used to explore engineering aspects of scale-up and optimization. These
models were incorporated with economic analyses to study the influence of design and operating parameters on the
cost of 1,2-dichloroethane. A successive quadratic programming method was used to identify optimal operating condi-

tions as well as the most sensitive parameters of the system.

Development of new electro-organic synthesis pro-
cesses depends on knowledge of chemical mechanism as
well as on engineering design trade-offs. The unification
of these perspectives at an early stage of development can
promote a more cost-effective exploration of those factors
which control the candidate process. The purpose of the
present study was to provide methodology by which
small-scale experiments can be exploited to evaluate pro-
cess limitations at an early stage. The emphasis of the
work was on a methodology which is simple and portable
to other applications, and not on development of a
specific candidate process.

The process chosen for study was the production of
1,2-dichloroethane (DCE) and ethylene chlorohydrin (EC)
by electrolysis of hydrochloric acid solutions containing
ethylene. The synthesis was an indirect electrochemical
process in which chlorine was produced at the anode, and
products were generated by electrophilic addition of chlo-
rine to ethylene

1
H,0 —

CH, + Cl, +
AT e R+1

CH,CL,

R
— " _ O H. +
+R+IC' Sl R+1

HCl
where R is the product ratio defined as R = [EC)[DCE].
The reaction mechanism consists of formation of a
chloronium ion intermediate followed by attack from
nucleophiles (1).

A series of feasibility studies for electrochemical chlori-
nation of ethylene was carried out by Tedoradze et al.
(2-5). Experiments were carried out in ethylene-sparged
beaker cells with planar electrodes. Parameters investi-
gated included purity and concentration of HCI solutions,
temperature, current density, electrode materials, and
ethylene feed rate. The dependence of yield and product
spectrum upon these parameters was reported. These
studies made their contribution in demonstrating feasibil-
ity and identifying the proper chemical environment for
the process.

Early aspects of process evaluation also require quanti-
tative data obtained in well-characterized experimental
systems. The scope of the present work included bench-
scale experiments, formulation of models of the reaction
chemistry and of the electrolytic cell, scale-up, cost evalu-
ation, optimization, and sensitivity analysis.

Fundamental analyses of the parallel-plate cell geome-
try have been reported (6). For the system under study,
however, gas evolution on both electrodes complicated

*Electrochemical Society Active Member.

1Present address: International Business Machines Corpora-

tion, Thomas J. Watson Research Center, Yorktown Heights,
New York 10598.

the mass transfer and ohmic resistance aspects. The
influence of gas bubbles on the current distribution in
electrolytic cells has been reported (7, 8) for situations
where the population distribution of bubbles was uni-
form. A review of gas evolving electrodes has been pro-
vided by Vogt (9).

The scale-up of electrochemical processes has recently
been reviewed (10) with emphasis on the value of engi-
neering models to exploit limited bench-scale laboratory
data. Capital costs for electrochemical cells have become
available (11), and examples of economic evaluations
have been reported (12).

Methods for optimization of electrochemical processes
(13) are beginning to emerge for analysis of individual
cells (14, 15) as well as entire electrolytic processes (16). In
general, optimization considerations should be based on
the entire flowsheet, since in some cases it is worthwhile
to accept cell modifications in order to achieve better
downstream operations.

Experimental

Apparatus.—The electrochemical cell was of undivided
parallel-plate geometry and consisted of two cell housing
pieces and a spacer, all of polypropylene. The electrodes
were mounted flush with the flow channel surfaces, op-
posite each other, and were held in place by the spacer
which also served to establish the gap distance between
electrodes. The anode material was Karbate™ no. 22 (Un-
ion Carbide), a graphite material impregnated with a
standard phenolic resin, impervious to liquids. [Results of
auxiliary limiting current experiments (17) for chlorine re-
duction with a Karbate® rotating disk electrode indicated
that deviation of the active surface area from the apparent
surface area was less than 5%.] The cathode was plati-
nized graphite (17) on a substrate of Poco AXF-5Q (Union
0il) graphite. The exposed electrode surface had a dimen-
sion of 10.2 x 2.54 cm. A hydrodynamic entrance length
(43.2 cm) was provided for flow development upstream
from the electrodes. For a typical cell gap of 0.635 cm, this
hydrodynamic entrance length was adequate up to a
Reynolds number of 1700, where the Reynolds number
was based on the cell gap (18). The downstream calming
region was 10.2 cm long. Current feeders consisted of
threaded oxygen-free copper rods (1/8 in. diam) con-
nected to the back side of the electrodes.

The flow system is shown schematically in Fig. 1. A
bubble column (4 ft length) was included for ethylene (Air
Products, C.P. Grade, 99.8%) absorption. The ethylene
stream eventually passed through a Dry Ice cold trap for
recovery of residual 1,2-dichloroethane. The liquid stream
passed through flow measurement devices (Gilmont,
F1500 and F1300), flow stabilizer, the electrochemical
cell, and then returned to the reservoir. The function of
the flow stabilizer was to collect the gradually released
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Fig. 1. Flow system. 1: Ethylene cylinder. 2: Regulator. 3: Gas spar-
ger. 4: Bubble column. 5: Rasching ring packing. 6: Reservoir. 7:
Sampling port. 8: Pump. 9: Rotameter. 10: Condenser. 11: Flow stabil-
izer. 12: Manometer. 13: Cell. 14: Thermometer. 15: Dry ice cold
trap.

ethylene gas so that a steady, bubble-free electrolyte
would enter the cell. For electrolysis experiments, the cell
pressure was monitored at 1.2 atm, for which release of
ethylene gas was found to be sufficiently slow. Tubing
and piping were of 1/2 in. polypropylene.

Flow electrolysis experiments were carried out in con-
stant current mode. A current controlling resistor
(Koolohm®, 10W, 1Q) was connected to the power supply
(PAR, 371) for cell current monitoring. Current readout
was given by a digital multimeter (Keithley, 179A). For
cell current-voltage measurements, a function generator
was connected to the potentiostat to provide the voltage
scan, and the cell current was recorded by an X-Y re-
corder (Houston Instrument, 2000). HCl (Mallinckrodt,
AR) and deionized water were used in electrolyte prepara-
tion.

A rotating disk (Pine Instrument, AFDD 20) was used
to determine charge transfer parameters. A Karbate® disk
(0.318 cm diam) was used for chlorine evolution, and a
platinized graphite disk (0.159 cm diam) for hydrogen ev-
olution. The disk sizes were chosen so that the current
distribution would be uniform to within 20% up to a cur-
rent density of 100 mA/cm? (25).

Procedures.—Prior to each electrolysis experiment, eth-
ylene was bubbled for at least 20 min with electrolyte cir-
culation. The period of electrolysis was typically 2h, fol-
lowing which the bulk solution and cold trap were
sampled and analyzed by gas chromatography (Varian
3740 Chromatograph and Vista 401 Data Station). The
combinations of operating parameters which were inves-
tigated included three electrolyte flow rates (95, 328, 1380
ml/min) and four current levels (200, 400, 800, 1600 mA).
Four electrolyte concentrations (1, 2, 4, 8M HCIl) were
used to study the effect of chloride ion concentration on
the product spectrum. Temperature range was (25 + 4)°C.

No organic impurities were found in the electrolyte that
would interfere with the chemical analysis. The column
was 2 mm glass, 6 ft length, and packed with 1% SP-1000
on 60/80 Carbopack (Supelco, Incorporated). A prepack-
ing of sodium bicarbonate was used to retard attack of
HCI on the packing. Helium was the carrier gas; the flow
rate was 30 mU/min at an inlet pressure of 50 psig. The
flame ionization detector was held at 210°C, while the
flash injector was held at 180°C. For analysis, the column
was held at 50°C for 2 min and then subjected to tempera-
ture programming at a ramp rate of 10°C/min to a final
temperature of 150°C. Ethanol was used as the internal
standard.

Cell current-voltage curves were recorded for various
combinations of cell gap and flow rate. Voltage sweep
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rate was 10 mV/s, which appeared to be slow enough to
minimize double-layer charging effects as well as to allow
the cell to operate at pseudo-steady state.

Results and Discussion
The amount of the two major products,
1,2-dichloroethane (DCE) and ethylene chlorohydrin (EC),
was a linear function of the electrolysis period. For most
experimental runs, the material yield (Y)
7 sum of the amount of EC and DCE
~ “total amount of chlorine generated at 100% current efficiency

was in the range of (100 = 5)%. Therefore, the current
efficiency for chlorine evolution was 100% at all current
densities investigated. Electrolyte flow rate and cell cur-
rent were found to have little influence on the product
spectrum.

Chloride ion concentration was found to have signifi-
cant influence on the product distribution. As the chlo-
ride ion concentration was increased, the product spec-
trum shifted towards 1,2-dichloroethane. Supplementary
experiments for the study of solution phase reaction be-
tween ethylene and chlorine were carried out with a
chemical flow reactor having no electrodes. To within
experimental error, it was found that the product distri-
bution was practically identical to that from the electroly-
sis experiments. It was concluded that, even in the pres-
ence of electrodes, the reaction was still occurring in the
solution phase. Figure 2 shows the dependence of the
product distribution upon the ratio [H,OJ[HCI]. The equa-
tion which fits these data is

[EC]

R = TDCE] = —0.102 + 0.132

[H,0]
[HCI1]
The product distribution results in Fig. 2 agree with

the commonly accepted mechanism of chlorination of
olefins (1)

(1]

Cl
| k,, H.O
H H H CIl H H H EC
N A Nty % o
C=C +ClL - C=C - E——C
7N X WL e N
H H H H H Cl* H DCE
(m-complex) (chloronium  Cl
ion k,, Cl-

intermediate)

According to this mechanism, the slope of the straight
line would be the ratio (k,/k,) of the two rate constants
leading to the formation of the two major products. Evi-
dence given by Serguchev and Konyushenko (19, 20) indi-
cated that the ratio k,/k, was relatively independent of the
reactivity of the unsaturated compounds. The number ob-
tained in our experiments (0.132) compares favorably
with that for chlorination of styrene in aqueous system
(0.133) as well as that for chlorination of allyltrimethylam-
monium perchlorate (0.156). The activity of styrene has
been estimated to be 1.2 x 10° times that of allyltrimethyl-
ammonium perchlorate. However, there was evidence (20)
that the ratio depended upon the solvent composition.
Therefore, extension of the experimental finding to sys-
tems other than aqueous hydrochloric acid would not be
recommended.

The product ratio resulting from thermodynamic equi-
librium between the two products following the reaction

C.H,CL, + H,0 = C,H,0C! + HCL;

K., = [C.H,0CIJ[HCI}[C.H,C]]H.O0]

would be expected to be pH dependent. However, supple-
mentary experiments with mixed electrolytes of HCI and
NaCl showed that the product distribution depended
upon total chloride ion concentration but not upon HCl
concentration. It was therefore concluded that the prod-
uct distribution was controlled by the kinetics of the ho-
mogeneous reaction.

It was found that the same I-V curve was recorded for
both 1M HCI and for ethylene-saturated 1M HCl as long as
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the cell was kept continuously active. If the power was
turned off, the I-V curve from the first subsequent volt-
age scan would then be different, but subsequent scans
eventually reverted to the curve found in ethylene-free
electrolyte. These observations suggest that as long as the
cell is continuously activated, there will be no possibility
for the adsorption of ethylene to occur and the electrode
will not respond to the presence of ethylene. These re-
sults support the interpretation that rapid reaction be-
tween ethylene and chlorine occurs in the solution phase
and that the cell plays only the role of a chlorine source.

For a fixed cell gap, the I-V curves were found to be in-
dependent of the electrolyte flow rate over a range from
50 to 2000 mUmin. The I-V curves recorded for various
cell gaps ranging from 0.323 to 1.892 cm are shown in Fig.
3. It can be seen from the slope of the high current
portion of the curves that at the same cell voltage the cell
current is smaller for larger cell gap, owing to larger
ohmic loss in solution phase. Also, the cell gap in-
fluences the overall shape of the curves; the curves be-
come straight lines at lower current levels for larger cell
gaps. These measurements were clarified by visual ob-
servations described in the following paragraphs.

For visual observation of flow pattern in the electroly-
sis region, a transparent Plexiglas" spacer 1.224 cm thick
was used. While the results are qualitative in nature, the
phenomena which were observed were essential for reso-
lution of I-V data.

Gas evolution was observed at both electrodes. Three
distinct regions were seen. Next to the anode surface, a
thin layer containing a chlorine bubble swarm was ob-
served. All bubbles seemed to move at the same velocity.
Coalescence of bubbles was not apparent. A similar bub-
ble layer containing hydrogen bubbles was seen adjacent
to the cathode. The central portion of the flow channel
was free of bubbles. The diameter of hydrogen bubbles
was estimated to be 200 um and that of chlorine bubbles
was estimated to be 100 um. Bubble size distribution
seemed to be narrow. Neither cell current nor electrolyte
flow rate seemed to influence the bubble sizes. The
thickness of the moving bubble layers was not uniform

/./ I M HCI )

O h= 0.323¢cm

A h= 0.572¢cm
® h= 0635cm
® h= 1.224cm
¢ h= 1.892cm ﬂ
o T S
1.5 17 1.9 21 23 25 27 29
Cell Voltage, Vv

Fig. 3. Experimental cell current-voltage curves for different cell gaps

over the entire electrode length; it increased with the dis-
tance from the leading edge. The thickness of the moving
bubble layers increased slightly with decreasing electro-
lyte flow rate. The current level was found to have little
influence on the thickness. The hydrogen layer was
thicker than the chlorine layer. For a flow rate of 1560
ml/min, hydrogen layer thickness at the center of the elec-
trode was estimated to be 0.05 cm, while the correspond-
ing chlorine layer thickness was estimated to be 0.02 cm.
The thickness of the moving bubble layers, 8,,,, is repre-
sented by

B = 0.02(Q/26.0) 5 [2]
Bavee = 0.05(Q/26.0)-0 (3]

The rise velocity of bubble swarms was not influenced
by the change of electrolyte flow rate for a fixed cell cur-
rent. Over the cell current range under study (1-3A), the
rise velocity varied nearly proportionally with the cell
current for fixed electrolyte flow rate, while the layer
thickness did not change. For a cell current of 1A, the rise
velocity of hydrogen bubble swarm was estimated to be 6
cm/s. The corresponding value for chlorine bubbles was 2
cm/s. These values were in reasonably good agreement
with values calculated on the assumption of Stoke’s law
(21) for an isolated bubble without internal circulation.
The rise velocity of bubble swarms was therefore repre-
sented as

Uty = 2Leen [4]

Uy = 61, [5]

According to observation of others on bubble formation
at solid surfaces (9), it is reasonable to expect that a layer
of small stationary bubbles exists underneath each mov-
ing bubble layer. This immobile layer would ot be ex-
pected to be affected by liquid flow, owing to its thinness
and the attachment of the bubbles to the electrode
surfaces.

A schematic of the flow pattern in the electrolysis re-
gion, based on visual observation, is summarized in Fig.
4. This flow pattern will play a central role in formulation
of the cell model which follows.
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Fig. 4. Schematic of the flow pattern in the experimental cell.
Layer 1: Fixed hydrogen layer. Layer 2: Moving hydrogen layer. Layer
3: Bubble-free liquid layer. Layer 4: Moving chlorine bubble layer.
Layer 5: Fixed chlorine bubble layer.

Charge transfer measurements with the rotating disk
electrode were carried out at four concentrations (1, 2, 4,
and 8M HCI), and were corrected for the ohmic compo-
nent by assuming that the reference electrode was in-
finitely far away. The data for both reactions followed
the Tafel equation

(@) = o {———[HC],,,(I) }
-anJF . _
exp {—W[ Euic d’.w(x)]} (6]
1-1d
() = 140 {[CT]*(I)'}
N F
oo [ S8 (v, B - su@)

By examination of the data represented by Eq. [7], a
value of 1.05V vs. SCE was assigned to E,,,, and the ex-
change current density (i,,) was therefore evaluated at a
reference concentration ([CL],) for each electrolyte such
that the combination of [C1-] and [CL,], yielded a value of
1.05V for E,, .. By examination of the data represented by
Eq. [6], a value of —0.123V vs. SCE was assigned to E,,;
the exchange current density (i.,) was tlen evaluated at a
reference concentration ([H,],) which yielded a value of
-0.123V for E,, .. These data are listed in Table I.

Theoretical

Reaction chemistry near the anode.—Chlorine produced
at the anode reacts homogeneously with ethylene which
is dissolved in the solution. The concentration profiles
near the electrode were investigated theoretically with
use of a transport model, described in the Appendix. Cal-
culations were carried out for combinations of flow rates
(3, 10, 20 ml/s) and current densities (8, 16, 32, 64, and 128
mA/cm?). A rate constant of 2 x 10° cm?*mol-s was used
since this value had been reported for the uncatalyzed re-
action (23); the actual overall rate constant is probably
larger since the HCl-catalyzed reaction path would also be
available. Details on computation aspects are available in
Ref. (17).

Results of these calculations indicated that the homoge-
neous reaction takes place in a very sharply defined zone
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at a distance from the anode. At this reaction plane, the
chloride ion concentration is essentially identical to that
in the bulk solution. Therefore, the product distribution
would be expected to be the same as if the chlorine had
been bubbled directly into the solution, in agreement
with experimental findings. Also, it was computed that
the progduct distribution varied by less than 0.5% for all
combinations of flow rates and current densities. These
results supported the experimental finding that the prod-
uct distribution was not affected by either flow rate or
current density. Also, the calculations demonstrated that
the ethylene concentration between the reaction plane
and the anode would be zero, supporting the view that
ethylene is not adsorbed on the anode as long as the elec-
trode is maintained in the active state.

The discussion in the first paragraph of the Appendix
suggests that the effect of gas bubbles is to increase the
rate of transport in comparison with the rate of homoge-
neous reaction. One simple way to achieve such alteration
in relative rates in the present model is to decrease the re-
action rate constant (or to increase the diffusion coeffi-
cient). When calculations were carried out with rate con-
stants which were 10°-fold smaller (that is, a value of 2 x
10-' cm¥mol-s), it was found that the qualitative features
of behavior described in the previous paragraph re-
mained valid. It was therefore concluded that the general
features described above would not be qualitatively dif-
ferent had a more detailed treatment of bubble evolution
been carried out.

Analysis of the electrolytic cell.—An undivided parallel-
plate reactor was modeled. The present analysis differs
from previous treatments of parallel-plate flow cells ow-
ing to the presence of gas bubbles which requires consid-
eration of flow pattern in the formulation of effective
electrolyte conductivity. Phenomena under consideration
included charge transfer, ohmic resistance, and mass
transfer. Parameters for each phenomena were deter-
mined experimentally or were obtained from the litera-
ture for use in model calculations; these parameters are
compiled in Table I. The mathematical articulation of
these components into a unified representation of the en-
tire cell constitutes an important task. While each element
of the following overall model could be represented in a
more sophisticated manner, it is rarely cost effective to do
so in early stages of process evaluation. By the method
described below, the most sensitive features of an opti-
mized simple model can be identified. In turn, these
components can then be upgraded in order to improve in
a selective manner the most important features of the cell
model.

The charge transfer characteristics of the chlorine and
hydrogen evolution reactions on the electrode materials
used in this study were obtained experimentally as dis-
cussed in the presentation of Eq. [6] and [7] above.

The solution phase ohmic resistance was assumed to be
the sum of the resistance of each layer represented in the
flow pattern depicted in Fig. 4. The effective conductiv-
ity of the bubble curtains was assumed to be 1/5 of the
bulk value (27). A thickness of 50 um was assigned to the
chlorine bubble curtain, and a value of 60 um was as-
signed to the hydrogen bubble curtain (27).

Bruggeman'’s equation (28) was used to describe the ef-
fective conductivity of the moving bubble layers on each

electrode
RT(L./2) J
T l =S = 8
Haa [ 2FP Bt tsW (8]
RT(I./2) J 302
e = K -_— 9
o = K [1 BFP, e W i

The total solution phase ohmic resistance was expressed
as

R, = 5(0.005)/Ax, + 5(0.008)/Ax, + 8, il Akavi + Suvieel Ay
+ (h = 0.005 — 0.006 — 8,y — Suve)AKy [10]
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Table I. System parameters used in the modeling of the experimental cell
Parameter Physical meaning Value or functional Ref.
C HCI concentration Variable (M), normally 1M
h Cell gap Variable (cm)
L Cell length 10.16 cm
w Cell width 2.54 cm
Q Flow rate Variable (ml/s)
Ve Cell voltage Variable (V)
5 C,H, concentration 5.0 x 10—*M
Temperature 298.15 K
Pl Cell pressure 1 atm
ty0 Exchange current density 4.78 x 10~* A/cm? for 1M HCI an
for C1-/Cl, redox pair
T Exchange current density 4.523 x 10-* A/cm? for 1M HCI an
for H,/H' redox pair
a0 Exchange current density 1.0 x 10-% A/lem? an
for H,0/0, redox pair
an, Anodic transfer coefficient 0.2779 for 1M HCI an
for chlorine evolution
an, Cathodic transfer coefficient 1.2986 for 1M HCl an
for hydrogen evolution
a' Anodic transfer coefficient 0.30 an
for oxygen evolution
Ewia Equilibrium potential for 1.05V an
C1-/Cl,
Equilibrium potential for -0.123V an
H/H'
Equilibrium potential for H,0/O, 1.01V an
Chlorine bubble departure 50 um 27
diameter
Hydrogen bubble departure 60 um @n
diameter
Ky Electrolyte conductivity Ky = 0.0126143 + 0.380292C — 0.0591346C* (35)
+ 0.00365068C" — 0.0000842448C" (mho/cm)
Dy Difgu}s{iém coefficient Dy, = (2.87445 + 0.58244C) x 10— (cm?/s) (35)
of 1
P Density p = 0.999802 + 0.0159094C (g/ml) (35)
7 Viscosity mn = (0.896375 + 0.0393314C + 0.00251171C? (36)
x 10~ (g/cm-s)
ty Transference number of H' ty = 0.811794 + 0.0302287C — 0.00525897C* (35)
- 0.000472662C* + 0.0000514969C*
D, Diffusion coefficient of D, = 1.44T/(293.15m) x 10~7 (cm?s) an
chlorine

Note: Range of applicability: 1-8M HCIL.

A correlation for mass transfer in the presence of
microconvection owing to bubble growth on an electrode
surface (24) was used

Sh = 0.93 Re">Sc#7 [11]

The equations governing mass transfer were
t,(x) = Fky [Ci(@) — [C1-L(2)] [12]
i(x) = Fk,, [C\(x) - [H'](0)] [13]

Variation of bulk concentration of HCI was obtained from
a differential mass balance

w Ro+2\ [*. ,
2FQ ( R, + 1)/" i,(x’) dx [14]

The solution phase potential on both electrode sur-
faces were related by the following equations

Do) = ¢ (X) + W(XAR, + . (X) + Meu(@)  [15]

The concentration overpotentials were formulated on the
assumption of dilute solution theory as well as linear con-
centration profile in the mass-transfer boundary layer
(29)

Cy(x) = C* -

v Bavier Uity Yty Kavea Kaveer Ry @nd C,. This set of
equations contains parameters the values of which are set
according to literature sources or laboratory measure-
ment as well as estimations when literature values were
unavailable. Table I lists the values used in the present
study.

Method of solution.—It is convenient to arrange the inte-
gral in Eq. (14) by approximating it as

F me I
(') dx’' = L.0) =
fuzx o EIUN
L m o1 L
+ -—=m-1)im) = 1.0) — 19
<x N ™ )z m 2 W) [19]

where
L L
(m — I)W< xs= mﬁ

since no iterations were then required for the solution of
the equations. Integration was carried out by dividing the
cell into N sections along the flow direction, and pro-
ceeding section-wise starting from the upstream end of
the cell. The set of equations was combined into two
nonlinear algebraic equations, and IMSL subroutine
ZSPOW was used on the Cyber 175 computer to solve

2RT c* [H'] them. Subsequently, the cell current was evaluated by
Neol®) = ——1In [—— =t |1 - [16]
F [H'] c* ’ 5 "
Teal) = 2oL 1 [—C* = (l = [CI_L)] (17 foon = W/n k=W g (201
F cry c* Results

The last equation needed is for current balance
i(x) = i,(x) (18]

Equations [1]-[18] constitute a system of 18 independent
equations for 18 variables at each location of the cell. The
variables are i,, i, kmia Kmter [C17] [H')s by doer My Mees

The calculated cell current-voltage curves for various
cell gaps and flow rates are listed in Table II and their
comparison with experimental curves is shown in Fig. 5.
The discrepancy at low current densities is probably the
result of errors in evaluation of kinetic parameters. How-
ever, for current densities above 100 mA/cm? (I, > 2.6A),
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Table II. Calculated |-V curves based on the actual flow pattern
h (in.) 0.127 0.225 0.250 0.482 0.745
Q (mls) 3.6 15.7 3.6 15.7 3.6 15.7 3.6 15.7 3.6 15.7

Vv I (mA)
14 58.3 58.3 57.5 57.5 57.3 573 55.5 55.5 53.7 53.6
1.5 1354 135.1 131.3 131.0 130.3 130.0 122.0 121.8 114.2 114.0
1.6 300.8 299.5 282.6 281.5 278.5 2774 246.7 2459 220.5 220.0
1.7 621.2 616.3 556.8 553.2 543.1 539.8 448.4 446.4 381.0 379.6
1.8 1162 1148 984.8 975.6 950.0 941.6 730.6 726.2 592.7 590.1
1.9 1951 1919 1567 1548 1497 1480 1083 1075 846.7 842.5
2.0 2970 2910 2281 2249 2161 2133 1491 1479 1133 1127
2.1 4178 4082 3099 3051 2918 2875 1941 1925 1444 1436
2.2 5533 5394 3996 3929 3744 3686 2424 2402 1774 1763
2.3 6999 6812 4953 4866 4625 4550 2931 2903 2119 2105
2.4 8551 8313 5957 5848 5546 5453 3457 3423 2474 2458
2.5 10170 9878 6998 6866 6501 6388 3998 3958 2839 2820
2.6 11841 11493 8067 7913 7481 7349 4552 4506 3211 3189

the error between experimental and calculated curves
was less than 30 mV. The model also indicated that the
cell current-voltage curves will be insensitive to the flow
rate change (see Table II), a phenomenon also observed
during the experiments. Reasonable variation in the
choice of values of §,,, and u, (Eq. [2]-[5]) did not affect
this conclusion. For a comparison, formulation of the cell
model based on a commonly used flow pattern, namely,
homogeneous gas-liquid mixture with no slip between
phases, was done; the results showed strong dependence
of I-V curves on flow rate. The comparison demonstrates
that understanding of flow pattern, which in turn can
vary with design considerations and operating conditions,
is essential for predicting cell behavior of gas evolving
systems.

Scale-up and cost analysis.—The application of the cell
model to scale-up was made with the following modifica-
tions to the foregoing model.

1. The flow pattern was assumed to be a homogeneous
gas-liquid mixture over the entire cell domain because of
the merging of bubble layers in cells of very large
length/gap ratio.

5. T T T T T T
I M HCI
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40 ® h=0872cm il
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Fig. 5. Comparison of experimental and calculated cell current-
voltage curves.

2. Pumping power requirement was included in the
scale-up. A correlation proposed by Vogt (30) was used
for pressure drop estimation for gas-liquid mixture.

3. The mass-transfer rate was described by a correlation
proposed by Vogt (31) which considered the mass transfer
to be jointly controlled by gas evolution and hydrody-
namic flow.

4. Oxygen evolution following Tafel kinetics was in-
cluded as an anodic side reaction.

Analyses were carried out for a hypothetical production
facility operating at 10' metric tons of DCE per year. The
overall cost was composed of three components: capital
cost, operating cost, and raw material cost. The capital
cost was evaluated to the cell battery limit, i.e., cell banks
together with their peripheries including rectifiers and
bus bars, pumps, piping, instrumentation, etc. Equipment
cost of upstream feed preparation and downstream prod-
uct recovery operations was not included. Operating cost,
which included energy cost, labor, and maintenance, was
also considered to cell battery limit. Economic informa-
tion by Keating and Sutlic (11) and supplementary data
by Danly (32) for electrochemical cells was used. All cost
information was corrected to March 1983 prices. Electric-
ity cost was assumed to be 5 ¢/kWh.

The raw material cost included reactant cost and credit
for useful by-products. A price (12 ¢/1b), or half the market
price for ethylene glycol, was arbitrarily assigned for eth-
ylene chlorohydrin credit. Credit was also given to hydro-
gen based on its heat of combustion at an assumed
thermal efficiency of 90%. A payback time of seven years
was selected. The production cost of DCE was deter-
mined so that the total revenue would be equal to the to-
tal cost at the end of the payback period.

Calculations were carried out initially for 1M HCI to in-
vestigate the influence of design and operating parame-
ters on DCE cost. Two parameters, cell gap and flow rate,
showed pronounced effects. The variation of DCE cost
with cell gap is shown in Fig. 6. A sharp minimum can be
seen. For smaller cell gaps, unit cell production rate was
higher at a fixed cell voltage, which would lead to
smaller capital investment. However, pumping power, as
a fraction of operating cost, was strongly influenced by
the cell gap (AP ~ h-%, approximately) so that pumping
cost dominated the operating cost and outweighed gains
in capital investment. For larger cell gaps, unit cell pro-
duction rate was lower at fixed cell voltage due to larger
ohmic loss in the solution phase.

The variation of DCE cost with flow rate is shown in
Fig. 7. Since over the range under investigation mass-
transfer rate was mainly dominated by gas evolution phe-
nomenon, increase of electrolyte flow rate would not
substantially increase the production rate. Instead,
operating cost would be significantly increased owing to
pumping power. For very low flow rate, ohmic loss in the
solution phase owing to the high gas content lowered the
unit cell production rate which resulted in higher capital
investment. However, the effect of high gas content was
not very strong and, therefore, the minimum seen in Fig.
7 is not very sharp.
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Fig. 6. Influence of cell gap on 1,2-dichloroethane cost

Results shown in Fig. 6 and 7 were carried out for 1M
HCI because of the more distinct variation with the pa-
rameters under study.

The market price of DCE was 17 ¢/Ib (July 1983 price)
which is substantially lower than these calculated costs.
It has been shown in Fig. 2 that the product distribution
depends on [C1-J[H,0]. In particular, DCE cost will de-
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Fig. 7. Influence of electrolyte flow rate on 1,2-dichloroethane cost
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crease as HCl concentration increases. For example,
when 8M HCI is used as the electrolyte, a calculated cost
of 22 ¢/Ib for DCE is obtained at a current density less
than 1 A/cm?.

Optimization.—An enhanced successive quadratic pro-
gramming (SQP) method (14) was applied to the cost
model described in the previous section in order to locate
the optimal design parameters and operating conditions.
The SQP method was chosen because it is known to be
successful in situations where a large number of function
and derivative evaluations are required, a category to
which our system belongs. The SQP method has only re-
cently been reported for electrochemical applications (15),
and the present study represents the first known applica-
tion of its use in directing bench-scale studies.

Starting with an initial set of values for the independent
variables, a quadratic programming problem was formu-
lated by taking a quadratic approximation of the objec-
tive function as well as linearization of the constraint
functions. Solution of this problem by the Han-Powell al-
gorithm (33) produced a search direction. Improvement of
the objective function value was attempted along this
search direction, and a new set of values was thereby ob-
tained. The same procedure repeated itself until no fur-
ther improvement was made. Five independent variables
(cell gap, cell length, electrolyte flow rate, cell voltage,
and cell width) were considered in the present analysis.
The objective was minimization of DCE cost. Other more
sophisticated objectives could be chosen for evaluation,
but the general method would be the same. Three con-
straint functions were implemented: an upper limit was
set on the maximum current density for anode protection,
an upper limit (0.40) was also set for gas volume fraction
at the outlet of the cell to prevent development of hot
spots, and the maximum electrode area was set to be 0.8
m?.

The software package SQPHP for solving nonlinear
programming problems using an enhanced version of the
Han-Powell method for successive quadratic program-
ming was developed by Chen (33, 34), and is available
commercially.2 The program requires 41.4K words of core
on the CDC Cyber 175 computer.

Results of optimization calculations for 1M HCI are
summarized in Table III. It was found that the major frac-
tion of computer time was consumed in function and de-
rivative evaluations, not in the optimization procedure.
For example, in Run no. 10, 120.526 CP seconds were
consumed, of which only 0.154 CP seconds were used for
19 calls of SQPHP. Most runs terminated when there was
lack of improvement of objective function value along the
final search direction. In these cases, the final solution is
believed to be very close to a local minimum. The results
of Runs 1-4 suggest the possibility of local minima since
different initial guesses ended up with different sets of
optimal values for the variables.

Sensitivity analysis was carried out by finite difference
evaluation of the cost change for small changes in each
independent variable at the optimal condition. The strong
influence of cell gap and cell voltage on the economy was
demonstrated by the sensitivity analysis results shown in
the footnote of Table III.

A simplified method for determining which phenome-
non controls the cell resistance is to calculate the cell cur-
rent that would pass if the entire driving force (cell volt-
age) were consumed by the particular phenomenon under
consideration. That phenomenon which gives the
smallest current is the limiting process. When such calcu-
lations were done for the optimal conditions correspond-
ing to a maximum current density of 0.5 A/cm? (Run no. 4
of Table III), values of 2.12, 20.73, and 1.84 for dimension-
less cell current were obtained in response to charge
transfer, mass transfer, and ohmic resistance-controlled
system, respectively. Therefore, it was concluded that
mass transfer will not control the cell; measures towards

2M. Stadtherr, Department of Chemical Engineering, Univer-
sity of Illinois, Urbana, Illinois 61801.
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Table Ill. Results of optimization calculations for 1M HCI
Initial Scaling Maximum Cell Cell Electrolyte Cell Cell
guess factor Optimal cd.,x gap, length, flow rate, voltage, width,
Run set set Stop cost T x, x, T, FN x
no. no.* no. mode* (¢/1b) (A/em?) (cm) (cm) (ml/s) V) (cm) b
1 i 1 B 89.26 0.5 0.790 0.718 0.287 0.221 100 0.324
E-1 E+2 E+4 E+1 E-1
2 2 1 A 89.98 0.5 0.426 0.540 0.157 0.215 100 0.625
E-1 E+2 E+4 E+1 E-3
3 3 1 B 89.18 0.5 0.862 0.769 0.334 0.222 100 0.244
E-1 E+2 E+4 E+1 E-1
4 4 1 B 89.19 0.5 0.883 0.800 0.343 0.222 100 0.299
E-1 E+2 E+4 E+1 E-2
5 5 1 89.72 0.5 0.529 0.563 0.171 0.217 100 0.423
E-1 E+2 E+4 E+1 E-1
6 4 2 B 89.16 0.5 0.931 0.794 0.348 0.223 100 0.984
E-1 E+2 E+4 E+1 E-2
7 4 3 B 89.26 0.5 0.912 0.688 0.318 0.223 100 0.269
E-1 E+2 E+4 E+1 E-1
8 5 1 B 1424 0.2 0.889 0.800 0.233 0.199 100 0.920
E-1 E+2 E+4 E+1 E-2
9 4 1 A 98.05 0.4 0.640 0.687 0.224 0.213 100 0.705
E-1 E+2 E+4 E+1 E-3
10 4 1 A 83.65 0.6 0.905 0.791 0.372 0.229 100 0.472
E-1 E+2 E+4 E+1 E-3
11 4 1 B 76.83 0.8 0.656 0.534 0.270 0.235 100 0.344
E-1 E+2 E+4 E+1 E-2
12 4 1 A 72.98 1.0 0.549 0.500 0.245 0.242 100 0.349
E-1 E+2 E+4 E+1 E-3
13 4 1 A 67.40 5.0 0.558 0.500 0.347 0.290 100 0.475
E-1 E+2 E +4 E+1 E-3
 Initial guess
Set no. 1: x, = 0.1, x, = 80, x; = 4000, x, = 2.2, x, = 100.
Set no. 2: x, = 0.03, x, = 100, x, = 20,000, x, , x5 = 50.
Set no. 3: x, = 0.3, =, = 60, x, = 2500, x, = 90.
Set no. 4: x, = 0.1, x, = 80, x; = 4000, x, = 100.
Set no. 5: x, = 0.2, x, = 75, x; = 5000, x, = 100.
b Scaling factor
Set no. 1: 8, = 10, 8, = 100, &, = 100,000, 5, = 0.1, &, = 1000, &, = 2.0.
Set no. 2: §, = 100, 3, = 100, §, = 10,000, 8, = 1, 1000, 5, = 2.0.
Set no. 3: 8, = 1, 8, = 100, §, = 100,000, &, = 0.01, &, = 100, &, = 5.0.

¢ Stop mode
A Convergence criteria are satisfied.
B Five calls of SQPHP are required.

Sensitivity analysis for run no. 9
0.239E + 2 $/cm.

e
I

s, = —0.444E — 3 $/cm.
sy, = —0.995E — 4 $/(mV/s).
sy = —0.167E + 2 $/V.

s, = —0.202E - 2 $/cm.

4 Sum in convergence test.

enhancement of mass-transfer rate, such as implementa-
tion of turbulence promoters, would not be expected to
improve the cell economic performance. The present sys-
tem is controlled primarily by ohmic resistance and, to a
lesser degree, by a charge transfer resistance. Increasing
the solution conductivity with a different electrolyte
seems unlikely since the most mobile cation, H', is al-
ready present in the electrolyte. Development of a more
active electrode surface for enhancement of charge trans-
fer rate would represent only a limited contribution to
process improvement. Further improvement in yield
would be achieved by increasing the total chloride ion
concentration beyond that obtainable with pure HCI elec-
trolyte, such as by addition of chloride ion containing
salts.
Conclusions

Because electrochemical processes can be complex,
early stages of process evaluation must be guided so that
efficient use is made of development efforts. Simple
methods need to be used for modeling cells, their
scale-up properties, and their economic features, and for
predicting their optimal configuration. The incorporation
of such methods along with bench-scale laboratory data
can be carried out with numerical software available com-
mercially on most mainframe systems.

In the present investigation, the most sophisticated nu-
merical computations were those used to clarify the
chemical reaction sequence which occurred near the elec-
trode surface, summarized in the Appendix. The develop-
ment of a model of an entire cell involved a few dozen
equations, primarily nonlinear algebraic equations, which
in the present study were easily solved by commercial
software. Optimization and identification of the most
sensitive parameters were also found to be readily accom-
plished with successive quadratic programming methods.
While the present study did not include aspects of the
process flow sheet other than the electrolytic cell, meth-
ods for flowsheet simulation and optimization represent
an area of active research where rapid advances may be
anticipated in the near future.

As a model system for the investigation of these meth-
ods, the electrochemical process for 1,2-dichloroethane
production by electrolysis of ethylene containing hydro-
chloric acid solutions was studied with a bench-scale
continuous-flow undivided parallel-plate cell. Ethylene
chlorohydrin was the only by-product. The product spec-
trum was found to be independent of both electrolyte
flow rate and cell current, but was found to be signifi-
cantly influenced by the chloride ion concentration.
Product distribution data supported the reaction mecha-
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nism involving a chloronium ion intermediate and subse-
quent attack by nucleophiles (chloride ion and water mol-
ecule).

An approximate model which considered the chemical
environment in the electrolysis zone was developed from
fundamental principles of mass transport and reaction ki-
netics. The calculations supported the view that the cell
served to generate chlorine, and that reaction of ethylene
occurred solely by homogeneous chemical reaction.

The cell current-voltage curves were found to be inde-
pendent of electrolyte flow rate. The flow patterns
arising from gas evolution in the cell were observed ex-
perimentally and were used to establish a mathematical
model of the cell. The cell model took into account mass
transfer, charge transfer, and solution phase ohmic resist-
ance. When a correlation was constructed for solution
phase ohmic resistance based on the observed gas bubble
flow pattern, the model characterized the experimental
cell accurately, particularly the observation that the I-V
curve was independent of flow rate.

Economic analyses were carried out for a hypothetical
production facility. Influence of key operating and de-
sign parameters on the balance of capital cost and
operating cost was demonstrated. An enhanced succes-
sive quadratic programming code was applied to locate
the optimal operating conditions and to identify the most
sensitive variables. The methods developed in this study
are portable and can be applied to a wide variety of elec-
trolytic processes.
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APPENDIX
Reaction Chemistry Near the Anode

A two-dimensional representation of the reaction zone,
illustrated in Fig. A-1, was used to calculate concentration
profiles near the anode. Reference (17) contains a com-
plete discussion of the summary which follows. The pri-
mary assumptions were (i) constant physical properties,
(i1) well-developed laminar flow with a linear velocity
field in the thin reaction region, (iii) homogeneous reac-
tion which is first order in both chlorine and ethylene
concentrations, (iv) 100% current efficiency for chlorine
evolution, and (v) transport by convection along the elec-
trode and by diffusion normal to the electrode. The last
assumption represents a limiting case of behavior which
does not include the effect of gas bubbles. The presence
of such bubbles would serve to increase mass transfer of
Cl- and ethylene toward the anode, and to transport Cl,
into the bulk at rates faster than given by the model. That
is, the consequence of gas bubbles would be to increase
rates of transport with respect to rates of chemical reac-
tion, a point to which discussion will return.

The differential mass balances for chlorine and ethyl-
ene

@*[Cl, J[ClL,
Do, 2 w0 25 - enremy  (a
#[C,H, [C.H
D, DAy 4y AGH _sgcryemy (a2
y ax

where the linear velocity field is represented by

Y v ) y

& =f<u>|— - =—| = > A-3

u,(y) = 6<u <h W 6<u n [A-3]
The six boundary conditions are

[CL]=0aty = §, forall x [A-4]
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u BULK
t SOLUTION

¥ 3

Fig. A-1. Basis of the reaction chemistry model. N,: chlorine flux at
anode. N,: convective flux of chlorine into the reaction zone. N,:
diffusional flux of chlorine into bulk solution. N,: convective flux of
chlorine out of the reaction zone. S: rate of consumption of chlorine in
the reaction zone.

(0,00)

[C,H,] = C,aty = 8, for all = [A-5]
3[CL]
-Dy, 0—1; = ﬁ aty =0forallx [A-6]
a[C,
(CH _ o y=0forallx (A-7]
ay
[C,H,]=C,atx =0forally [A-8]
[CL]=0atx =0forally [A-9]

Different concentration profiles will be obtained for
different values of reaction layer thickness 8,. The value
of &; must be chosen so that it satisfied a chlorine mass
balance

iWL SR L [8R
= W / [Clz](y)‘ u(y) dy + W / f Tz, y) dydx
ZF 0 xr=L [N
[A-10]
The differential mass balance for chloride ion is
#[Cl-] J[C1-] R B
HCL oy - u(y) ox + R+l r=0 [A-11]

where 7 is the local reaction rate, which can be calculated
after the concentration profiles for both chlorine and eth-
ylene have been obtained. Diffusion coefficient of HCl
molecule, Dy, is used in Eq. [A-11] because of the binary
nature of the electrolyte (22). The last term accounts for
chloride generation following the stoichiometric reaction

HO

C,H, + Cl, + C H,Cl,

+ ——— C,H,0Cl + HC1

R
R +1 0 R+1
The local product ratio was
_[EC]
TDCE]
The boundary conditions associated with Eq. [A-11] are

R(x,y) = (x, y) = —0.102 + 0.132 [H,0)[Cl-](x, v)
[A-12]

JCl-] i _
Dy ——— T ¥ aty =0 [A-13]
[CI-]=[Cl-],aty = 8 [A-14]
[Cl-]=[Cl-],atx =0 [A-15]

where [Cl-], is the chloride ion concentration in the bulk
solution.
The overall product ratio can be calculated by
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T, Y)R(x, y)
"R,y +1

L,

dydx

Ryyeran = ([DTE]

where R, is the ratio obtained from reaction in the bulk
solution and fis the fraction of chlorine being carried out
of the reaction layer by convection

8 iL
7= [Mwwicuwl - (i) [A-17)

Concentration profiles were computed by a finite dif-
ference method (IMSL subroutine ZSPOW) implemented
on a Cyber 175 computer. Additional details are available
in Ref. (17).

LIST OF SYMBOLS

A electrode area (cm?)
C, bulk concentration of HCl (mol/em?)
C, ethylene concentration in electrolyte (mol/cm?)
C*  bulk concentration of HCI at cell inlet (mol/cm?)
d; bubble departure diameter (cm)
D, diffusion coefficient of species i (cm?s)
E., equilibrium potential (V)
if fraction of chlorine flux out of the reaction layer
F Faraday’s constant (96,487 C/eq)
h cell gap (cm)
1 current density (A/cm?)
i exchange current density (A/cm?)
I cell current (A)
k reaction rate constant for chlorination of ethylene
(cm?*mol-s)
ks rate constant for ethylene chlorohydrin formation
(cm?*mol-s)
k, rate constant for 1,2-dichloroethane formation
(cm?*mol-s)
mass transfer coefficient (cm/s)
cell length (cm)
number of electrons involved in the electrochemi-
cal reaction
— N, chlorine fluxes in Fig. A-1 (mol/cm?-s)
«n cell pressure (atm)
electrolyte flow rate (cm?s)
product ratio (EC)[DCE]); gas constant (8.3144 J/g-
mol-K), when appearing as RT
product ratio in bulk electrolyte
solution phase ohmic resistance ({2)
V.d/Av, Reynolds number (dimensionless)
amount of chlorine reacted in the reaction layer per
unit time (mol/s)
v/Dy¢, Schmidt number (dimensionless)
kmy/Dyc1, Sherwood number (dimensionless)
transference number of ionic species i
temperature (K)
<u> average velocity of electrolyte flow, (cm/s)
Uy rise velocity of bubble swarm, (cm/s)
Ve cell voltage (V)
. volume rate of gas bubble formation (cm?s)
w cell width (cm)

z IbF

o)

ZEE L

=
’ig%

Greek Symbols
a symmetry factor in Butler-Volmer equation
Sy average thickness of moving bubble layer (cm)
8y reaction layer thickness (cm)

m. concentration overpotential (V)
k. effective conductivity of moving bubble layer

(mho/cm)

Ko conductivity of gas bubble-free electrolyte
(mho/cm)

v kinematic viscosity (cm?/s)

[N solution phase potential (V)

Subscripts
a anodic
e cathodic
s surface

[EC] ) _ ZF(R(, + 1)
overall

2F(R() +1) fo o R, y) +1

Y . a=1e]

REFERENCES

1. R. C. Fahey and H.-J. Schneider, J. Am. Chem. Soc.,
90, 4429 (1968).

.G A. Tedoradze, V. A. Paprotskaya, and A. P. Tomi-
lov, Elektrokhlmlya 10, 1103 (1974).

. V. A. Paprotskaya, G. A. Tedoradze, and A. P. Tomi-
lov, ibid., 12, 206 (1976).

G. A. Tedoradze, V. A. Paprotskaya, and A. P. Tomi-
lov, ibid., 10, 1612 (1974).

G. A. Tedoradze Yu.M. Sokolov, E. A. Panomarenko,
V. A. Papotskaya, and A. P. Tomilov, PCT Int.
Appl. 80 01,686, Aug. 21, 1980 (C.A.:93:247451).

. W. l;ol)’arrlsh and J. Newman, This Journal, 117, 43
(1

. C. W. Tobias, ibid., 106, 833 (1959).

. L. Rousar, lb‘Ld 116 676 (1969).

H. Vogt, “Comprehensive Treatise of Electrochemis-
try,” Vol. 6, E. Yeager et al., Editors, p. 445, Plenum
Press, New York (1983).

10. J. R. Selman, in “Tutorial Lectures in Electrochemi-
cal Engineering and Technology,” Part II, R. Alkire
and D. Chin, Editors, p. 101, AIChE Symposmm
Series 229, AIChE New York (1983)

11. K. B. Keating and V. D. Sutlic, in “Electro-Organic
Synthesis Technology,” M. Krumpett E. Weis-
mann, and R. Alkire, Editors, p. 119, AIChE Sympo-
sium Series 185, AIChE New York (1979)

12. R. E. W. Jansson in “Tutorial Lectures in Electro-
chemical Engineer'mg and Technology,” Part II, R.
Alkire and D. Chin, Editors, p. 119, AIChE Sympo-
sium Series 229, AIChE, New York (1983).

13. T. R. Beck, in “Techniques of Electrochemistry,” Vol.
3, E. Yeager and X J. Salkind, Editors, Wiley-
Interscience, New York (1978).

14. R. C. Alkire, G. D. Cera, and M. A. Stadtherr, This
Journal, 129, 1225 (1982).

15. R. Alkire, S-A. Soon, and M. A. Stadtherr, ibid., 132,
1105 (1985).

16. R. C. Alkire, R. D. La Roche, G. D. Cera, and M. A.
Stadtherr, Paper 410 presented at the Toronto Ont.,
Canada Meetmg of the Society, May 12-17, 1985.

17. E. K. Yung, Ph.D. Thesis, University of Illinois, Ur-
bana, IL (1985).

18. H. Schlichting, “Boundary-Layer Theory,” 7th ed., p.
185, McGraw-Hill, New York (1979).

19. V. P. Konyushenko, Yu. A. Serguchev, and V. L
Staninets, Khim. Prom., 146 (1979).

20. Yu. Serguchev and V. P. Konyushenko, Ukr. Khim.
Zhurn., 42, 100 (1976).

21. R.B. B1rd W. E. Stewart, and E. N. Lightfoot, “Trans-
gort Phenomena, p. 59 John Wlley and Sons New

ork (1960).

22. J. Newman, “Electrochemical Systems,” p. 223, Pren-
tice-Hall, Englewood Cliffs, NJ (1973).

23. P. }g.ﬁ%un and T. Wood, J. Appl. Chem. Lond., 17, 53
( .

24. K. Stephan and H. Vogt, Electrochim. Acta, 24, 11
(1979).

25. J. Newman, This Journal, 113, 1235 (1966).

26. J. Newman ibid., 113, 501 (1 966).

27. H. Vo%t Electrochim. Acta 26, 1311 (1981).

28. Bruggeman, Ann. Phys 24, 659 (1935).

29. J Newman, “Electrochemical Systems,” p- 383, Pren-
tice-Hall, Englewood Cliffs, NJ (1973).

30. H. Vogt, J. Appl. Electrochem., 12, 261 (1982).

31. H. Vogt, Electrochim. Acta, 23, 203 (1978).

32. Kirk-Othmer, “Encyclopedia of Chemical Technol-
olggyl,s’)’)Vol. 8, p. 704, John Wiley and Sons, New York

33. H. S. Chen, Ph.D. Thesis, University of Illinois, Ur-
bana, IL (1982).

34. H. S. Chen and M. A. Stadtherr, Comp. Chem. Eng., 8,
229 (1984).

35. T. W. Chapman and J. Newman, “A Com ilation of
Selected Thermodynamic and Transport Properties
of Binary Electrolytes in Aqueous olutlon " AEC
Contract w-7405-eng-48 (1968)

36. “CRC” Handbook of Chemistry and Physics,” 63rd
ed., R. C. Weast and M. J. Astle, Editors, p. D-240,
CRC Press, Boca Raton, FL (1982).

ST U

R=X-ES -



Charge-Discharge Behavior of Polyacetylene Electrodes

Fritz G. Will*

General Electric Company, Corporate Research and Development, Schenectady, New York 12301

ABSTRACT

The charge-discharge and open-circuit behavior of polyacetylene electrodes, p-doped with BF,, is examined. Dis-
charge curves for controlled current are interpreted quantitatively in terms of a model involving slow dopant diffusion
and slow discharge at the polymer/electrolyte interface. The open-circuit potential is measured as a function of mean
dopant level. It is shown that, due to the slow dopant diffusion, no steady-state potentials are attained. The coulombic
efficiency of pristine polyacetylene electrodes in identical states of doping is determined as a function of discharge cur-
rent. Discrepancies among results of different authors are related to different dopant states near the polymer surface. A
quantitative relationship between efficiency and current is derived which is shown to be valid for small polarizations

and short discharge times.

Polyacetylene (CH), can be doped and undoped elec-
trochemically (1) with a variety of ions and can, therefore,
principally be used as novel electrode material in re-
chargeable batteries. Certain aspects of repetitively charg-
ing (p-doping or anion incorporation) and discharging
(undoping) polyacetylene electrodes have been described
in the literature. Nigrey et al. (1) applied controlled
current charges and discharges of short duration to
polyacetylene films in solutions of LiClO, in propylene
carbonate. This resulted in ClO, dopant level changes of
the order of 0.5 mole percent (m/o). Kaneto et al. (2) de-
scribed the open-circuit voltage behavior following con-
secutive controlled potential charge and discharge pulses
and determined the coulombic and energy efficiency of
ClO,-doped polyacetylene at various constant current dis-
charges. They observed an unexplained increase in
coulombic efficiency from 74 to 87% for a ten-fold in-
crease in discharge current. Farrington et al. (3) found
quite different open-circuit voltage behavior after
p-doping with ClO, or AsF,, characterized by a pro-
nounced voltage step at 2 m/o doping level and a linear in-
crease in voltage at higher doping levels. Furthermore,
coulombic efficiencies reported in Ref. (3) for controlled
current discharge from identical dopant levels as in Ref.
(2) are only approximately half of the values reported in
Ref. (2), that is, only 41-51%.

In the present paper, we study the open-circuit voltage
behavior of polyacetylene electrodes p-doped with BF,,
following consecutive controlled current charges and dis-
charges of 0.1-100s duration. Furthermore, we establish
the coulombic efficiency of pristine polyacetylene film
electrodes for various controlled current charges and dis-
charges of typically l1h duration. We show that the
coulombic efficiency is determined by slow dopant diffu-
sior. 4, 5) in the polyacetylene structure. The anomalies
of efficiency vs. discharge current observed by others (2)
and the discrepancies among the efficiency values re-
ported by different groups (2, 3) can be reconciled by the
nonsteady-state nature of dopant diffusion and concentra-
tion in polyacetylene.

Experimental

Polyacetylene films had been prepared by the Rohm
and Haas Company and shipped in sealed glass vials,
filled with inert gas. Prior to electrochemical experi-
ments, films were predominantly in the cis form as evi-
denced by infrared spectroscopy (6). They had an appar-
ent density of 0.56 g/cm?, corresponding to 48% of the
theoretical density and a true surface area of 40-50 m?*g.
The internal void space of 52% consists of interconnected
micropores of a few hundred to a few thousand ang-
stroms diameter between individual polyacetylene fibers
of a few hundred angstroms diameter. This microfibrillar
structure of polyacetylene is well established (7, 8).

Details of the film preparation and characterization
have been described elsewhere (6). Circular electrodes A
of 2 cm* area with 89 um thickness and B of 1.25 cm? area

* Electrochemical Society Active Member.

with 68 wum thickness were cut from the films. The
former corresponds to 2.7 m/o dopant per A-s/cm?* charge,
the latter to 3.5 m/o/A-s/cm?® Electrodes were provided
with 10004 sputtered Au films on the back side. Contact
was made by attaching Au wires with Au-epoxy cement.
Experiments were carried out in PTFE cells using Li
counter and reference electrodes. Approximately 1 cm?®
electrolyte was employed, consisting of 30% by weight so-
lutions of LiBF, in sulfolane for electrodes A and 10% so-
lution for electrodes B. These electrolytes have very high
viscosity. Handling of and experimentation with the
polyacetylene were carried out in a high quality dry box.

Coulombic efficiency studies were performed for each
different discharge current on a pristine polyacetylene
electrode, charged with identical current density of 0.24
mA/cm?.

Controlled currents were generated with a PAR Model
175 Universal Programmer and applied with a PAR
Model 175 Galvanostat/Potentiostat equipped with Digital
Coulometer Model 179. Voltage-time traces were recorded
on a Nicolet Model 206 Storage Oscilloscope or a Hewlett-
Packard Model 17501A Recorder, depending on pulse du-
ration.

Results

Nonsteady-state polarization behavior—Figure 1
shows polarization-time transients for electrode A, sub-
jected to short-duration discharge and charge pulses sep-
arated by open-circuit periods. Electrode A had been
previously charged to 7 m/o BF, dopant level. The polari-
zation data are corrected for the ohmic voltage drop be-
tween test and reference electrode and are referred to the
open-circuit potential of 3.8V obtained after 7 m/o doping.
It is seen from Fig. 1 that discharge and charge with cur-
rent densities as small as 0.05 and 0.5 mA/cm? yield low
polarizations which do not appear to change significantly
after the first few hundredths of a second.! Open-circuit
stand for 0.1s following discharge or charge with 0.05
mA/cm? for 0.1s results in negligible remaining polariza-
tion, whereas a current density of 0.5 mA/cm? for 0.1s al-

! Closer examination of the curves and charging or discharg-

ing for longer periods of time, however, reveals that the polari-
zations do not attain steady-state values.
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Fig. 1. Short-term charge, discharge, and open-circuit behavior of BF -
doped polyacetylene electrodes; doping and undoping with 0.1s current
pulses.
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Fig. 2. Short-term polarization behavior of BF -doped polyacetylene
electrodes; doping and undoping with 100s current pulses.

ready produces a perturbation which does not dissipate
completely on open circuit in 0.1s. Charge or discharge
with 0.5 mA/em? for 0.1s corresponds to a dopant injec-
tion or removal of 3.1 x 10'* BF, molecule/cm?.

Figure 2 shows polarization-time transients for pulse
lengths and open-circuit periods of 100s each. Thus,
dopant injection or removal corresponds to 3.1 X 10'® and
3.1 x 10"/em? in a single 0.05 and 0.5 mA/cm? pulse. It is
seen that even for the small current density of 0.05
mA/cm? steady-state polarizations are never attained. This
is even more pronounced for the 0.5 mA/cm? pulse. Dur-
ing the 100s open-circuit periods following current pulses,
the perturbations caused by the charge injection or re-
moval do not relax. Slow diffusion (4, 5) prevents steady
state from being attained.

Open-circuit potential-dopant level relationship.—Prior
to establishing the open-circuit potential-dopant level re-
lationship, electrode A had been cycled several times, dis-
charged to 1.3V, and left on open circuit for 1h, which led
to recovery of the potential to 3.33V. The electrode was
then p-doped in a series of 100s charging pulses of 0.25
mA/cm?, each followed by an open-circuit period of 100s
(part a of curve). In part b of the curve, the open-circuit
period was increased from 100 to 500s. The potential-time
transients were equivalent to those shown in Fig. 2. The
charge input and the open-circuit potential were both re-
corded and the potential at the end of the open-circuit
stand plotted in Fig. 3 against the incremental charge in-
put. The upper abscissa shows the incremental dopant
level if the dopant were uniformly distributed throughout
the entire polyacetylene film.? It is appreciated from the
discussion in the preceding paragraph that the potentials
plotted in Fig. 3 are nonsteady-state values. The open-
circuit potential increases monotonically from 3.35 to
3.72V for a mean dopant level change of 1.5 m/o. The de-
crease at 3.62V is due to the change of open-circuit stand
from 100 to 500s. Discharge in a series of 100s pulses of
0.25 mA/cm? with 500s stand after pulses results in de-
creasing open-circuit potentials as shown in Fig. 3. The
relevant curve exhibits considerable hysteresis such that
the open-circuit potentials on discharge are by an average
of 0.2V lower than those on charging at identical mean
dopant levels. Under the conditions applied, namely,
charging with 100s pulses of 0.25 mA/cm? followed by
open circuit for 500s and discharging with the same pulse
regime, polyacetylene electrodes do not behave reversi-
bly, and no unique relationship between open-circuit po-
tential and mean dopant level is established.

Charge-discharge cycling simulating battery applica-
tions.—The charge-discharge curves of Fig. 1 and 2 are of
little interest to practical battery operation as the dis-
charge times are too short and the doping level changes
too small to yield energy densities competitive with other
batteries. Figure 4 shows the results of three consecutive
charges and discharges of longer duration. Pristine film
was charged initially at controlled potentials of 3.5, 4, and
4.5V for a total of 2h. A charge of 1.5 A-s/cm?* was thus in-
jected over a time period of 2h, corresponding to a mean

2 Referred to as mean dopant level or mean concentration
from here on.
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Fig. 3. Open-circuit potential of BF,-doped polyacetylene vs. incre-
mental state of charge or mean dopant level. a: 100s on open circuit
after 0.25 mA/em* x 100s charging pulses (doping). b: 500s on open
circuit after doping. c: 500s on open circuit after 0.25 mA/cm* X 100s
discharge pulses (undoping).

dopant level of 4 m/o. Subsequent discharges were per-
formed at 0.25 mA/cm? to a lower voltage limit of 1.3V and
alternate charges at 0.25 mA/cm? for 1-2.5h. The charging,
discharging, and open-circuit conditions are summarized
in Table I, as are the coulombic efficiencies. The latter
values vary greatly, from 19 to 55%, in spite of identical
current densities during charge and discharge in these
three cycles. It appears from Table I that a short open-
circuit period between charge and discharge leads to high
coulombic efficiencies and vice versa.

Coulombic efficiency of pristine polyacetylene.—The
nonreproducibility of consecutive charge-discharge
curves of polyacetylene films subjected to different
open-circuit periods prior to discharge suggests that the
film is in different dopant states. This makes an evalua-

3. CHARGE

2. CHARGE

1. DISCHARGE

3. DISCHARGE
2. DISCHARGE

POTENTIAL VS. LITHIUMNV

0 1 Al 1 1 1 1 J
0 10 20 30 40 50 60 70
TIME/min
Fig. 4. Consecutive charge-discharge curves of BF.,-doped
polyacetylene. First charge potentiostatically at 3.5, 4, and 4.5V; subse-
quent charges and discharges galvanostatically at 0.25 mA/cm*. Addi-
tional details in Table I.
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Table I. Coulombic efficiencies in consecutive cycling
Charging Open Discharging Open
- circuit circuit Efficiency
L t Qun t i t Quut t Qou/Qin
(mA/cm?) (min) (A-s/cm?) (min) (mA/cm?) (min) (A-s/cm?) (min)
Const. V 120 1.45 10 0.25 54 0.80 30 0.55
0.25 160 2.39 50 0.25 31 0.46 60 0.19
0.25 120 1.75 10 0.25 54 0.82 60 0.47

tion of the effect of current density on discharge perform-
ance difficult or impossible.

Therefore, a comparative study of the very first charge
and discharge on pristine polyacetylene films was
undertaken with discharges performed at different cur-
rent densities. This enables determination of the
coulombic efficiency as a function of current density for
polyacetylene identically pretreated and hence presuma-
bly in identical initial dopant states. Figure 5 shows
charge-discharge curves for three pristine film electrodes
B. Charging was carried out with 0.24 mA/cm? for 70 min,
equivalent to 1 A-s/cm? or a dopant level of 3.5 m/o. The
charging curves for all three films were identical.
Discharging was performed after 1h open-circuit stand
with current densities of 0.08, 0.24, and 1.2 mA/cm?, re-
spectively. A voltage plateau occurs with inflection
points at 3.5, 3.45, and 3.03V, respectively. The coulombic
efficiencies for discharge to 2.5V decrease from 70% at
0.08 mA/cm? to 64% at 0.24 mA/cm? and to 30% at 1.2
mA/cm?.

Reproducibility of the charge-discharge curves was as-
certained at 0.24 mA/cm?® by employing a fourth pristine
film. A charge-discharge curve identical to the relevant
curve in Fig. 5 was obtained.

Discussion

Nonsteady-state polarization behavior.—Polarization-
time transients of short duration such as those shown in
Fig. 1 and 2 are quantitatively interpreted (4) in terms of a
semi-infinite linear diffusion model with charge transfer
through the polyacetylene/solution interface superim-
posed on the very slow diffusion (5) of dopant in the
polyacetylene. Applicability of semi-infinite linear diffu-
sion to the microporous structure of polyacetylene films
is tantamount to the assumption that only the exterior
surface of the film is wetted by the electrolyte and that
the large interior surface (2000 times larger than the pro-
jected area) remains essentially electrolyte free. This as-
sumption is justified by the fact that the observed
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Fig. 5. First charge-discharge curves of pristine BF,-doped
polyacetylene at various discharge currents; 1h on open circuit following
charging to 3.5 m/o.
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double-layer capacitance (4, 5) is 14 and 22 uF for elec-
trodes B and A, respectively. Such values yield 11 uF/cm?
if only the exterior surface is wetted and 0.005 uF/cm? if
the large interior surface is also wetted. Clearly, only the
former value is in agreement with generally accepted
double-layer capacitance values. Considering the high
viscosity of the electrolytes used in this study, the
nonpenetration of the micropores is not surprising. This
condition may not apply to electrolytes with low viscosi-
ties, especially if the electrodes are carefully vacuum im-
pregnated. Vacuum impregnation, however, has not been
applied in this study or, apparently, in other studies (1-3).

The mathematical model further assumes a solid slab of
homogeneous physical properties. This means that the
fibrous structure is neglected and that an isotropic diffu-
sion coefficient is assumed. In fact, however, the diffu-
sion coefficient is expected to be different parallel and
perpendicular to the fiber axis. More complex future
models may take these features into account and future
experiments may establish the diffusion coefficients par-
allel and perpendicular to the fiber axis.

The effect of charging the double-layer capacitance is
only significant in the first few milliseconds of the tran-
sient and can be neglected thereafter. For times short
compared to the time constant for diffusion through the
entire film and for small polarizations 7, the transient is
given (9) by

n = RT/P) (ifi, + 2i Vi/VaD Fe,) [1]

where i is the applied current density, i, the exchange
current density, t the time, ¢, the initial dopant concentra-
tion, D the dopant diffusion coefficient, R the gas con-
stant, T the temperature, and F the Faraday constant. The
current densities are related to the wetted exterior (or
projected) surface area where ion charge and discharge is
thought to occur.?

Validity of Eq. [1] assumes that the dopant concentra-
tion is nearly constant (c,) over a distance from the exte-
rior surface into the interior comparable to the diffusion
depth relevant to the subsequent transient. Whether or
not this is the case depends on the duration of the pulses
and open-circuit periods. Figure 6 shows the polarization
transients of Fig. 2 for both charge and discharge at 0.5
mA/cm? in a plot of 7 against Vt. The curves exhibit the
straight line behavior required by Eq. [1]. The slope of the
straight line yields the diffusion coefficient, and the in-
tercept with the axis Vt = 0 yields the exchange current
density. It is, therefore, clear that the nonsteady-state be-
havior of polyacetylene electrodes results from the very
slow diffusion of dopants into and out of the polymer.

The concentration gradients relevant to a pulse se-
quence are qualitatively shown in Fig. 7. Figure 7a corre-
sponds to charging (doping) of a pristine or well-
equilibrated film. The constant value of dc/dx is dictated
by the constant applied current density. Figure 7b shows
the partial relaxation of the concentration profile during
open circuit. At the interface, de/dx = 0 as the current is
zero. Figure 7c shows commencement of discharge with
concentration gradients from the preceding charging
event still present. Figure 7d shows the relaxation on
open circuit of the concentration gradients left from the
previous discharge. For comparison with Fig. Tc, Fig. Te
shows the concentration profile for discharge of a well
equilibrated film, kept on open circuit for a long time.

31t is for this reason that we refer to doping and diffusion of
BF, rather than BF,- ions in the polyacetylene structure.
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Fig. 6. Polarization-time transients of polyacetylene, BF,-doped to 7
m/o, during charging and discharging with 0.5 mA/em? x 100s current
pulses; 7 plotted against Vt according to Eq. [1].

Open-circuit potential-dopant level relationship.—The
open-circuit potential is dependent on the activity or con-
centration of dopant at the polyacetylene/solution inter-
face. In view of the small diffusion coefficients of
dopants in polyacetylene, very long times of equilibration
are required after charging or discharging before steady-
state open-circuit potentials are obtained which corre-
spond to uniform dopant concentration throughout the
polyacetylene. For a 70 um thick film, equilibration times
are 1n excess of 300h, and for a 7 um film, in excess of 8h.
The open-circuit potential vs. charge data in Fig. 3 are
thus nonsteady-state data, and the dopant levels near the
surface deviate considerably from the mean levels in Fig.
3. The surface values decrease or increase toward the in-
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Fig. 7. Dopant concentration profiles in polyacetylene electrodes
(qualitatively) at different times during consecutive (a) charging, (b) 1.
open circuit, (c) discharging, and (d) 2. open circuit; (e) discharge of pre-
viously equilibrated charged film.
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terior after charge or discharge, respectively, in a way
qualitatively shown in Fig. 7. The decrease in open-circuit
potential with longer open-circuit time and the hysteresis
of the curves on charge and discharge, as shown in Fig. 3,
are thus explained in terms of nonsteady-state diffusion.

Kaneto et al. (2) determined the open-circuit potential
as a function of dopant level at different times after charg-
ing with a series of potential steps. Their results after 2s
and 24h open-circuit stand are plotted in Fig. 8 together
with the present results. Straight lines result in a semilog
plot with slopes between 300 and 400 mV/decade. The
open-circuit potentials are highest after the consecutive
0.25 mA/cm?* x 100s current pulses and 100s open-circuit
times employed in this study, since the surface concentra-
tion of dopants is highest. The consecutive voltage pulses
applied by Kaneto et al. allowed more time for the dopant
to diffuse into the interior. Hence, the open-circuit poten-
tials are lower after only 2s open-circuit time. The values
after 24h open-circuit time are lower yet, but still cannot
be regarded as steady-state values. Farrington et al. (3)
employed 0.05 mA/cm? current pulse charges of various
durations. Discharge for more than 16h had preceded
charging. Open-circuit potentials were observed at
unspecified time after charging. The data are also shown
in Fig. 8. The high mean dopant levels employed in this
study correspond to exceedingly large dopant levels near
the surface. Such high dopant levels, in the region of
10-50 m/o, may result in formation of a second phase
which would explain the step change in open-circuit po-
tential at 3 m/o mean dopant level.

The large observed slopes of 300-400 mV/decade in Fig.
8 are not readily explained in terms of simple solution be-
havior as it applies, for example, to the alkali intercalates
of graphite (10). Such large changes in open-circuit poten-
.tial with doping have, however, been observed (11) in
other intercalation compounds, such as Li,TiS, and
Na,TaS,; they are consistent with a salt-like model, re-
quiring lattice rearrangement energy, and may also be as-
sociated with shifts in the Fermi level energy brought
about by the donation of p-type charge carriers from the
dopant molecules to the conduction band.

It appears that the slow diffusion of dopants in
polyacetylene is responsible for the different behaviors
observed by different authors. The boundary conditions
established at the surface depend on the previous history
of the polyacetylene, such as potentiostatic vs. galvano-
static conditions, applied current density, duration of
open-circuit periods, etc. The open-circuit potential, in
turn, depends only on the surface concentration. In all
studies to date, open-circuit times have been too short to
establish the true steady-state relationship between open-
circuit potential and dopant level.
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Fig. 8. Open-circuit potential of p-doped polyacetylene vs. logarithm
of mean dopant level at specified times after charging. (a) 100s after BF,
doping with 0.25 mA/cm? pulses; (b) unspecified time after CIO, doping
with 0.05 mA/em?; (c) 2s after ClO, doping with increasing voltage
pulses; (d) 24h after ClO, doping with voltage pulses.
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Charge-discharge cycling.—Short-duration charge and
discharge curves such as those shown in Fig. 1 and 2 can
be readily interpreted in terms of the simple Eq. [1]. For
such short times, the polarization n remains small and the
linearization of the exponential terms in the discharge
equation leads to cancellation of the terms containing the
transfer coefficient a.

However, for longer charge and discharge times, as they
are of interest to battery applications, the polarization be-
comes large enough so that the expression

n = —[RT/1 — &F] [In(~=i/i)) — In (1 — Vi/n)]
[2]

must be used (12). The transition time 7 is given by
7 = wDF*c */4i* [3]

and signifies the time at which the dopant concentration
at the polyacetylene surface has become zero; r must not
be confused with the time constant for dopant diffusion
through the entire film.

When 7 has been reached, 7 increases rapidly; this is the
case for 7 = 7200s for the discharge curve at 0.08 mA/cm?
on pristine polyacetylene, shown in Fig. 5. From Eq. [3]
with D = 5.7 x 10" cm?s, we calculate a dopant concen-
tration of 3.1 x 10-? mol/em?®. This corresponds to 34.8 m/o
doping when averaged over the penetration depth VDt of
approximately 3 um during 1h charging and 1h on open
circuit. Figure 9 shows the discharge curve for 0.08
mA/cm? of Fig. 5 in a plot of n vs. —log (1 — Vi/). A
straight line results at large n as required by Eq. [2]. The
slope yields an « value of 0.77 and the intercept with the
ordinate at Vi/r = 0 results in an i, value of 3.6 x 10-°
A/cm?. Discharge curves published by Kaneto et al. (2) for
discharge of polyacetylene doped with 7 m/o ClO, also
vield straight lines for large » when plotted in terms of 7
vs. —log (1 — V1/7). As an example, the lower curve in Fig.
9 corresponds to discharge at approximately 0.5 mA/cm?
with 7 = 2400s. The slope yields a = 0.93, and the inter-
cept i, = 2.1 X 10~* A/ecm?. To arrive at these numbers, we
have made the reasonable assumption that the diffusion
coefficients of BF, and ClO, are approximately the same.
Hence, the model of slow diffusion and discharge ex-
plains the present data and those of Kaneto et al. equally
well. We find no support for the recent model of field-
enhanced diffusion of Kaufman et al. (13), which they em-
ploy to explain a perceived three orders of magnitude dis-
crepancy between observed discharge currents and
currents predicted on the basis of a standard diffusion
model. The perceived discrepancy is based upon an esti-
mate of the diffusion coefficient which is six orders of
magnitude in error [see Ref. (5)]; in addition, the model of
field-enhanced diffusion which has been applied to O,
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Fig. 9. Cathodic polarization or discharge curves during undoping vs.
—log (1 — V/1/7) according to Eq. [2]. (a) 1h discharge of pristine 3.5 m/o
BF -doped polyacetylene with 0.08 mA/cm? (see Fig. 5); 7 = 7200s; (b)
0.7h discharge of 7 m/o ClO,-doped polyacetylene with ~ 0.5 mA/em?, 7
= 2400s.
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diffusion in thin SiO, films on Si (14) is not applicable to
highly doped polyacetylene, as the Debye length for such
high charge-carrier densities is far too small.

Coulombic efficiency as function of discharge cur-
rent.—In consecutive cycling of polyacetylene electrodes
with 0.25 mA/cm?, we have observed variations of the
coulombic efficiency from 19 to 55% (Table I) and have
found that long open circuit results in low efficiencies
and vice versa. This behavior is due to a larger fraction of
the dopant diffusing into the bulk of the polyacetylene
during longer open-circuit stand. Figure 7 shows the rele-
vant time-dependent concentration profiles.

Farrington et al. (3) observed variations in efficiency
from 21 to 46% in three consecutive cycles with approxi-
mately identical mean dopant levels of 3 m/o and
charge/discharge currents of 0.05/0.5 mA/cm?. The open-
circuit time between charge and discharge was not
specified, and we speculate that the variations in their
efficiency values too may have been caused by different
open-circuit periods.

A study of the effect of current density on coulombic
efficiency also requires identical previous history and,
hence, identical states of doping. This was assured in the
present study by employing pristine polyacetylene and
identical charging conditions and open-circuit times prior
to discharge. According to the results in Fig. 4, the
coulombic efficiency of pristine film, charged and dis-
charged once, decreases significantly with increasing dis-
charge current density. Such behavior may be suspected
again to result from the slow diffusion of dopants in
polyacetylene. The effect of slow diffusion and simultane-
ous slow discharge on the coulombic efficiency can be
predicted from Eq. [1] or [2], for small or large values of 7,
respectively. For discharge performed at various current
densities i, to small fixed polarization 7, the relevant
discharge times t, follow from Eq. [1] as

Vi, = (VaD Fe,/2) (Fny/RTi, — 14i,) [4]

The mean dopant concentration ¢, is related to the input
charge q;, = i.t. by

¢, = q;n/F8 [5]

where i, t. are charge current density and time, respec-
tively, and § the film thickness. The coulombic effi-
ciency €cu = quu/qin then follows from Eq. [4] as

ecoun = (mDQiy48%) (Fn/RTiq — 14,)° (6]

According to Eq. [4], for discharge to a fixed small po-
larization n, a plot of Vi, vs. the reciprocal discharge cur-
rent (1/iy) should yield a straight line. Figure 10 shows a
plot of this type for n, = 50 mV and 100s discharge pulses
applied to electrode A. A straight line is indeed obtained,
and the observed discharge times are predicted very well
for a doping concentration near the surface of 5 m/o,
which is somewhat smaller than the 7% derived from the
charge input under the assumption of a flat concentra-
tion profile throughout the polyacetylene.

No quantitative agreement between observed and pre-
dicted coulombic efficiencies is obtained for large polari-
zations as they apply to the discharge curves in Fig. 4 and
5. Only the general trend is predicted correctly; namely,
that for polyacetylene in identical dopant state just prior
.0 discharge, the efficiency decreases significantly (70,
64, and 30%) with increasing current density (0.08, 0.24,
and 1.2 mA/cm?).

On polyacetylene in different dopant states prior to dis-
charge, Kaneto et al. (2) observed an unexplained in-
crease in coulombic efficiency (74, 79.3, and 86.7%) with
increasing current (0.1, 0.55, and 1.0 mA). Charging in all
three cases had been carried out to a mean dopant level of
7 m/o but for times of 12, 7, and 5.5h, respectively. The re-
sults of the present study provide a ready explanation for
the anomalous observed behavior: during longer charging
time, a larger fraction of the total amount of dopant dif-
fuses into the polyacetylene, thus leaving a smaller
dopant concentration near the surface for reduction dur-
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Fig. 10. Discharge time Vit vs. reciprocal discharge current density to
fixed polarization of —50 mV according to Eq. [4]; evaluation of tran-
sients from 0.05 to 0.5 mA/cm? shown in Fig. 2.

ing subsequent discharge. This behavior is evident from
the time-dependent concentration profiles shown in Fig.

Conclusions

The behavior of BF,-doped polyacetylene electrodes
during charge, discharge, and open circuit is controlled
by slow solid-state diffusion of the dopant in the polymer.
Steady-state potentials are therefore usually not attained,
unless the amount of charge (dopant) injected or removed
is of the order of only 0.01 mA-s/cm? or open-circuit times
between charges or discharges are exceedingly long, i.e.,
in excess of 300h for a 70 um thick film. Since such long
times have not been employed in this or other studies, no
unique relationship between open-circuit potential and
state of charge or dopant level has been established as
yet.

Discharge curves of BF,-doped polyacetylene reported
here and of ClO,-doped polymer obtained by others are
interpreted quantitatively by a model involving slow dif-
fusion and discharge. There appears to be no need to
invoke a field-enhanced diffusion model.

Coulombic efficiencies observed on pristine poly-
acetylene electrodes, identically BF,-doped for 1h with
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0.24 mA/cm? to 3.5 m/o followed by 1h on open circuit, are
70, 64, and 30% for discharge with 0.08, 0.24, and 1.2
mA/cm?, respectively. The dependency of efficiency on
current is predicted quantitatively by a semi-infinite dif-
fusion model if the discharge polarizations and times are
small. The anomalous increase in efficiency with increas-
ing discharge current observed by other authors is readily
explained by different dopant concentrations near the
surface caused by very different charging times.
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Kinetic Investigation on the Mechanism of the
Photoelectrochemical Oxidation of Water and of Competing Hole
Processes at the TiO.(Rutile) Semiconductor Electrode
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Rijksuniversiteit Gent, Laboratorium voor Fysische Scheikunde, B-9000 Gent, Belgium

ABSTRACT

The competition between the oxidation of H,O and that of Br- ions at the illuminated surface of the semiconducting
rutile anode was studied as a function of the Br- concentration at the surface, the light intensity, the electrode potential,
and the surface pretreatment by means of the rotating ring-disk electrode (RRDE) technique. The results allow one to
propose a mechanism for the multistep oxidation of H,O to O, as well as for the oxidation of Br-, the latter reaction be-
ing assumed to occur with the surface intermediate H,0, of the former. The data also indicate the occurrence of a sur-
face electron-hole recombination process involving intermediates of the H,O oxidation, and demonstrate the influence

of surface imperfections upon the competition studied.

The anodic oxidation of water to oxygen by photo-
generated holes at the semiconducting TiO, (rutile) elec-
trode is the reaction which led, more than a decade ago,
to the concept of solar-to-chemical energy conversion in
photoelectrochemical cells (1). However, the mechanism
of this important reaction is not known in detail yet. In-
deed, the saturation photocurrent density only depends
on the light intensity. Therefore, data on the reactivity of
water for holes and on the different steps of this oxidation
are not directly accessible by kinetics, and can only be
obtained by studying the competition between different
reagents for the holes at the electrode surface. One possi-
ble method, which was formerly used for TiO, (2) and
SrTiO; (3), consists of the measurement of the photo-
current under the addition of so-called current doubling
reagents to the photoelectrochemical cell. A more recent
technique uses the rotating ring-disk electrode (RRDE):
the reaction product of one of the competitive
photoreactions at the semiconductor disk electrode is de-
tected specifically at the metal ring electrode. A competi-
tive reagent, which is well suited for this study, is the bro-
mide ion. Its oxidation product, Br,, is stable in acid
solutions and can be easily detected at the ring electrode.

Other investigators have already presented results, ob-
tained by means of this method at monocrystalline TiO,
electrodes, where Br- competed with water for holes.
Kobayashi et al. (4) observed at pH = 2 that Br— was very
reactive as compared to water. At high concentrations of
Br- (¢ = 10-* mol-dm~*), the fraction n of the photocur-
rent that oxidizes Br- appeared to be independent of the
light intensity. At lower bromide concentrations, n de-
creased when the light intensity increased, apparently be-
cause of the diffusion limitation of the bromide transport
to the electrode. Also, Fujishima et al. (5) studied the
competition between Br- and H,0. They also stated that
n was independent of the light intensity, without men-
tioning, however, at which values of pH and c this obser-
vation was made. Both groups of investigators found that
the reactivity of Br- decreases with respect to that of
water when the pH of the solution is increased. Hence,
higher concentrations of bromide can be used for compe-
tition studies in less acid solutions, so that the oxidation
of Br- at the anode is no longer limited by the diffusion
rate. However, at higher pH, several complications must
be taken into account: dismutation of Br, to hypobromite
and bromide is possible (6); in unbuffered solutions, the
pH at the photoanode changes because of the photo-
oxidation of water; and in buffered solutions, the buffer
(e.g., acetate) may react with the holes (7).

Therefore, we preferred to confine our measurements
to solutions of a pH less than 2, so that the addition of
buffers could be avoided and nevertheless changes in pH
could be neglected. At these pH values, the range of bro-
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mide concentrations, in which changes of n can be ob-
served without the influence of diffusion limitation, is
rather small; however, the concentration range can be
considerably extended by exploiting the properties of the
RRDE. By varying the rotation speed of the RRDE, the
flux of bromide to the disk can be monitored. By applica-
tion of the diffusion laws, c, (the concentration of bro-
mide at the disk surface) can be calculated (see results).
Thus, n can be measured as a function of ¢, under differ-
ent circumstances of light intensity, electrode potential,
and surface pretreatment. Such measurement may yield
interesting indications on reaction mechanisms, as was
recently shown in the case of III-V semiconductor elec-
trodes [see, e.g., Ref. (8) and (9)]. By measuring n at differ-
ent stages of the photoetching procedure, the influence
of the surface pretreatment on the photoelectrochemical
behavior of TiO, can be studied.

Experimental

All TiO, electrodes were cut from one monocrystalline
sample, purchased from NL Industries (South Amboy,
New Jersey). The sample was doped with 0.05 weight per-
cent (w/o) Nb,O,. The electrodes were worked to a cylin-
der with a height of 5.0 mm and a diameter of 5.0 mm.
The front side was the (001) face. Before the TiO, sample
was mounted as the disk electrode, indium was evapo-
rated on the back and then it was heated in a nitrogen
flow during 20 min at 400°C. After cooling, the disk was
fitted in a Teflon® tube, which was in turn fitted in a
copper tube, on top of which a platinum ring was sold-
ered. Around the ring and the copper tube, a PVC shaft of
a suitable shape was mounted. In order to avoid leaks to
the back of the electrodes, Cyanolit® 202, a cyanoacrylate
ester, was applied between the electrodes and the Teflon
and solidified there. Before any measurement, the elec-
trode surface was successively polished with abrasive pa-
pers and Al,O, powders of decreasing grain size (0.3 um
final polish) and the previously described photoetching
procedure (10) was applied.

Six electrodes were assembled in this way. All but one,
exhibiting an inhomogeneous surface, showed very simi-
lar behavior. The results reported below were all obtained
on two of them, indicated by A and B, respectively. The
dimensions of the RRDE r,, 7,, r, (being the radius of the
disk, and the inner and the outer radius of the ring, re-
spectively), and the theoretical collection efficiency N are
given in Table I. For the calculation of N from the dimen-
sions of the RRDE, the theoretical treatment of Albery
and Bruckenstein (11) was followed.

The combined ring-disk electrode was fixed in the
cover of the perspex electrochemical cell. In the cell, an
auxiliary electrode made of platinized platinum gauze
was present; a saturated K,SO,-Hg,SO, reference elec-
trode (Radiometer K601) was connected to the cell
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Table I. Characteristics of the electrodes used

Specimen 7, (mm) T, (mm) T, (Mm) N

0.213

A 2.37 347 3.88
B 0.232

2.40 345 3.92

through a saturated K,SO, salt bridge. The four elec-
trodes were connected to a bipotentiostat (Bipad
Tacussel). The potential of the disk or the ring could be
swept by a homemade voltage programmer. All electrode
potentials will be expressed in volts vs. the saturated sul-
fate electrode (SSE). The cell was installed in an earthed
metal case. The ring-disk electrode could be rotated by
means of an electric motor (Tacussel); the rotation speed
could be varied between 0 and 2400 rpm. The speed was
measured by means of an opto-digital tachometer.

The disk was illuminated by a 450W xenon arc lamp
with a stabilized power supply (Oriel). The light was en-
tering the electrochemical cell through a Pyrex window.
By placing neutral density filters (Balzers) in the light
beam, different light intensities were obtained. No abso-
lute measurement of the light intensity was performed.
The saturation photocurrent was always proportional to
the light intensity for each state of the electrode surface
and was hence considered as a measure of the light inten-
sity for the electrode state considered. All electrodes were
mounted in the same position relative to the lamp; thus,
the saturation photocurrent under full light intensity can
be used as a reference for the measurement of the light in-
tensity at the different states (damaged or etched) of the
surface.

All solutions were prepared with reagent-grade chemi-
cals (Merck) in deionized water. During the measure-
ments, pure N, (99.98%) was bubbled through the electro-
lyte solution in order to remove the dissolved and formed
oxygen.

The value of N was checked experimentally by dark re-
duction of Fe(CN),*~ at the disk and reoxidation of the re-
sulting Fe(CN)s- at the ring. The mean experimental
value of N differed from the calculated one by less than
0.2% for electrode A and by less than 0.1% for electrode B.

Results on the competition between Br— and H,O are
expressed by the competition ratio n. The value of n is
calculated from the currents at the ring-disk electrode

n = Iy/l, = |I/NT, [1]

where I, is the photocurrent associated with the oxida-
tion of bromide, and |I;| and I, the absolute increase of
the (negative) ring and the (positive) disk current, respec-
tively, resulting from the illumination of the disk. Unless
otherwise stated, the disk was kept at +1.00V, i.e., in the
saturation region of the photocurrent, and the ring at
—0.20V, ie., in the saturation region of the bromine
reduction.

Results

Fully etched electrodes.—Influence of the light intensity
and of the bromide concentration on n.—In accordance
with the results of Kobayashi et al. (4) and Fujishima et
al. (5), it is a general observation that, for relatively high
concentrations of Br—, n is independent of the light inten-
sity, while for lower concentrations a strong dependence
of n on the light intensity is observed. This is illustrated
in Fig. 1, when n is given as a logarithmic function of the
saturation photocurrent density i for three different con-
centrations of Br-. These curves are very similar to those
presented by Kobayashi et al. (4). As part of these curves
are influenced by diffusion limitation of Br-, we will, in
order to isolate the effect of the light intensity, consider in
what follows the concentration of Br- ions at the surface,
¢,. Under circumstances of diffusion control, c, is smaller
than the bromide concentration in the bulk, c. In the
steady state, the flux of material reacting at the electrode
surface must equal the flux being transported through
the diffusion layer. Hence
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Fig. 1. The competition ratio n as a function of the logarithm of the

total photocurrent density i at different concentrations ¢ of bromide.

n-TiO, (specimen A), surface area 17.6 mm?, disk potential +1.0V vs.

SSE, ring potential —0.2V vs. SSE, rotation speed 600 rpm, supporting

electrolyte 0.33 mol-dm—* HCIO,. Bromide concentration c/mol-dm—3:
(3d) 0.1; (x) 0.01; (O) 0.001.

= —— S——— [2]

iy being the part of the photocurrent density correspond-
ing to the oxidation of Br—, A the surface area of the disk,
F the Faraday constant, x;, the thickness of the diffusion
layer, and D the diffusion constant of Br-. The value of x,,
(in SI units) is given by (12)

Api= 0.643 W—"2 p1s D13 [3]

with W the rotation speed of the RRDE (in revolutions per
second) and v the kinematic viscosity of the solution (v =
0.9 x 10~ m*s~").

The value of D can be calculated from the slope of the
plot of I, vs. W"? under circumstances of pure diffusion
control. Indeed, when ¢, = 0 and c is kept constant, I,,, is a
function of the rotation speed only (see Eq. [2] and [3]). A
value of D = 1.56 x 10-* m*s~' was obtained in 0.33
mol-dm~* HCIO, as the supporting electrolyte, which is in
good agreement with that iaeasured by Johnson and
Bruckenstein (13) in 1 mol-dm—* H,SO, (D = 1.58 x 10—*
m2s~').

From Eq. [1]{3], Eq. [4] can be derived, which shows
that ¢, can be varied by varying the rotation rate and the
bulk concentration of Br-, and can be determined by
measuring || at given ¢ and W, the values of N, A, v, and
D being known

0.643v"" M

o (4]
NFAD" W

c=c-—

Values of n were measured at three different light intensi-
ties as a function of c,. The results for the etched elec-
trode A are plotted in Fig. 2(a). At high values of ¢, n
tends to a constant value, but at lower values of c,, n ap-
pears to be a function of both ¢, and of the light intensity
and, hence, of the total photocurrent density i.

Influence of the electrode potential on n.—The photocur-
rent at the disk remains nearly unaffected by variations of
the disk potential, if larger than +0.25V. However, when
the potential is decreased gradually to —0.5V, the photo-
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Fig. 2. The competition ratio n as a function of the logarithm of the
bromide concentration at the surface c, at different light intensities cor-
responding to three values of the disk current density i/uA- cm“ (O)
142; (x) 568; (@) 2840. Surface pret : (a) photoelect B
cally etched; (b) damaged by polishing on Al,O, powder of 0.3 um grain
size; (c) asin (b), but 1.0 um grain size. n-TiO, (specimen A), disk poten-
tial +1.0 Vvs. SSE, ring potential —0.2 Vvs. SSE, supporting electrolyte
0.33 mol-dm—* HCIO,.

current declines to almost zero because of the recombina-
tion of holes with electrons, and simultaneously n is ob-
served to increase. In Fig. 3, the top curve represents
results obtained at a fully etched electrode. In order to
avoid complications by diffusion limitation, the light in-
tensities were kept low enough. It can be noticed that the
photocurrent can be decreased by decreasing either the
light intensity or the disk potential, the effect on n being
generally more pronounced in the latter case. This phe-
nomenon is illustrated clearly in Fig. 4, by plotting n as a

(c)

02 L 4 L
-05 00 05 10

VIVvs SSE

Fig. 3. The competition ratio n as a function of the disk potential V,
with a limiting photocurrent density (at V = +1.0V vs. SSE) of 616
pnA-cm—2, ofter different periods of photoetching: (a) 20h (fully etched);
(b) 13h; (c) 6.5h. n-TiO, (specimen B), ring potential —0.2V vs. SSE, ro-
tation speed 600 rpm, supporting electrolyte 0.33 mol-dm—3 HCIO,,
bromide concentration 0.01 mol-dm—?.
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Fig. 4. Plot of n vs. the total photocurrent density i, changed by either
varying the electrode potential ((J) (same data as in curve (a) of Fig. 3) or
the light intensity (H).

function of the photocurrent density. The full line shows
the change of n when the photocurrent is varied by a
change of the light intensity. As the broken line indicates,
the variations of the photocurrent, due to changes of the
disk potential, are by far more considerable; in that case,
n can rise to its maximum value of 1.

Damaged electrodes.—Influence of the light intensity
and of the bromide concentration on n.—After the mea-
surements represented in Fig. 2(a), the electrode was pol-
ished with Al,0, powder of 0.3 um so that damage was in-
duced to the surface and to the underlying region. As a
consequence of the ensuing enhanced electron-hole re-
combination (10), the light intensities had to be increased
by a factor of 2.1 in order to obtain nearly the same photo-
currents as in Fig. 2a. Then the dependence of n on the
light intensity and on ¢, was studied again [see Fig. 2b].
Finally, the polishing was repeated with Al,O, powder of
1 um. As a result of the larger degree of damaging, the
light intensities had to be increased again, now by a factor
of about 5 relative to those used for Fig. 2(b). Even with
full illumination, it was no longer possible to produce a
photocurrent of 500 uA in this case. The results obtained
after the final polish are plotted in Fig. 2(c).

For damaged surfaces, the concentration range where
the influence of the light intensity on n is observed, is ex-
tending to higher values of c; this effect is very pro-
nounced in Fig. 2¢c. By comparing parts a, b, and c of Fig.
2, it is obvious that the more the surface has been dam-
aged, the lower the value of n is for each pair of parame-
ters (i and c,).

Influence of the electrode potential on n.—Similarly, as
with fully etched electrodes, it is observed with damaged
disks that in the onset region of the photocurrent-voltage
curve, n increases significantly as the potential is de-
creased. In Fig. 3, below curve a representing data for the
fully etched electrode B, two other curves (b and c) are
given, representing data, obtained before the photoelec-
trochemical etching of the electrode was completed. The
values of n, corresponding with curve ¢ were measured
after about 6.5h of photoetching (the limiting photocur-
rent was at that moment 100 wA with full illumination).
The values of curve b were measured after another 6.5h of
etching; the limiting photocurrent had risen to 300 uA,
while the complete etching lasted 20h and led to a maxi-
mum photocurrent of 400 nA.

In all cases, n decreases with increasing V to reach a
constant value in the voltage region where, also, the pho-
tocurrent is almost constant.

Discussion
Other investigators (4) obtained results, similar to those
shown in Fig. 1, but ascribed the decrease of n at increas-
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ing light intensity in dilute bromide solutions fully to the
diffusion limitation of Br- transport. The measurements
reported here, however, reveal a clear influence of the
light intensity and hence of the total photocurrent density
on n, at given concentration of Br— at the surface, for
etched as well as for damaged electrodes. Such influence
shows that the competing anodic oxidation reactions, i.e.,
those of H,O and Br-, do not occur through parallel
pathways involving consecutive one-hole steps, since in
that case n should be independent of the light intensity.

In several recent publications by our research group,
the kinetics of competing hole processes at semicon-
ductor photoanodes have been analysed (8, 9, 14, 15). Al-
though stabilization of photocorroding n-type III-V semi-
conductor electrodes is particularly stressed, the kinetic
models developed there can be easily adapted to the treat-
ment of the competition between the oxidation of H,O
and that of Br— at the TiO, surface. With III-V compounds
as well as with TiO,, one reagent is always present in
large excess (i.e., the electrode material itself in the case
of III-V compounds and H,0 in the case of TiO,) and is
oxidized in a multistep reaction, whereas another
reducing agent is added to the solution, oxidized in a rela-
tively simple reaction, and detected in a quantitative way.
The analysis of competing electrode reactions mentioned
leads to the conclusion that those mechanisms, which
lead to a light-intensity-dependent competition ratio, are
grouped kinetically into two classes, in which = is either a
function of the single variable ¢,/i or of ¢2/i. The present
experimental results were found to belong to the latter
class, as is illustrated by Fig. 5, where the data of Fig. 2a
have been replotted as n vs. log (c*i), leading to one
single curve. All but one (a chemically improbable one) of
the previously derived kinetic relationships in which n is
a function of (c,%i) are of the type n*(1 — n) ~ ¢/i. This
relationship appears not to be obeyed in the present case,
however.

Therefore, in order to account for the experimental ki-
netics of the H,O vs. Br— competition on the TiO, elec-
trode, we propose a reaction mechanism which is to a cer-
tain extent analogous to mechanisms devised earlier for
cases in which the competition ratio is a function of ¢
and which is furthermore based upon various literature
data on the photooxidation of H,O on TiO,. By spin
trapping and electron spin resonance techniques, Jaeger
and Bard (16) revealed the existence of adsorbed hy-
droxyl and perhydroxyl radicals on illuminated TiO,
powder, which were dispersed in aqueous solutions.
Wilson (17) proposed associating intermediates of the O,
evolution process with surface states within the bandgap
of TiO,. It is presently accepted that OH' radicals and ad-
sorbed H,0, molecules are involved as intermediates and
as surface states in the photo-oxidation of H,O on TiO,; in
a number of recent papers, Salvador and Gutierrez dealt
with this subject (18-20). These authors proposed the fol-
lowing mechanism for the photo-oxidation of H,0 to
H,0,: (i) capture of a photogenerated hole by a Ti-OH-
surface group, creating a surface OH' radical; (ii) electron
transfer from an OH- ion, physisorbed from solution, to a
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surface OH' radical; (iii) formation of H,0, from two OH
radicals. Oxygen is then suggested to be formed either by
decomposition of H,0, or by further capture of two holes.
Details about these eventual reactions are not given in the
references cited. Neither of both these proposed
pathways for further reaction of H,0, can account for the
n vs. ¢,)/i relationship describing the competition between
H,0 and Br- (see below), so that we propose the follow-
ing mechanism for the photoanodic oxidation of H,O

4(H,0 + h' ky H' + OH) [5]
208 & H,0, (6]

H,0, + OH' ks oom + H,0 [
OOH + OH E; 0, + H,0 [8]

Hence, the overall reaction is
2H,0 + 4h' - 4H' + O, [9]

Reaction [7] was already considered by Jaeger and Bard
(16) as a possible source of the observed OOH' at TiO, sur-
faces. Reactions [7] and [8] are assumed to occur during
the gas phase decomposition of H,0, (21).

The general kinetic analysis mentioned above (8) sug-
gests consideration of the reaction of Br- with the surface
intermediate H,0,, which is known to proceed in the case
of a homogeneous liquid phase and to take place accord-
ing to (22)

ky:

H,0, + Br- + H =¥ HOBr + H,0 [10]

followed by the much faster reaction
HOBr + H' + Br- = Br, + H,0 [11]

Note that in this mechanism (reactions [5]-[8], [10], and
[11]), the competition between the formation of O, and
that of Br, is actually a competition for H,O, between OH
radicals and Br- ions, as expressed in Eq. [7] and [10], and
that the light-intensity dependence originates from the
fact that the OH' radicals are formed by holes (Eq. [5]) and
hence by light. The intermediates OH', H,0,, and OOH"
are assumed to be adsorbed to the surface. The OH' radi-
cal is considered as being mobile along the surface (a
layer of adsorbed H,O can be conceived in which the OH
radical captures an electron from a neighboring H,O mol-
ecule). The adsorbed H,0, is assumed to react with a bro-
mide ion from the adjacent solution layer (reaction [10]).

Under steady-state conditions, the concentrations of the
intermediates OH', H,0,, and OOH" are constant, resulting
in Eq. [12]{14]

d.
% = k\p; — 2k — kyx,x, — kyx,x; = 0 [12]
dﬁ = kot — kyx, X, — kiyx,cy = 0 [13]
dt
dzx,
_dt_! = kyx,x, — kg, = 0 [14]

Here x,, x,, and x, represent the surface concentrations of
OH, H,0,, and OOH, respectively, and p, the concentra-
tion of holes at the electrode surface.

The total steady-state current density is proportional to
the light intensity and is given by the following expres-
sion, in view of Eq. [5] and considering the surface H,O
concentration to be constant

i= ek,p, [15]

where e is the absolute value of the elementary charge.
According to Eq. [10] and [11], the part of i corresponding
to the oxidation of Br- is given by

ni = iy, = 2ekyx,Cy [16]

Elimination of the unknown quantities p,, x,, x,, and x;
from Eq. [12]-[16] leads to the expression
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1 -mny

KoK 2
= i [17]

which conforms to the experimental result that n is a
function of the single variable c¢%/i (Fig. 5).

It should be remarked that, in this equation, k, and k,
are absent: only reactions [6], [7], and [10] determine the
competition. It has been found that the shape of the func-
tion (Eq. [17]) is not changed if reaction [5] is assumed to
be reversible. Neither is it changed when reaction [8] is re-
placed by another plausible reaction (21)

2 00H — H,0, + O, [18]

Under the latter assumption, only the ratio of the reaction
constants in Eq. [17] must be adapted. On the other hand,
if further oxidation of H,0, by a hole instead of reaction
[7] were assumed, an expression would result in which n
is a function of (c,/i) instead of (c/1); if decomposition of
H,0, were assumed, an i-independent expression for n
would be obtained.

When the experimental results are plotted as n*(1 +
m/1 — n)* vs. ¢/i, the linearity is not completely satisfac-
tory. However, it can be improved by inserting, instead of
n, a quantity n’ defined by

n' = Nl (19]

and in which n,,, represents the observed maximum
value of n (in Fig. 2, n,,, is equal to 0.90, 0.86, and 0.59 for
parts a, b, and c, respectively). In Fig. 6, the data of Fig. 2
have been replotted as log[n'*(1 + n)(1 — n')2] wvs.
log(c,*/i). It is seen that the sets of data a, b, and ¢ can be
represented in a very satisfactory way by linear plots with
slope 1, demonstrating that Eq. [17] holds for n’' and
hence indicating that the proposed competing reaction
mechanism (Eq. [5]-[7], [10], and [11]) is valid.

Kobayashi et al. (23) already remarked that, at damaged
TiO,-electrodes, n does not tend to 1 when the concentra-
tion of bromide is increased. This was explained by the
assumption that polishing results in the creation of spe-
cial surface sites (e.g., Ti*-Ti*' pairs), where the formation
of O, (and surface electron-hole recombination) would oc-
cur by preference. Hence, the surface might be conceived
as being composed of two parts, i.e., a nondamaged one,
where the competition between the formation of Br, and
that of O, proceeds according to reactions [5]-[11], and a
damaged one, where only O, is formed. This reasoning
would be compatible with the correction of n by the fac-
tor (1/n,,,). Also, with the fully etched electrode, the lim-
iting value of n remains less than 1. It is therefore sup-
posed that even after prolonged etching, a certain fraction
of the surface consists of special Ti*-Ti* sites.

The foregoing considerations refer to situations in
which surface electron-hole recombination can be ex-
cluded because of the large band bending. Recombina-
tion mechanisms, in which conduction band electrons are
captured in surface states, associated with intermediates
of the anodic decomposition of the semiconductor, have

12 (10 ) *
log |22 000 )
|: -m?

toated . [ a1y

Fig. 6. Plot of log [n"*(1 + n')/(1 — n')*]vs. log(c,*/i). Same data as in
Fig. 2 (a, b, and ).
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been treated kinetically in a recent paper (9). Specifically
it was shown that, if the intermediate involved in recom-
bination corresponds to a higher degree of oxidation than
that involved in the competing reaction with the solved
reducing agent, then decreasing the voltage in the photo-
current onset (i.e., increasing the conduction band elec-
tron concentration at the surface) should result in a
change in the competing rates in favor of the solved
reducing agent. This conclusion has very recently been
verified experimentally on the system n-GaAs/Fe* (24).
In an analogous way, the results presented in Fig. 4 may
be interpreted by assuming the occurrence, not only of
ordinary electron-hole surface recombination, but also of
a recombination step in which conduction band electrons
are captured by OOH' radicals according to

e- + OOH' + H' - H,0, [20]

It can be easily seen from a simplified reaction scheme
(Fig. 7, in which protons and ordinary surface recombina-
tion have been omitted) that this recombination step pre-
vents the oxidation of H,0, to O, and hence leads to the
enhancement of the competition ratio n. Reaction [20] is
conceivable to occur in view of the energetic position of
the OOH/H,0, redox couple [U® = 1.5V vs. SHE at pH = 0
(16), corresponding to an energy level at —1.5 eV vs. SHE,
i.e., about midgap].

Another recombination step, in which conduction band
electrons are captured by H,0,, adsorbed at the TiO, sur-
face, has been suggested in the literature (19). The occur-
rence of this step is in principle not excluded by the pres-
ent results, but may contribute to a minor extent only
when H,0, is much more reactive with respect to bromide
ions than to conduction band electrons.

It should be remarked that, also, Kobayashi’s concept
(23) of special sites for preferential H,O oxidation and sur-
face recombination may explain the influence of the elec-
trode potential upon V: when V is decreased and hence
the conduction band electron concentration at the surface
increased, surface recombination competes in these sites
only with the H,0 oxidation, resulting in an increase in
the observed value of n.

Conclusions

The present study on competing hole processes has al-
lowed us to propose a mechanism for the oxidation of
water molecules at the TiO, photoanode, in which hy-
droxyl radicals are assumed to be involved in at least
three of the subsequent reaction steps. The results also
indicate that the hole processes occurring simultaneously
with the H,O oxidation reaction, i.e., oxidation of Br- and
to a certain extent also surface electron-hole recombina-
tion, do not occur in parallel with the water oxidation, but
that these three processes are linked through the interme-
diates of the latter, analogously to what has previously
been observed on n-type III-V electrodes. In particular,
the oxidation of Br- ions appears to occur by reaction
with the surface intermediate H,0, of the H,O oxidation.
If this type of oxidation mechanism for reducing agents
at the TiO, photoanode were general, this would evi-
dently have important implications as to the factors
which determine the reactivity and selectivity behavior of
this electrode: these factors would then be connected
with the thermodynamics and kinetics of reactions be-
tween solved reducing agents and adsorbed hydrogen

-
e /_.<
P
#7 N

+h* » N +OH"
2(H0 — OH) —> Hy0p — 00H —— 0,

HOBr Br~
Fig. 7. Reaction scheme for processes occurring at the illuminated
TiO, electrode.
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peroxide. Experimental work with reducing agents differ-
ent from bromide will be needed in order to clarify this
point.
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Ellipsometry of the Growth and Dissolution of Anodic Oxide Films
on Aluminum in Alkaline Solution

R. Greef* and C. F. W. Norman**
Department of Chemistry, The University, Southampton, England 509 5SNH

ABSTRACT

Ellipsometry has been used to study the growth of anodic films on superpure aluminum in sodium hydroxide of
concentration range 0.1-4M. The ellipsometer used was a self-nulling type, and all experiments were performed in situ at
a constant wavelength of 632.8 nm. The results are explained by the growth and dissolution of anodic films that are du-
plex in nature. During the dissolution process, at certain potentials, a highly reproducible transient effect in the optical
signal is seen. This effect has been related to roughening of the underlying aluminum substrate, followed by subsequent
smoothing upon completion of the dissolution process. The latter is indicated by the optical signal returning close to its

initial value prior to film growth.

Until comparatively recently, interest in oxygen
containing films on aluminum has focused largely on
their protective and decorative properties. Newer applica-
tions for aluminum and alumrinum alloys include their
use in corrosion control as sacrificial anodes, and as pri-
mary battery anodes (1-3). In the latter role, the presence
of passivating oxide films is detrimental to the primary
function of the substrate, which is to dissolve electro-
chemically at the lowest possible overpotential.

Aluminum used in these applications is alloyed with
such elements as zinc, tin, indium, and gallium, the effect
of which is to improve reactivity (4-7). The full reasons for
the effect of alloying with these metals is not yet clear,
and recent work (8) with zinc-tin and zinc-indium alloys
in 0.1M NaOH has shown the system to be complex. To
help understand the mechanisms involved, it was ac-
knowledged that investigation with super-pure aluminum
would be of fundamental importance.

A method of monitoring the surface condition of the
metal under working conditions with the metal in situ in
the electrolyte was required. Ellipsometry provides such
a technique (9, 10) and allows precise monitoring of the
electrode surface by measuring the change in the state of
polarization of a beam of light specularly reflected from
the surface. These changes can be interpreted in terms of

*Electrochemical Society Active Member.
**Electrochemical Society Student Member.

the thickness and refractive index of overlayers on the
metal surface.

Previous ellipsometric studies of pure aluminum are
available and are concerned with anodic film growth in
acidic or buffered solutions (11-14) or in hot water (15).
This paper describes an ellipsometric study of aluminum
in sodium hydroxide solutions, in which aluminum oxide
is soluble, and which for this reason is a medium of im-
portance in battery applications.

Ellipsometry is shown to be capable of monitoring the
growth and dissolution of surface films over a range of
potentials and alkali concentrations, and the results can
be interpreted in terms of the porosity of the films. The
results are explained with a detailed model of changes in
density profile through the thickness of the film as a
function of time.

When the surface film dissolves, it does so finally to
leave a smooth aluminum surface, but an unexpected and
large transient optical signal is observed just before the
last of the porous film disappears. This is explained by
the short-lived presence of a microrough metal surface
formed by exposure and corrosion of the substrate as the
overlying layer becomes discontinuous. When all the
protective layer dissolves, the peaks of the rough metal
surface are preferentially attacked and dissolve, and the
substrate again becomes smooth, as is shown by a return
of the optical signal to a point closely corresponding to its
starting point before the initiation of anodic film growth.
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Experimental Method

Materials.—Aluminum rods (99.999% Al) were cut into
cylindrical electrodes of 6 mm diam. Electrical connec-
tion was made with a copper wire attached with thermo-
setting silver-loaded epoxy resin. The samples were
mounted in epoxy resin.

Smoothing.—The electrodes were ground on 400 grit,
then mechanically polished for 6 min on 6 um diamond,
and finished on alumina (0.05 um). The powder was
mixed with distilled water.

Cell.—The electrodes were mounted in a polypropylene
cell, designed to support the surface horizontally at the
optical center of the ellipsometer. The cell contained a
platinum counterelectrode and a reversible hydrogen ref-
erence electrode. The reference electrode consisted of a
platinized platinum electrode sealed into a tube with a
closed upper end and an open lower end immersed in the
electrolyte. It was prepared by passing a cathodic current
of approximately 10 mA-cm -2 until a bubble of hydrogen
formed enveloping half of the platinum. Electrode poten-
tials are reported throughout vs. this reversible hydrogen
electrode in the same solution. The electrolyte was air-
saturated, AR-grade sodium hydroxide solution.

Electrochemical measurement.—The electrode potential
was controlled by a Wenking potentiostat (70TS1) cou-
pled to a Wenking voltage scan generator (VSG72). Cyclic
voltammograms were recorded on a analog X-Y recorder.

Optical measurements.—The ellipsometer is a self-nul-
ling fully automated type, employing Faraday modulation
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Fig. 1. q, top: Cyclic voltammetry of super pure aluminum in 0.1M
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hout are against the reversible hydrogen electrode in

the same solution. b, bottom: Cyclic voltammetry as in 1a in 1.0M
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and compensation. The optical and mechanical parts of
the ellipsometer have been described elsewhere (16).

The ellipsometer was used in the monochromatic
mode, the source being a He-Ne laser of wavelength 633
nm. The time constant for the self-nulling process is of
the order of 0.1s.

The ellipsometer is linked to a SWTPC M6809 micro-
computer which controls the operation and data acquisi-
tion. The computer is interfaced with a Hewlett-Packard
Type T470A plotter, which enables direct monitoring of
the results while the experiment is running. Data points
consisting of readings of time, the ellipsometric parame-
ters A and ¢, and the working electrode potential and cell
current were recorded on diskette.

Electrochemical results—Cyclic voltammograms for
super-pure aluminum in 0.1 and 1.0M NaOH are given
Fig. la and 1b.

On the forward anodic sweep, at a potential close to
—0.5V there is a region where little hydrogen evolution
occurs together with no film growth. Here we have a
small net anodic current and, ellipsometrically, an almost
steady signal.

At higher anodic potentials there is an increase of cur-
rent and the resulting broad plateau is characteristic of
film growth. Currents are slightly lower on the reverse
sweep and indicate a continuation of film growth.

Current time transients were recorded by stepping the
potential from —0.5V to other more anodic potentials. The
resultant transients shown in Fig. 2 show a fall of current
with respect to time indicative of the growth of a porous
film. Hurlen and Haug (17) have recently obtained tran-
sients that are similar in structure, but the potential steps
are much smaller than in our experiments.

When the potential is stepped back to —0.5V, the cur-
rent becomes zero very quickly and after several seconds
rises to the small anodic value it had prior to the anodic
pulse. This time period is known as the recovery time,
and previous accounts of similar phenomena in acidic
electrolytes are available (18-21).

The recovery time depends upon the electrolytic con-
centration and the height of the anodic peak. The recov-
ery time is longer for more dilute concentrations and
higher anodic pulses.

Optical terminology —Ellipsometry measures the quan-
tity p, which is the ratio of the reflection coefficients par-
allel to (p component) and perpendicular to (s compo-
nent) the plane of incidence. Each of these reflection
coefficients is a complex quantity which is an expression
of the fact that it contains both amplitude and phase
information. The ellipsometer measures two angular
quantities A and ¢ which are related to p by the equation

p = tan ¢ e

The possible range of A is 0°-360°, and of ¢ is 0°-90°. Ox-
ide films on aluminum are transparent, and the theory
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Fig. 2. Current-time transients for the potential program shown.
Anodic potentials +1.5V (A), +1.0V (B), and +0.5V (C). a,b, and ¢
are recovery currents corresponding to A, B, and C, respectively.
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Fig. 3. Optical signals A and  for an idealized uniform film growth
model on a smooth substrate. The refractive index is indicated for
each curve.

for an idealized uniform film model shows that as the
film grows, a cyclic change in both A and y is traced, (see
Fig. 3) the size of which depends upon the refractive in-
dex of the oxide.

Pretreatment and growth potentials.—On immersing
the electrode in the electrolyte, the potential was quickly
adjusted to —1.0V in the hydrogen evolution region to
cathodically protect the polished surface. After 10s, the
potential was shifted to —0.5V, where the optical signal is
steady. A pipette was used to disperse the remaining hy-
drogen bubbles before the potential was stepped to the
higher anodic growth potential. A diagram of this poten-
tial cycle is shown in Fig. 4.

Optical measurements during cyclic voltammetry.—
Figure 5 shows the A-y signature obtained during a cyclic
sweep of potential at 25 mV/s in 0.1M NaOH. The starting
point A is at —0.5V, where the optical signal is stable. As
the potential was scanned positive, a distorted egg-
shaped curve was produced, as shown in section A-B.
Point B represents a potential of 2.0V, and section B-D is
the return scan to —0.5V.

Only a qualitative interpretation of this result was at-
tempted. The anodic sweep A-B evidently results in the
formation of a film, but because of the distorted egg
shape of the curve, this cannot be a layer of constant op-
tical properties increasing in thickness. During the nega-
tive sweep the film continues to grow for a time, but then
as point C is approached the A-y curve turns back on it-
self and traverses around an inner curve until a position
near the starting point is reached.

The optical signal at A did not move appreciably until a
potential of 0.1V was reached. The signal at C corre-
sponds to 1.3V. It is possible that the general shape of the
A-y signature in Fig. 5 could be attributed to two entirely
different processes: film growth, which accelerates as the
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Fig. 4. Potential profile for anodic growth and dissolution of oxide
layers.

Fig. 5. Optical signals A and s during cyclic voltammetry as shown
in Fig. 1a, covering potential range —0.5V (point A) to +2.0V (point
B) and returning to —0.5V (point D). The time interval between each
data point is 2s.

potential increases, and chemical dissolution of the film
as the potential is reduced.

This experiment suggests that the refractive index of
the film is dependent on potential, so the effect of the
formation potential was explored in detail.

Constant potential experiments.—A series of films was
formed using the potential profile already described (see
Fig. 4), in which the pretreatment at —1.0 and —0.5V was
held constant, while formation potentials between 1.5 and
3.5V were applied, until approximately one whole A-ys
“egg” had been traced.

The eggs traced out at high potentials tended to form
nearly closed curves, characteristic of a uniform transpar-
ent film. When plotted on common axes (see Fig. 6), the
formation curves form a very striking set or “nest” of
eggs, which is strongly suggestive of an oxide film in-
creasing in refractive index very regularly with formation
potential. The smoothly variable composition of the film
implied by this increasing refractive index is most plausi-
bly explained by a film of varying porosity, which fits
well with the electrochemical results of Fig. 2.

Another series of eggs (see Fig. 7) was obtained by
keeping the anodic growth potential constant (+2.5V) and
varying the concentration of the sodium hydroxide.
Increasing the concentration decreased the size of the
egg, and this implies that the refractive index of the trans-
parent film also decreases, corresponding to the increas-
ing solubility of Al oxides and hydroxides at higher pH’s.

Dissolution at open circuit.—In Fig. 8, two curves are
shown for growth at +2.5V in 0.1M NaOH. The maximum
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Fig. 6. Family of anodization curves at the indicated growth poten-
tials with data points every 5s. Each run was carried out with a freshly
polished electrode.
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Fig. 7. A family of growth curves at +2.5V, for NaOH concentra-
tions of 0.1M (A), 1.0M (B), and 4.0M (C). Curves B and C have
points at intervals of 1s; the time interval between points for curve A
is 2s.

current density for this electrolyte is about 50 mA/cm?.
When a certain film thickness was obtained, the film
was allowed to dissolve at open circuit. The potential de-
creased quickly at first until it reached —0.9V at a posi-
tion close to the starting position. The potential ap-
proached E,., but in the duration of the experiment
never completely stabilized.

During the dissolution phase, the optical signal did not
even begin to retrace the formation curve but departed
immediately on a totally different path, which neverthe-
less brought the curve back closely to the starting point.

Dissolution at —0.5V.—A family of curves is shown in
Fig. 9 for growth at 2.5V but with interruption of the
growth at different stages to show the dissolution signal
at —0.5V. All of these curves were obtained with the same
electrode, the oxidation potential being reapplied as soon
as the dissolution process had brought the A-y values
closely to the starting position. Each point was recorded
at a time interval of 1s.

It is convenient to reduce this rather complex picture
into three main regions: (i) the film growth region, (ii) the
dissolution pathway until the point D, (D, = dissolution
limit) is reached, and (iii) the remaining part, which we
will call the “loop,” which finally returns the optical sig-
nal to the starting point.

The corresponding current-time transients are identical
in structure compared with those in Fig. 2. Examination
in three stages shows, first, the falling transient after the
anodic pulse which indicates porous film formation; sec-
ond, a region where after stepping the potential back to
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Fig. 8. Growth curves for +2.5V in 0.1M NaOH interrupted at dif-

ferent film thicknesses (G), and their resultant dissolution curves at
open circuit (D). The time interval between points is 4.5s.

Fig. 9. A family of curves for growth +2.5V (G), interrupted at dif-
ferent stages to show the dissolution signal at —0.5V (D). D,, corre-
sponds to the dissolution limit in the text. The time interval between
points is 1s.

—0.5V negligible current flows and the process occurring
is attributed to chemical dissolution of the film by the
electrolyte; and last, the rising current when the recovery
time is complete, the onset of which coincides with the
point marked D, in Fig. 9. The return of the net anodic
current accompanies the optical signal which traverses
the loop before returning to the starting position.

The formation of the loop is very reproducible even
after three growth-dissolution cycles and is fast, taking
only about 8s from the point marked D, to the starting
position.

Dissolution at other potentials.—The result of the open-
circuit dissolution and the dissolution at —0.5V seem to
indicate that the behavior of the loop region of the disso-
lution process is potential controlled. Further experi-
ments where the dissolution potential was varied can be
seen in Fig. 10 and 11. In Fig. 10, the potentials —1.0 and
—0.8V were very close to the open-circuit potential (see
Fig. 8) and the dissolution behaviors are very similar. In-
creasing the dissolution potential (Fig. 11) to more anodic
potentials than —0.8V leads to the appearance of the loop,
which increases in size with an increase of dissolution po-
tential up to about 0.0V where, as seen in Fig. 5, at this po-
tential the rate of film growth exceeds that of film disso-
lution. Therefore, at this potential no net film dissolution
would be expected.

Discussion
It is possible to make qualitative conclusions based
purely upon the general shape of the A-ys signatures. It is
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Fig. 10. Optical signal for film growth at +2.5V (G), with dissolu-
tion at — 1.0V (asterisks) and —0.8V (open circles) (D). The time in-
terval between points is 5.5s.
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Fig. 11. Growth curves as in Fig. 10, with dissolution at —0.6V
(open circles), —0.4V (X's) and —0.2V (asterisks). The time interval
between points is 5.5s.

clear that a porous film grows (see Fig. 5) on the alumi-
num substrate above potentials of about 0.1V and that the
refractive index of the film, and hence its density, in-
creases regularly with increasing formation potential and
decreasing electrolytic concentration. Films formed in
this way dissolve to leave a clean surface which is still
smooth even after several growth-dissolution cycles.

The conclusions can be tested in a quantitative way by
calculating the A-ys response, using a single-film or multi-
film model, measured or estimated values of the various
optical constants, and a computer program such as that of
McCrackin and Colson (22).

Optical constants of the substrate.—The condition of the
surface at —0.5V before anodization is stable and has been
used as a reference state. It is not a film-free surface,
however, as a film of oxide formed in air during the pol-
ishing process is not removed even at —1.0V. Values of n
and k for bare, pure aluminum surfaces are available
(11, 12, 15, 23, 25), but not for the polished aluminum sub-
strate immersed in a caustic electrolyte. The values of the
bare surface optical constants were therefore estimated
by assuming that a thin layer (0-5 nm) of oxide of refrac-
tive index 1.65 exists initially on the aluminum. The ef-
fect of “removing” this layer in the calculations is to in-
crease A and decrease ¥. Using this new starting point in
the film calculation does give a noticeable change in the
A-y signatures predicted, but none of the conclusions is
changed by using the initial measured A- values as if
they represented a clean surface. Using this and the fact
that the surfaces are mechanically polished and are never
exactly reproducible, approximate optical constants of
the aluminum used were n = 1.5 + 0.15 and k = 5.5 = 0.4.
These values can be compared with those for aluminum
deposited under UHV conditions (23) of n = 1.43 and k =
7.28. Under our conditions these values correspond to
“bare surface” A and ¢ values of 131.08° and 40.90°, which
lie close to the observed starting points.

Film growth models.—The simplest model is the single-
film model Fig. 3, in which a uniform oxide film lies be-
tween the alloy substrate and the immersion medium.
This model suffices for films grown on pure aluminum
under certain conditions (14, 15). When the model is ap-
plied to these results, however, it is obvious from Fig. 12
that a uniform film model is inadequate (25). Initially, the
experimental data indicate a constant refractive index,
but as the film thickens the refractive index seems to de-
crease, implying that the film is increasing in porosity.

Two multilayer models were therefore explored (26),
having a linear and an exponential fall in the refractive in-
dex with distance from the electrode. Neither model
yielded A-y signatures that fitted any substantial part of
the experimental curves.

A two-film model similar to that used by Dell’Oca and
Fleming(11) was then tried in which there was a dense ox-
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Fig. 12. Comparison of calculated uniform film models (value for
the oxide refractive index as indicated), with an experimental growth
curve +2.0V in 0.1M NaOH (open circles). S corresponds to the ini-
tial experimental point, with further points taken at 2s intervals.

ide layer next to the electrode and a more porous layer in
contact with the electrolyte. The model was refined by
proposing a smooth transition between the two refractive
indexes rather than a sudden step (see Fig. 13). This was
done by dividing the film up into many thin slices and
generating a function with which to define the refractive
index of each slice. The function used was

N = Ty + (. = Toin) €XP (—T)/[€XP (=) + €XP (=Tmux/f)]

where n,,;, and n,,. are the values of refractive index in
contact with the electrolyte and metal, respectively, and
Tmax 1S @an arbitrary number which controls the sharpness
of the refractive index transition between the two ex-
treme values. The value of x varies from 0 to x,,,, in equal
increments for each slice from the metal to the outer film
boundary. The fraction 1/f determines the distance at
which the step from n,,, to n., is half complete. So for
Fig.13, the theoretical parameters are film thickness =
420 nm, slice thickness = 4 nm, n,;, = 1.45, n,, = 1.50,
Lmax = 60, and f = 2.2, which implies the dense part of the
film is 190 nm thick.

The calculation of the A-y response is started with a
bare surface, and the slices are added one at a time until
the total film has been assembled. The result shown in
Fig. 13 is a set of A-y points tracing out the simulated
characteristics.
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Fig. 13. Comparison of the refined duplex model for film growth

(dashed line) superimposed upon the experimental curve from Fig. 12

(open circles) and the uniform film model curve in Fig. 12 (bold line).

Theoretical parameters: film thickness = 420 nm, np;, = 1.45, npay

= 1.50, xmax = 60, and f = 2.2. The inset shows the smooth transi-

tion for the refined model; the start and end of the transition be-
tween the two layers are indicated by X and Y, respectively.
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Fig. 14. A calculated anodization curve (G) with two dissolution
curves (D), x,,x = 60, film thicknesses 320 nm (point A) and 210 nm
(point B). B, corresponds to the bare surface.
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Film dissolution models.—Accepting that the growth
curves can only be explained by a graded-film model, it
is clear that a dissolution process quite different from the
reverse of the formation process is needed to explain the
dissolution trajectory in the A-y plane. A model in which
all of the oxide layers begin to relax toward a lower re-
fractive index at the end of the growth phase was found
to give the correct kind of shape. Out of many curves pro-
duced by trial and error, Fig. 14 shows the main features
seen in the open-circuit dissolution experiment (see Fig.
8).

It therefore seems clear that the outer layers of the ox-
ide are porous enough to allow attack of the inner, dense
layers to start immediately upon cessation of the
anodization process.

Figure 15 shows a three-dimensional plot indicating
how the refractive index of the film changes with thick-
ness and time. At the point marked A, the potential is
pulsed anodically and a film of uniform refractive index
starts to form. At B, the film becomes duplex in nature
and as the thickness increases so the refractive index pro-
file through the film changes until the lower refractive
index limit is reached. At C, the potential is stepped back
to its initial value and the film chemically dissolves. Note
that the thickness remains constant but the refractive in-
dex diminishes until at D the whole of the film reaches a
predetermined refractive index which represents the
point D, in Fig. 9.

This simple dissolution model is capable of reproduc-
ing qualitatively the open-circuit dissolution curve in Fig.
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Fig. 15. A three-dimensional plot indicating how the refractive in-
dex of the film varies from A (the initial anodic pulse) to D (the disso-
lution limit D, in Fig. 9), with both time and film thickness.
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8. However, from Fig. 9 and 11 it is obvious that the
model is insufficient in explaining the complete dissolu-
tion process which contains the loop phenomenon. A
more complex model is therefore required.

At the position D, (see Fig. 9), the A-y value(s) corre-
sponding to this portion clearly indicates that a film of
finite thickness still remains on the substrate. At this po-
sition, subsequent dissolution causes the current to rise
(see Fig. 2) and the A-y response to depart from the disso-
lution curve and traverse the loop before returning close
to the starting position.

The net anodic recovery current must be due to the
chemical breakdown of the film at random sites, thus ex-
posing bare metal and allowing preferential metal disso-
lution. The metal dissolution process would result in ap-
preciable roughening of the metal surface.

The large A-y excursion from the dissolution curve can-
not be explained by a continuation of the dissolution pro-
cess alone, nor by the growth of another transparent film
or by a mixture of both. The optical constants of the
transparent system cannot produce any A-y values for any
film thickness in this region of the A-y plane, where A <
Agarting positon ANA ¥ < Wariing positions  ASSUMING  reasona-
ble values for the refractive index of the film (1.4 < n <
4.0). This region is therefore “out of bounds” for a trans-
parent film on a smooth aluminum substrate. It very
quickly becomes obvious that we must introduce a k (ex-
tinction coefficient) value into the optical constants of
the system to force the A-y response into this region. The
appreciable roughening caused by the aluminum dissolu-
tion reaction must now be taken into account.

The model used so far has assumed a perfectly smooth
interface between the substrate and the film (9), such
that the reflection from which can be described by the
Fresnel complex reflection coefficients and the Drude
equation. The problem of microscopically rough surfaces
can be treated however by using simple models to charac-
terize the roughness of the surface. The simplest optical
model that approximates to a rough substrate is to repre-
sent the rough layer as an effective medium of intermedi-
ate optical properties, sandwiched between a perfect sub-
strate and a perfect ambient (27). There are several
effective-medium models that represent a heterogeneous
dielectric mixture by a single parameter. The Maxwell-
Garnett (MG) and the Bruggeman effective-medium ap-
proximation (EMA) are two of the most popular theories
used.

Aspnes et. al. (27) have shown that the MG treatment is
inconsistent in its definition of the volume fractions of
the substrate and ambient media, and they recommend as
being self-consistent the Bruggeman theory (EMA). The
equation that relates the volume fraction of the inclusions
(V,) in the ambient medium (film) (1) can be written as

€ — <e> o
a=-v) € + 2<e> ==k

€, — <e€>
€ + 2<e>

2

where <e> is the effective dielectric function of the rough
layer and ¢, and e, are the dielectric functions of the film
material and bulk substrate, respectively. The effective
dielectric function is a complex quantity.

The rough layer was divided into a number of slices of
equal thickness, and various structural models (27)
describing the inclusion of the substrate into the film
were employed. These models were triangular ridges
(model 1), close-packed cones (model 2), hemispheres
(model 3), inverse cones (model 4), and inverse hemi-
spheres (model 5). Figure 16 shows a section through a
rough layer structure using model 1 as the geometric
shape with the layer divided into equal slices. From this
geometric shape, it is easy to calculate the volume frac-
tion of the base material in each slice of the rough layer.
The EMA theory allows the calculation of the optical con-
stants of each slice, knowing the volume fraction of the
inclusions, and from these values a new curve is pro-
duced in the A-y plane.
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Fig. 16. A schematic diagram showing the rough layer section using
rough model 1 (triangular ridges) to describe the inclusion of sub-
strate into the film, and the division of the rough layer into slices of
equal thickness.

In Figure 17, the simulated dissolution reaction is
stopped at D, and the rough layer for model 1 is grown
for two different rough layer thicknesses. Both curves
move into the out-of-bounds region, and increasing the
thickness of the rough layer causes the curve to deviate
further from the point D,.

From the A-y curves in Fig. 9, the A-y response, having
traversed the loop, returns very close to the starting posi-
tion. Here the film will be very thin, and the optical con-
stants of the system will approach the initial values of the
substrate before the first anodic pulse. This can only be
explained by the roughened substrate becoming smooth
again. With the chemical dissolution of the film near
completion, a preferential “leveling off”’ process of the
rough layer, via the aluminum dissolution reaction, would
seem to occur. This process may be akin to the leveling
and brightening effects observed in electropolishing (28).

The leveling-off process is a simple process to model, as
one slice at a time in the rough layer starting from the
film boundary has its optical constants changed to those
of the medium (1.34, 0) until the underlying substrate
boundary is reached. Figure 18 shows how the extinction
coefficient varies with time and the rough layer thick-
ness. Initially k = 5.5 and is representative of the sub-
strate, whereas at B, when the rough layer is completely
grown, k tends to 0, representing the transparent film.
From B, the removal shows k progressively made equal to
0 from the outermost slices at the film boundary until at
C the removal of the rough layer is complete.

To allow the film dissolution to continue while the
roughening process is occurring, the computer program
was adapted so that a suitable constant could be included
which represents the ratio of roughening to dissolution in
the system. So for example, if the constant was equal to 3,
the computer simulation would represent the growth of
three slices in the rough layer for every one small reduc-
tion in the refractive index of the film (representing film
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Fig. 17. A calculated growth (G) and dissolution curve (D); p
ters are refractive index of film = 1.5, film thickness = 100 nm, and
slice thickness = 10 nm. The calculation is stopped when the film re-
fractive index hes 1.4 (D,). Simulated roughening using model 1
is then calculated with different rough layer thickness, 10 nm (A) and
20 nm (B).
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Fig. 18. A three-di | plot showing how the extinction coef-
ficient varies with time and the rough layer thickness during the pro-
cesses of growth (A to B) and dissolution (B to C) of the rough layer.

dissolution). When the rough layer was completely grown,
its removal via the leveling-off process was simulated.
The initial rate was still used, and three rough layer slices
were removed for every one step in the reduction in the
refractive index of the film. The best results for all five
models used were found when the roughening occurs
quickly compared to the film dissolution.

Figure 19 shows a theoretical response for model 1. The
saw tooth appearance to the shape of the loop is present
to show the two separate parts of the calculation, al-
though this curve could be made smooth by modeling
both processes in the same step of the calculation.

All five of the models have a theoretical A-y response
which moved into the out-of-bounds region when the
rough layer was grown and produced a loop when cou-
pled to the film dissolution and the smoothing process.
However, models 1 and 2 produced loops that showed the
greater resemblance to the experimental curves in Fig. 9.
Experimentally, film breakdown leading to the substrate
roughening would occur at random sites across the sub-
strate and the highly structured rough layer models used
here would only be an approximation to the real system.

Finally, another result that can now be explained is the
dependence of the loop size upon potential (see Fig. 11).
In Fig. 1a and 1b the cyclic voltammograms show that as
the potential is raised from —1.0 to —0.2V the current also
increases. Therefore, when film breakdown occurs at a
more anodic potential in this range, the aluminum disso-
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Fig. 19. The complete theoretical model depicting film growth and
dissolution to D,, and the growth and dissolution of the rough layer
together with the continued dissolution of the film until point B, is
reached (bare surface). Parameters for the film as in Fig. 17, with
rough layer parameters of model = 1, thickness = 20 nm, slice thick-
ness = 0.33 nm.
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lution reaction can occur at a faster rate and the effect of
the roughening will be greater. Figure 17 shows that an
increase in the rough layer thickness, possibly caused by
more vigorous aluminum dissolution reaction at higher
anodic potentials, would lead to an increase in the size of
the loop.

Conclusions

1. The density of anodic oxide films on aluminum in al-
kaline conditions depends upon the potential of forma-
tion and the electrolyte concentration. The films increase
in porosity toward low formation potentials and high
electrolytic concentrations.

2. The films are not of uniform density throughout
their thickness, being denser at the metal surface. A
model consisting of a duplex film with a smooth transi-
tion in refractive index between the two layers produced
a good fit with the experimental results.

3. The dissolution process is not the reverse of the for-
mation process. The oxide layer begins to dissolve
throughout its thickness upon cessation of anodization
until a critical point is reached where the underlying
metal is preferentially dissolved due to film breakdown.

4. Dissolution of the underlying metal and the incom-
plete oxide layer proceed in parallel, giving a A-y signal
that departs from the dissolution curve and moves into a
region in the A-y plane that is “forbidden” for any reason-
able transparent film system.

5. The preferential dissolution of the underlying metal
leads to appreciable roughening which has been modeled
by constructing a layer between the substrate and the
film where inclusions of metal into the film (and vice
versa) are used to represent the rough layer.

6. Having now moved into this forbidden region, the A-y
response traverses a loop and returns close to the starting
position. The optical constants of the system are now
very similar to those before the initial anodic pulse. This
implies that the anodic oxide film has been removed and
that the rough substrate has become smooth again via
some form of leveling-off process.
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Electrochemical Formation of Graphite-Sulfuric Acid Intercalation

Compounds on Carbon Fibers

Yasuhisa Maeda,* Yasuo Okemoto, and Michio Inagaki

Department of Materials Science, Toyohashi University of Technology, Tempaku-cho, Toyohashi 440, Japan

ABSTRACT

The cyclic voltammograms in 98% H,SO, were measured on the mesophase-pitch-based carbon fibers heat-treated
at various temperatures. They showed a marked dependence on the heat-treatment temperature of the carbon fibers.
The electrochemical formation of graphite-sulfuric acid intercalation compounds was confirmed by x-ray diffraction.
The change of graphite layer planes in the carbon fibers due to electrolysis was examined by Raman spectra.

Graphite forms intercalation compounds by the inser-
tion of various ions, atoms, and molecules into its
interplanar space. Recently, graphite intercalation com-
pounds (GIC’s) have attracted attention because of their
unique properties. For a number of new GIC’s synthe-

* Electrochemical Society Active Member.

sized by different methods, their structure, physicochem-
ical properties, and applications have been studied ac-
tively (1-3).

Graphite is electrochemically oxidized in a concentra-
ted sulfuric acid to form graphite-sulfuric acid intercala-
tion compounds as follows
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C, + 3H,S0O, — C,* HSO,~ 2H,SO, + H' + e~

A bisulfate ion and sulfuric acid molecules are inserted
between graphite layers. The positive charge of the oxi-
dized graphite network is balanced by the negative
charge of the intercalated ions. In this case, intercalation
occurs in the anodic process and deintercalation in the
cathodic process.

There are several papers (4-8) reporting electrochemical
formation of graphite-sulfuric acid intercalation com-
pounds on the graphite electrodes with high crystallinity,
natural graphite, and highly oriented pyrolytic graphite.
However, extensive studies on carbon electrodes are un-
common, although carbon materials have wide varieties
in structure, in texture, and in shape. Carbon fibers have
different textures and different degrees of perfection in
structure according to their precursor and heat-treatment
(9-11). Therefore, carbon fibers are interesting host mate-
rials of GIC because they may give much information on
the GIC formation behavior in relation to crystallinity of
host materials and also on the development of
applications.

In this paper, the electrochemical formation behavior of
graphite-sulfuric acid intercalation compounds was ex-
amined on the mesophase-pitch-based carbon fibers (11)
heat-treated at various temperatures.

Experimental

The electrode materials were the mesophase-pitch-
based carbon fibers (Kureha Chemical Industry Com-
pany) heat-treated at temperatures of 1800°, 2100°, 2400°,
2700°, and 3000°C for 30 min in argon atmosphere. Figure
1 shows the SEM micrograph of a cross section of the
3000°C treated carbon fibers. It is well known that the de-
gree of graphitization of carbon materials is higher with
the rise of heat-treatment temperature (HTT). The aver-
age interlayer spacing d(002) determined from 002 x-ray
diffraction line by using inner standard of silicon is usu-
ally used as graphitization degree. The d(002) values of the
heat-treated carbon fibers are summarized in Table I.
The value decreases to the value for the natural graphite,
3.354A, with the rise of HT'T as has been found in various
carbon materials.

A bundle of carbon fibers (weight of about 40 mg) at-
tached to a copper lead wire with conducting silver epoxy
was prepared as a working electrode. A platinum wire

Fig. 1. SEM micrograph of cross section of the 3000°C treatea
mesophase-pitch-based carbon fiber.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1985

Table |. Interlayer spacing of the mesophase-pitch-based
carbon fibers heat-treated at various temperatures

HTT (°C) d(002) (A)
3000 3.361
2700 3.362
2400 3.383
2100 3.405
1800 3.426

and a saturated calomel electrode were used as a counter
and a reference electrode, respectively. An electrolyte was
98% sulfuric acid. Cyclic voltammograms were measured
by using a potentiostat (Hokuto Denko, Model HA-501)
and a function generator (same company, Model HB-104).

The x-ray diffraction pattern of the carbon fibers elec-
trolyzed at a certain potential was measured in order to
confirm the formation of graphite-sulfuric acid intercala-
tion compounds. Because of instability of intercalation
compounds in air, the electrolyzed carbon fibers were
taken out from the electrolyte in nitrogen atmosphere and
mounted to the x-ray sample holder with a cover of 0.5
mm thick polyethylene film. The x-ray diffraction mea-
surement was made with a diffractometer (Rigaku Denki,
Model Geigerflex-2028).

Raman spectra were measured in order to examine the
change of graphite layer planes in the carbon fibers due
to electrolysis. In this case, the electrolyzed carbon fibers
were taken out from the electrolyte, rinsed repeatedly
with pure water, and dried in air. The Raman measure-
ment was made with a Raman spectrometer (JRS, Model
400D) using 4880A line (150 mW) of Ar-ion laser (NEC,
Model GLG-3200). The angle between the incident beam
and the fiber axis was 45°, and the scattered light was col-
lected under 90° with the fiber axis. The slit widths at en-
trance, intermediate, and exit were 500, 600, and 500 um,
respectively.

Results and Discussion
Figure 2 shows the cyclic voltammograms (CV’s) on the
mesophase-pitch-based carbon fibers heat-treated at
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Fig. 2. Cyclic voltammograms (first scan) on the mesophase-pitch-
based carbon fibers in 98% H,S0,. a, b, ¢, d, and e: The carbon fibers
heat-treated at 3000°, 2700°. 2400°, 2100°, and 1800°C, respec-
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3000°, 2700°, 2400°, 2100°, and 1800°C. The CV’s in a con-
centrated sulfuric acid showed a remarkable dependence
on HTT. In Fig. 2a on the 3000°C treated carbon fibers,
three anodic current peaks A, B, and C were observed at
potentials of about 1.1, 1,4, and 2.1V, respectively. A cath-
odic peak appeared at about 1.0V. A platinum working
electrode gave no anodic and cathodic peaks in the poten-
tial range of 0.0-2.3V in 98% H,SO,. The CV on the 2700°C
treated carbon fibers (Fig. 2b) is similar to that on the
3000°C treated carbon fibers. From the CV’s on the
2400°C and the 2100°C treated carbon fibers (Fig. 2¢ and
2d), it is indicated that both the anodic current peaks cor-
responding to A and B peaks in Fig. 2a become broad
with the decrease in HTT. In contrast with peaks A and
B, peak C seems to be almost independent of HTT. In the
CV on the 1800°C treated carbon fibers (Fig. 2e), only two
anodic current peaks were observed.

Figure 3 shows the x-ray diffraction patterns of the
3000°C treated carbon fibers for original (a) and 60 min
electrolysis at the potential of 1.1, 1.4, and 2.1V (b, ¢, and
d, respectively). On the electrolyzed carbon fibers, 001
diffraction lines from graphite layer planes disappear and
new lines due to the formation of GIC are observed. The
diffraction lines in Fig. 3b can be indexed by the stage 2
graphite-sulfuric acid intercalation compound with the
identity period along the c-axis I, of 11.334, as shown in
the figure, and those in Fig. 3c by the stage 1 compound
with I, of 7.98A. Therefore, anodic current peaks A at the
potential of 1.1V and B at 1.4V observed in the CV (Fig.
2a) are attributed to the formation of the stage 2 and the
stage 1 compounds, respectively. As shown in Fig. 3d, the
product obtained by the anodic oxidation up to the poten-
tial of 2.1V has two diffraction lines at almost the same
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Fig. 3. X-ray diffraction patterns of the 3000°C treated carbon fi-
bers. a: Original. b, ¢, and d: After electrolysis for 60 min at the po-
tential of 1.1, 1.4, and 2.1V, respectively. PE: Polyethylene.
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diffraction angles as the stage 1, but two higher-order dif-
fraction lines are missing. Since the stage 1 GIC which
has the maximum content of intercalant is already
formed at the potential of 1.4V, anodic current peak C is
supposed to be due to the formation of graphite oxide (12,
13). Besenhard et al. (8) mentioned the formation of
graphite oxide following that of the stage 1 compound on
the highly oriented pyrolytic graphite electrode in 96%
H,SO,. In the CV’s on the carbon fibers, the anodic cur-
rent peak C is quite different from the peaks A and B
with regard to HTT dependence. The broadening of the
peaks A and B with the decrease in HTT suggests that a
distinction in staging of GIC formed gets obscure on the
carbon fibers with lower degree of graphitization.

Figure 4 shows the dependences of the onset potential
(OP) and of the interlayer spacing d(002) on HTT of the
carbon fibers. The OP is denoted as the threshold poten-
tial which shows the beginning of the anodic current
flow in the first scan. The OP value of the carbon fibers
treated at the higher HTT is less positive. A striking simi-
larity between the HTT dependences of OP value and
d(002) suggests that the OP value is closely related to the
crystallinity of the host carbon fibers, the higher degree
of graphitization facilitating the formation of GIC.

Figure 5 shows the CV on the 3000°C treated carbon
fibers in the range of 0.0-1.4V. In this potential range,
only the formation of GIC occurs, as shown by two
anodic current peaks at 1.1 and 1.4V, but not the forma-

40,

20+

I (mA)

1.5
E(V vs.SCE)

Fig. 5. Cyclic voltammogram (first scan) on the 3000°C treated car-
bon fibers in 98% H,SO,. Scan rate: 10 mV-s—'.
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Fig. 6. Raman spectra of the 3000°C treated carbon fibers. a: Origi-

nal. b and c: After ten times cyclic electrolysis in the range of 0.0-
1.4V and 0.0-2.3V, respectively.

tion of graphite oxide. This CV characteristically shows
two cathodic peaks at the potential of about 0.4 and 0.8V,
which correspond to the reduction of the stage 2 and the
stage 1 graphite-sulfuric acid intercalation compounds,
respectively. These waves are not clearly detected with
scans up to the potential of 2.3V, as shown in Fig. 2a. The
CV’s (0.0-1.4V range) on the 2700°, 2400°, and 2100°C
treated carbon fibers also showed two cathodic current
peaks. The potential of these peaks shifted to less positive
values with the decrease in HTT. This dependency seems
to imply a relation between the deintercalation process
and the crystallinity of the carbon fibers.

Figure 6 shows Raman spectra of the 3000°C treated car-
bon fibers before and after electrolysis. It has been
known that carbon materials have two Raman bands at
1580 and 1360 cm ' (14-16), the former being due to the in-
plane motion of carbon atoms in the hexagonal graphite
layers, and the latter being related to the presence of
structural defects in the graphite layer planes. As shown
in Fig. 6a, the original carbon fibers without electrolysis
give a strong sharp band at 1580 cm~' but only a weak
one at 1360 cm~'. The ten times cyclic electrolysis in the
range of 0.0-1.4V did not affect the spectrum (Fig. 6b).
This suggests that graphite layer planes of the original
carbon fibers retain their perfection after the electro-
chemical formation of the stage 1 graphite-sulfuric acid
intercalation compound. In the spectrum of the carbon
fibers after the ten times cyclic electrolysis in the range
of 0.0-2.3V (Fig. 6¢), however, a marked increase in the rel-
ative intensity of 1360 cm~' band is observed. Thus the
formation of graphite oxide seems to give rise to various
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defects in graphite layer planes, which may be related to
puckering of layer planes due to the carbon-oxygen bond
in graphite oxide (12, 13). The introduction of the defects
in layer planes by the formation of graphite oxide may
cause the disappearance of the higher-order diffraction
lines of the stage 1 intercalation compound, as shown in
Fig. 3d.

Summary

The results obtained can be summarized as follows.
The CV’s in 98% H,SO, were measured on the mesophase-
pitch-based carbon fibers heat-treated at the various tem-
peratures. Three anodic current peaks at the potential of
about 1.1, 1.4, and 2.1V in the CV’s were attributed to the
formation of the stage 2 and the stage 1 graphite-sulfuric
acid intercalation compounds and of the graphite oxide
from the measurements of x-ray diffraction patterns and
Raman spectra. The CV depended strongly on HTT of the
carbon fibers; the onset potential shifting to the positive
value, and the anodic current peaks due to the formation
of GIC becoming broad with the decrease in HTT. Thus
the electrochemical behavior showed a marked depen-
dence of the GIC formation on the crystallinity of the host
carbon fibers. For the Raman spectra of the 3000°C
treated carbon fibers, the graphite layer planes of the
original fibers were found to retain their perfection even
after ten times cyclic electrolysis up to 1.4V, that is, ten
times repetition of formation and decomposition of the
stage 1 compound, but various defects were introduced in
the layer planes by the formation of graphite oxide.
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Open-Circuit Reduction of Oxygen Coverage on Au by Allyl
Alcohol in Aqueous Electrolytes

R. Celdran and J. Gonzalez-Velasco

Departamento de Electroquimica, Facultad de Ciencias, Universidad Auténoma de Madrid, 28049 Madrid, Spain

ABSTRACT

An open-circuit study of the reduction of oxygen coverage on Au by allyl alcohol was made. The experimental re-
sults have been interpreted using Christov’s scheme (15). The gold oxide coverage appears to be removed via a chemical,
an electrochemical, or a mixed mechanism, depending on different potential values which characterize the diverse zones
appearing in the E-t curves. Gold oxide reduction seems to take place through two steps in acidic electrolytes and
through three in neutral ones. The first step appears to be the reduction of Au,0, to Au,O, the second a reduction of
Au,0 to Au, while the third has been interpreted as a reduction of an aged form of Au,O.

In previous papers, (1, 2), we have reported on the oxi-
dation mechanism of allyl alcohol on gold in aqueous so-
lutions. The oxidation of the organic substance would in-
terfere with that of the electrode itself. The oxide
coverage can then interact with the organic molecules
giving rise to a fairly rapid oxygen coverage removal, de-
pending on oxidation level, structure, and stability of the
oxide layers. The aim of the present study is to clarify the
mechanism of the interaction between the organic re-
ducing agent and the oxide coverage. The study could
also provide indirect evidence for the composition and
structure of superficial oxygen coverage on gold.

The open-circuit potential decay technique was ap-
plied. In this way, it is possible to follow the changes in
potential under null net current conditions. The E-t
curves recorded after anodic polarization of a gold elec-
trode in the bulk electrolyte and in the presence of allyl
alcohol give information on the interaction mechanism
between electrolyte and oxide layer.

Various authors have used this method to study the de-
velopment and evolution of oxide coverage on metal elec-
trodes (3-10). The influence of stirring (6, 7) and of di-
verse reducing agents (6-12) was also investigated. Few
papers have appeared on the reduction of oxygen cover-
age on gold by organic reducing agents (13, 14).

Experimental

Procedures.—Cell, electrodes, apparatus, and activation
method have been described elsewhere (1, 2). The reac-
tants were NaOH, K,SO,, H,SO, (Merck, P.A.). Allyl alco-
hol (Fluka, P.A.), was also used. Experiments were
carried out under N, atmosphere and in unstirred solu-
tions. Temperature (except in experiments for determina-
tion of the activation energy) was kept constant at 25.0° +
0.1°C. Two series of experiments were carried out under
the following conditions.

In the first series, a potential E, = 1.15 V. was applied
to the working electrode (WE) in the bulk solution for a
given time t,. The circuit was then opened and the E-t
curve recorded. The electrode was then activated (1) in
the bulk solution and the I/E curve was recorded and
compared with a standard I/E curve in order to check its
catalytic activity. Thereafter, the electrode was polarized
at E, and allyl alcohol was added in N, atmosphere, im-
mediately prior to opening the circuit. The resulting E-t
relationship was recorded. Measurements were made in
unbuffered solutions (H,SO,, NaOH, and 10~'M and 5 x
10-'M K,SO,), and in buffer solutions (Britton-Robinson)
for the complete pH range. The allyl alcohol concentra-
tion was varied from ¢ = 10~* to 5 x 10—2M. The time dur-
ing which the polarization was applied, t,, was changed
from 5 to 20 min.

In the second series, the WE was activated in the bulk
solution (0.1M H,SO,: u = 1 with K,SO,) then introduced
into a second, previously deoxygenated cell containing a
solution of allyl alcohol. The solution was stirred with N,
for 2 min and then left for 30s. Finally, a potential E, was
applied to the WE for a time, t,, before opening the circuit

and recording the E-t curve. For this series, the allyl alco-
hol concentration, ¢, was varied from 10-*to 10-'M, and ¢,
was varied from 4 to 45s. The catalytic activity of the WE
was checked after each experiment as described (1). All
potential values are expressed vs. SCE.

Both series of experiments gave rise to similar E-t re-
sponses. In acidic medium, the different values of the
transition times which can be deduced from Fig. 2 and 5
are due to the different t, and E, applied.

The experimental determination of r according to Ref.
(15) was made, either as the time corresponding to the in-
tersection of the tangents to AB and CD (Fig. 1) or as the
time at which characteristic potential is reached. This po-

E VscCE

1
1000 t (sec)

Fig. 1b
Section A-B) Chemical interaction between allyl
alcohol and Aux Oy coverage.
(see Eq. 1)
Section B-C) Electrochemical interaction
Allyl alcohol +bare Ay gyiq. prod+ne
Au3 % +
Au
@ PATL I N % +2H20
Aul+ Au*

Section C-D) Electrochemical interac tion
Allyl alcohol bare Au_ oxid. prod.+ ne
]

Au*
Au" - Mo A

Fig. 1. Open-circuit E-t curve of 0.1M H,SO, + 102 allyl alcohol.
(E, = 1.16 Vg t, = S seconds. T = 25°C) showing the different
gold oxide reduction zones (9), and a description of the processes sup-
posed to be implied in every section (b).
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tential, which corresponds to zero oxygen coverage is
given by E = 0.62 V., for Au in acidic medium (1, 18, 26).
In this case, the potential value corresponding to the tan-
gent intersection point is 0.86 = 0.01 V., and the values
of 7 obtained from both methods do not differ by more
than 5%.

Results.—Figures 2, 3, and 4 show E-t curves obtained in
different media: acid, neutral, and basic (18). In all media,
a marked decrease in 7 is brought about by the presence
of allyl alcohol. The decrease is larger in unbuffered than
buffered solutions for all pH values. In alkaline medium,
at t = 7 the potential drops sharply to values close to that
for H, evolution and then increases. Similar behavior is
observed for allyl alcohol on other metals (1).

The theoretical treatment (15-17) was applied to the E-t
curves obtained in the second series of experiments.
Table I summarizes the results for the different sections
of the E-t curves (see Fig. 1) in the second series of experi-

E(Voll)scg

1 1

0 25 50 75! 100 1
t(sec )zt

Fig. 2. Open-circuit E-t curves in acidic medium at different adsorp-
tion times (t,). Solution = 0.1M H,SO, (x = 1) + 10—2M allyl alco-
hol. 1: t, = 45s. 2: t, = 30s. 3: t, = 25s. 4: t, = 20s; E, = 1.20

VSCE'
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T
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T 1
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Fig. 3. Open-circuit E-t curve in (a) 0.1M K,SO, + 10—2M allyl al-
cohol (t, = 5 min, £, = 0.91 V), (b) 0.1M K,SO, and the values
for t, and E, given in (a).

E (Volt)
o

-02H S

/S R S U N S SN |

100 500 tlsec)

Fig. 4. Open-circuit E-t curves in (1) 0.1M OHNag, (2) 0.1M NaOH
+ 10-2M allyl alcohol. t, = 20 min. E, = 0.3 V.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1985

E(Voltgce

tlsec)

Fig. 5. Open-circuit E-t curves for different E, values. Solution:
0.1M H,S0, + 10—*M allyl alcohol. EdS = 10s. T = 25°C.

ments. In addition to the results summarized in Table I,
the following were determined. The dependence of 7 on
the different experimental parameters is as follows. 7 de-
creases with increasing allyl alcohol concentration [plots
of (log 7/log ¢)x,., are linear and show a slope value of b’ =
—0.48 + 0.02 (E, = 1.22 Vg, t, = 45s, and an intercept of
+0.90]. 7 shows an exponential increase with increasing E,
and a linear increase with increasing intermediate values
of t, (Fig. 6). 7 decreases with increasing temperature
values. From the slope of the (log 7/T~'),, ¢, plot, the value
of the apparent activation energy (E,) of the overall pro-
cess can be obtained: E, = 73.6 kJ-mol-' (Fig. 6).

In general, it can be said that the results are similar to
those obtained by Christov (15) for the interaction be-
tween organic substances and the platinum oxides.

Theoretical Treatment of Data

Christov et al. (15-17) have proposed a general mecha-
nism to interpret the complete open-circuit reduction of
oxygen coverage on Pt by organic reducing agents. It was
assumed that two parallel processes take place at the elec-
trodes, and this assumption can be essentially kept for
the case of the gold oxides, considering the following
equations for the interaction between allyl alcohol and
the gold oxides

k :
Au,0, + allyl alcohol = Au + oxidation products [1]
k,
allyl alcohol — oxidation products + 2ye- [2a]

zAu + yH,0 & Au0, + 2yH' + 2ye- [2b]

ky

0.9+

bd T . 1 1
1.00 110 1.20 125130 1.40 150
Ea (VscE)
Fig. 6. Plot of log 7 vs. E,. T = 39.8°C; t, = 10s. 0.1M H,SO, +
10—2M allyl alcohol. (E,) critical = 1.25 V.
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Table I. Results obtained for the second series of experiments

Section A-B C.ny (Mol-liter—') a (BE/S log t), b (8 log t/5 log c)s
10-%-10-* -0.120 = 0.002 -0.30 = 0.02
5 x 10-210~" —0.138 = 0.002 —-0.50 = 0.02
Section B-C C.ny (Mol-liter—') E/log c [log (—dE/dt)log 7], [log (dE/dt)/log c]-s;
10-%-10-" 0.95 + 0.02 -1.10 = 0.05 (slope) 0.42 + 0.02
—0.72 + 0.05 (intercept)
Section C-D C.uy (mol-liter—") m[d log (r — t)/d log c] (AE/3 log (v = t)]. a
5 x 10-:10~" -1/2 0.244 = 0.005 0.48 + 0.01

The partial reactions [1], [2a], and [2b] correspond to
chemical oxidation of the reducing agent by the oxygen
coverage, electro-oxidation of the reducing agent on the
free electrode surface, and electrochemical oxidation and
reduction of the electrode, respectively. The e~ produced
in reaction [2a] take part in reaction [2b]. k,, k., k;, and k,
represent the rate constants of the respective processes.

Although both the structure and the composition of the
oxide layers are different for Au and Pt, the Kkinetic as-
sumptions upon which Cristov (15) based his theory ap-
ply to both metals.

The dependence of E on t in every region of Fig. 1 can
be theoretically deduced on the assumption that the
chemical interaction of the reducing agent and the oxy-
gen coverage is rate determining and the adsorption can
be described by a Temkin isotherm. On this basis, a gen-
eral analytical E-t dependence is derived for the overall
process. In order to achieve the direct determination of
the kinetic parameters, some particular cases are
examined.

High coverage (section A-B of Fig. 1)—The theoretical

treatment (16) gives rise to the following relations for a
chemical mechanism

I

(0E/d log t).

-2 x 2.303

ance of one or more inflections in the E-t curves, de-
pending on the value of «. This case can be characterized
by the concentration dependency of the potential in the
region of the inflection

E; = (2.3/f) log (k.ky/k k,) when (1 — a)k,c << k, exp («/E;)

[11]
E; = 2.3/(1 - o)f) log (kyk,) — (2.3/(1 —
a)f) log ¢ when (1 — @)k,c >> k, exp («FE)) [12]
and by the slope of the plateau in the E-t curve
log (—dE/dt);-x, = log [4g(k,k.)"*/qf]
+ log ¢ when (1 — a)k,c << k, exp (afE;) [13]
log (—~dE/dt).-y, = log [4g(k,k,)"/(1 — a)qf]
+ log c if (1 — a)k,c >> k, exp (ofE;) [14]

where g is inhomogeneity factor from Temkin’s isotherm
and q the charge required for the formation of a mono-
layer of oxygen coverage on gold. An additional relation
between (-dE/dt);-;, and log 7 can be obtained. The re-

=0.12V 3
7 (3]

for k,c << k, exp (afE)

(3t/d log c) = —1 | (4]
where f = F/RT, t = time after opening the circuit, E the
electrode potential, ¢ the bulk concentration of reducing
agent (allyl alcohol), and « the transfer coefficient
(dE/d log t). = =2 x 2.303/11 — a) = 0.24V [5]
when k,c <<k, exp (ofE)
(at/a log ¢ = —3/2 (6]

For high coverage and an electrochemical mechanism,
the following values should be obtained

(3E/4 log t). = —2.303/af ~ 0.12V [71
(at/a log ) = 0 (8]

Low coverage (section C-D of Fig. 1).—The resulting
equations (16) take the form

(E/3 log (r — t). = 2 x 2.3/(1 — a)f
= 0.24V when k,c >> k, exp (FE) [9]

E/3 log (r — ), = 2 X 2.3/f
= 0.12V when k,c << k, exp (FE) [10]

where 7 = time required for the complete reduction of ox-
ygen coverage. The concentration interval over which [9]
or [10] is valid, is determined by the slope of the plot (log
(r — t)log c)e. This slope gives values of —1/2 and —1 for
Eq. [9] and Eq. [10], respectively.

Medium coverage (section B-C of Fig. 1)—According to
Ref. (17), the mathematical analysis predicts the appear-

sulting slope and intercept are predicted to be indepen-
dent of the kinetic parameters. The effect of various fac-
tors (t,, E,, c, ...) on 7 is also considered (17).

Discussion

The results obtained in the first series of experiments
confirm the existence of alcohol-gold oxide interaction
observed in other studies (1, 2). Under experimental con-
ditions that differ slightly from those described before,
the E-t curves show that the reduction occurs in more
than one step (more than one plateau from which more
than one transition time can be measured) or show the co-
existence of more than one type of adsorbed species. In
alkaline medium, results suggest that only one type of ox-
ide [possibly Au(OH),] is present at sufficiently high
anodic potentials.

As said above, the second series of experiments leads to
results similar to the first. This can be explained on the
basis of the results (1, 2) obtained for the direct oxidation
of allyl alcohol on gold. In that case, an inhibition of the
oxidation of the organic substance at the potentials at
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which gold oxides were formed was observed (E,, peak
potential for the allyl alcohol oxidation appears at 1.03
Vs and E, for gold oxide at 1.15 V). It could be argued
that a part of allyl alcohol can be oxidized and reduced by
electron tunneling through the Au oxide film, analogous
to electron tunneling in the case of oxygen evolution at Pt
oxide covered Pt electrodes. This contribution could take
place at more anodic potentials (E,) than those applied in
this work. At these potentials the electron tunneling con-
tribution should be too small to be considered. A chemi-
cal interaction between allyl alcohol and the gold oxides
can take place during anodic polarization, but the initial
conditions at the moment of open circuit seem to be simi-
lar to those obtained for the first series.

The results for this second series show a slow change in
the slope in the section C-D of the E-t curve (Fig. 1). This
suggests that the removal of the oxide layer occurs in
steps. This has also been observed by other authors (4),
and attributed to changes occurring in the nature of the
adsorbed species. At E = 0.86 V. the same oxygen cov-
erage is achieved for any value of ¢, while at E = 0.62V,
the whole oxide layer is removed.

In order to evaluate the E-t curves, the diagnostic crite-
ria derived from Christov’s treatment (15, 17) were used.

The first section (A-B) of the E-t curve is characterized
by high potential values and high oxygen coverages. High
anodic potentials would enhance the electro-oxidation of
the alcohol. High oxygen coverages would hinder its ad-
sorption on the bare metal surface, and hence electro-
oxidation, while it would facilitate the chemical interac-
tion between the oxide layer and the alcohol in solution.

The values of the slope a = (9E/d log t). (Table I) tend to
increase with increasing c¢ and this result, similar to that
for Pt (20), suggests a chemical interaction between the
gold oxide and the alcohol which requires that k,c << k,
exp (afE) be satisfied (Eq. [3]). This condition does ap-
pear to hold, since at high anodic potentials the electro-
oxidation of the electrode surface predominates over that
of the alcohol. Moreover, Eq. [11] predicts that for low ¢
values, E; # f(c), while for higher ¢, E; would decrease with
increasing c, according to Eq. [12]. The E; values obtained
from the experimental E-t curves, show that for ¢ <
10—*M, E; # f(c), while a slight decrease in E; is observed
for ¢ > 5 x 10—2M. Moreover, the value of the slope a is the
same as that obtained for a purely electrochemical mech-
anism (Eq. [7]). To choose between chemical or electro-
chemical interaction, it is necessary to resort to the value
of b (Table I). A purely electrochemical mechanism would
give b = 0 (Eq. [8]), while a chemical one would give b =
—1 (Eq. [4]).

Table I gives two values of b for section A-B of the
curve, depending on the ¢ concentration range. For ¢ =
10-*-10—*M b = —0.30, but —0.50 when c varies between 5
x 10-2 and 10-'M. Both values are intermediate between 0
and -1, which suggests that the reduction proceeds
through a mixed mechanism with approximately 30% of
the reduction being chemical. The higher relative contri-
bution of chemical reduction with increasing ¢ could be
expected. The above interpretation is in agreement with
previously observed potentiodynamic curves (1, 2). These
show that, if ¢ is increased, the electroreduction oxide
peak decreases until it disappears at sufficiently high c.
At the same time, the allyl alcohol oxidation peak in the
cathodic sweep increases with c. This is due not only to
its direct oxidation but also to the faster appearance of
bare gold surface enhanced by the direct chemical reac-
tion between alcohol (in higher concentrations) and the
most oxidizing oxide form. It can be seen in Ref. (21) that
a species possibly implied in the process, Au,0,, can
chemically oxidize the alcohols.

When the section B-C is reached, the oxygen coverage
on the electrode has decreased. Thus, chemical oxidation
of the alcohol is expected to be slower than in section
A-B. Also, the allyl alcohol might encounter a larger bare
metal surface, which would increase its electro-oxidation
rate. The theory predicts the appearance of an inflection
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point when both chemical and electrochemical oxidation
rates become of the same order.

The experimental potential, E;,, corresponding to the
inflection point is independent of ¢ (Table I), for low ¢
values. Equation [11]-[12] predict that, for low values of c,
E, # f(c) (Eq. [11] is followed), while for higher values of c,
E, decreases with increasing c according to Eq. [12]. A
slight decrease in E; is observed for ¢ > 5 x 10—2M.

The electro-oxidation of the alcohol should make the
electrode potential more negative. The potential value,
however, shows only a very slight decrease in this section
of the decay curve.

Thus, another mechanism for the elimination of nega-
tive charge from the electrode must accompany e~ trans-
fer from the alcohol. The only negative species on the
electrode would be the O° ions, which can react with the
H' ions in solution. This elimination would yield zero net
current and explains why the potential value remains al-
most unchanged.

The proposed electrochemical mechanism should be re-
sponsible for the elimination of the oxide coverage, as
suggested by the similarity between the experimental
values in Table I—-1.10 and -0.72 (slope and intercept,
respectively, of the log [(—dE/dt/log 7)., plot)—and the
theoretically predicted—-1.00 (slope) and —0.81 (inter-
cept) (20).

Furthermore, if this mechanism is correct, influence of
H' concentration on the reaction rate and, consequently
on the E-t curves, should be observed. It is to be expected
that the elimination rate of O would decrease with de-
creasing H' concentration, giving rise to an increase in 7.
This is the result obtained (Fig. 3) for E-t curves recorded
at near-neutral pH values.

Thete is a disagreement between the theoretically (20)
predicted slope of the plot of (~dE/dt) vs. log ¢ (at E = E))
and the experimental ones (1.00 and 0.42, respectively).

It should be pointed out that for oxygen coverage re-
duction of PtO by organic substances it has been as-
sumed (22) that both chemical and electrochemical reac-
tions follow the same path, i.e., via dehydrogenation of
a-H atoms. For gold oxide-alcohol interaction (1, 2), the
reaction may follow different paths, giving rise to differ-
ent reaction rates.

In the section C-D, the theoretical treatment supposes
that the electro-oxidation of the organic substance is
much faster than its chemical oxidation. The low oxygen
coverage makes the chemical oxidation rate too low to be
considered. The decreasing potential values in this sec-
tion are due to electrochemical oxidation of the alcohol.

The experimental values for this section are summa-
rized in Table I. The experimental value for (3 log (r — t)/d
log ¢); coincides with the theoretically predicted (—0.5)
when C,,,y >> 5 x 10—M, and shows that Eq. [9] should
be valid. The plot of Eq. [9] gives in fact a value for [0E/d
log (+ — t)]. of 0.224 + 0.005V, in a very good agreement
with the theoretical value 0.220V. The derived value of a
should be 0.48 + 0.01.

The observed discrepancy between experimental and
theoretical values for low values of ¢ is similar to that ob-
tained for the reduction of PtO by organic substances
(20). This fact could be explained if the condition k,c >>
k, exp (afE) in Eq. [9] is no longer satisfied due to the de-
crease of c.

The variation of r with the different experimental pa-
rameters (c, t,, E,, T, ...) is similar to that for Pt and
agrees with the proposed interaction mechanism. The de-
crease in 7 with increasing ¢ implies an alcohol-gold oxide
interaction whose rate increases with ¢, according to po-
tentiodynamic studies (1, 2). This decrease of ¢ cannot be
attributed to a smaller oxygen coverage due to the pres-
ence of the alcohol during anodic polarization (in the sec-
ond series of experiments), because the same result is ob-
tained in the first series of experiments, in which the WE
was polarized before the addition of the alcohol. The lin-
ear relation between log r and E, as well as between 7 and
t., can be deduced by supposing a mixed chemical and
electrochemical reduction mechanism of the oxygen cov-
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erage. At sufficiently positive potentials but not too high
coverage, the rate of oxygen coverage formation will be
much greater than the reduction rate. Assuming that the
oxygen coverage increase can be described by means of a
Temkin isotherm, the linear terms in ¢ can be neglected.
In this way the following equation (17) can be derived

[1 = 2g(k,k,)""*c 7/mq]~"
=1+ (k,/k,)"*(wgk,ta/2q) exp (afEq) [15]

where g represents the interaction coefficient in the
Temkin isotherm and q is the charge required for the for-
mation of a monolayer of oxygen coverage.

In order to obtain an idea about the value of the
2g(k,k,)"* factor, plots of Eq. [13] and [14] were made.
From the slope value it was deduced that 4g(k,k,)"*/qf =
0.01778, and taking (27, 28) ¢ = 850 uC-cm~? gives
g(k,k,)'"* = 1.47 x 10~*. This value is very similar to that
deduced from the intercept of the (log 7/log c)x plot (17). In
this case, log (mq/2(kk,)"?g) = intercept = 0.9, and
g(k,k,)"? = 1.68 x 10-*. [Incidentally, this value provides
an additional test for the validity of Christov’s treatment
for the case of gold oxides, since it is very similar to that
obtained for that case (15).]

A rearrangement of Eq. [15] can be easily made by
supposing that mq >> 2g(k,k,)"*cr, as is obtained from the
value for 2g(k,k,)"* formerly deduced. Finally, the follow-
ing expression can be obtained for the relation between 7
and t, and E,

™ = (m*ky/2ck,) exp (efE)t, [16]

Plots of log 7 vs. E, at different temperatures were made
(Fig. 6). At 25.2°C and t, = 10s the intercept! value leads to
a ky/k, ratio of 7 x 109, i.e., the oxidation reaction of allyl
alcohol is faster than the gold oxide formation. At 39.8°C,
the intercept gives a value of 3.5 x 10-° for this ratio. It
seems that with an increase in the temperature k, in-
creases more rapidly than k,. The exponential increase of
7 with E, could be in agreement with the idea of the dif-
ferential characteristics of the adsorbed species, suppos-
edly formed at different potential values.

Figure 7 gives the r vs. t, plots at T = 25.0°C and E, =
1.22 V. The result indicates that, the higher the allyl al-
cohol concentration, the faster would be the oxide layer
elimination. The rate of change of r with t, is also depen-
dent on ¢ and can be attributed to a change in the value of
a in Ref. (16) induced by the different participation of
chemical and electrochemical reactions in the mixed
mechanism proposed. These changes of a can be followed
by substituting the k,/k, values obtained from the plots of
Fig. 6.

Substituting the k/k, ratio obtained in Eq. [11], (E; =
0.95 V), one obtains a value of kyk, = 5.86 X 10", the
same order of magnitude as found in the PtO study (15).
This would mean that the chemical interaction [1] be-
tween allyl alcohol and gold oxide would be much slower
than the electrochemical one (Eq. [2a] and [2Db]).

The decrease of r with stirring for ¢ < 10—*M (Fig. 10)
shows the influence of convective diffusion on the pro-
cess. Faster transport of the alcohol to the surface would
accelerate the chemical and electrochemical reduction
rates. For ¢ > 10—2M, the slightly higher values of r can be
explained supposing the formation of adsorbed interme-
diates, which would be partly eliminated by stirring, thus
making slower the rate of production of electrons (by oxi-
dation of the allyl alcohol molecules initially present).
This fact is reflected in potentiodynamic curves taken in
almost neutral solutions (Fig. 10). Under stirring, a second
reduction peak is recorded which can be attributed to the
reduction of a gold oxide produced in a first reduction
step. When stirring is stopped, only a reduction peak (Fig.
11Db) is obtained. The allyl alcohol molecules keep in con-
tact with the electrode surface and supply electrons for
the complete reduction of the oxide layer in a single step.

1We take the intercept as the value of log 7 at the critical po-

tential point in which the oxygen coverage takes intermediate
values (E = 1.2 V).
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Section A-B is hardly influenced by stirring. This sug-
gests that the chemical process is not transport depen-
dent. In this range, the rate-determining step should be
the adsorption of the organic substance as predicted by
the assumed mechanism.

Finally, an interpretation of the Au-electrode open-
circuit potential decay in absence of alcohol can also be
given.
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Fig. 10. Influence of stirring on the E-t curves taken after different
t, values. E, = 1.20 V.. 0.IM H,SO, + 10~*M allyl alcohol.

Dashed line: without stirring. Solid line: with stirring.

In basic medium the reaction mechanism would be ini-
tiated by the oxidation of OH - species

2yOH- — 2yOH- + 2ye- [16]
and

Au,0, + 2ye~ - xAu + yO
yO + 2yH' —> yH,0 [17]

The OH- radicals can then react with each other and
produce H,O,. In acidic medium, the H,0 molecules
could play the role of the reduced species which can be
oxidized and induce the reduction of the oxides

2yHOH — 2yHO- + 2yH' + 2ye~ [18]
Au,0, + 2ye~ - xAu + yO
yO + 2yH' - yH.0 [19]

giving rise to OH: radicals which can produce H,O,.

The fact that 7.4 medium < Tacid meaium S€€MS to predict
areaction [18] slower than reaction [16]. It can be said that
the transition times in acid as well as in basic solutions
are much longer without, than with, allyl alcohol present
in the solution.

Conclusions
On the basis of the experimental data, a mixed mecha-
nism (chemical-electrochemical) can be postulated for the
reduction of gold oxide layers (23-26). The following equa-
tions give a summarized view of the process described in
Fig. 1
allyl alcohol — oxidation products + 6e-

=1
I-o-‘J
+
A |r5'J| +6HT
“9__4 —— 3H0 +2 Au
Audt lr_:_j
o
B oo

On the surface, after reduction of Au'* ions, the
uncompensated charges of O make them to repel each
other. If the proposed mechanism should take place, the
rate of the third step would be dependent on the (H'),, ac-
cording to

O aicor + 2H,," = H.Opy

and

(d8,-)
dt

where K = (1/7), and f(E) is a function of the potential

v = - = K(0,)" - (H"),," - fiE)
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Fig. 11. Voltammograms of 0.1M K,SO, + 10-°M allyl alcohol so-
lutions. a: Without stirring. b: With stirring.

value, decreasing from the first to the third step. Thus, at
(H").,, = 10-"M, the third step could become rate determin-
ing. Both E-t curves and i-E potentiodynamic diagrams
seem to agree with such supposition: The E-t curves ob-
tained in neutral electrolytes show three different pla-
teaus (Fig. 3). The first one corresponds to the peak po-
tential value obtained for the oxide reduction in
voltammograms taken in acidic electrolytes. This process
is then attributed to the reduction of Au,O,. The second
one appears at a potential value similar to the one of a
second reduction peak obtained maintaining the elec-
trode at oxide formation potentials values for a given
time. This peak is attributed to the reduction of Au,O,
formed by reduction of Au,0,. The third one is attributed
to the reduction of a more stable form of Au,O, directly
formed during the gold oxidation, and after having under-
gone the so-called aging process (23-25). This process
seems to stabilize such oxide species and that can explain
why its reduction occurs only at more negative potentials.
In summary, the following equations could describe the
processes supposed to be taking place at the potentials of
the different plateaus

Step 1:
Au,0, + 4H' + 4e~ - Au,0 + 2H,0 Plateau 1

Step 2:
Au,0 + 2H' + 2¢~ — 2Au + H,O Plateau 2

Step 3:

(Au,0),pq + 2H' + 2~ — 2Au + H,O Plateau 3

Thus, the Au,O coverage would be formed in the follow-
ing way

(H\u_-u)ml..l = (("\\lgl))lllllml o (H\ng(l)rh'uln step 1
supposing
(H_\uzil)lmlml << Oausogs then O rusdsien; = Vausoy

The higher values of r for the second and the third pla-
teaus reflect not only the higher stability of both Au,O
species, but also the lower electro-oxidation rate of allyl
alcohol with decreasingly positive potentials. The de-
crease of 6, gives rise to a lower electrostatic repulsion
between neighboring O , influencing in this way also, the
rate of the third step. The influence of (H"),, is
confirmed since in very acidic solutions, the second pla-
teau almost disappears.

Likewise, the potentiodynamic i-E curves in the same
neutral solutions (Fig. 8) show two cathodic reduction
peaks. Only the second one appears under stirring. Stir-
ring carries away from the electrode the intermediates
produced in the allyl alcohol oxidation before that pro-
cess occurs completely. Thus, a partial reduction of Au*
would take place, giving rise to Au,O, which, in turn, re-
duces, giving a second peak. Without stirring the alcohol,
oxidation continues and produces the e~ for the direct re-
duction from Au'? to Au (one single peak).



Vol. 132, No. 10

In summary, it has been shown that an interaction be-
tween gold oxides and organic substances takes place
and that the interaction follows a similar pattern to the
process occurring between the same type of substances
and Pt-oxides. The differences observed must be a conse-
quence of the more complex oxidation processes occur-
ring on gold electrodes.
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ABSTRACT

A cyclic voltammetric study of the ferrocene redox reaction was used to evaluate the substituent effect in various
para-substituted poly-N-phenylpyrrole films used as electrodes. To determine the film electrode substituent effect on
the ferrocene couple reaction, the heterogeneous standard rate constant values were determined. The observed changes
in the film electron-transport rate are the result of the structure monomer variation. Electronic interaction between the
polypyrrole nucleus and the para substituents on the N-phenyl ring affects the electron-transfer rate of polymer elec-

trodes.

A new class of organic electrodes has become available
through the electropolymerization of aromatic com-
pounds such as pyrrole (1). Electrochemically grown thin
films of highly conductive polypyrrole, doped with BF,~
are insoluble and have long-term stability.

Conductive films of polypyrrole can be modified by
introducing substituents into the cationic pyrrole poly-
mer or varying the accompanying anion (2). The fact that
the polypyrrole films are prepared electrochemically fa-
cilitates these modifications since the variations are
made in the selection of the electrolyte or the monomer.
We have now made a study of polypyrrole films modi-
fied by placing phenyl substituents in the N position of
the pyrrole ring; the phenyl substituent assumes a partic-
ularly important role because it provides a means of
introducing a wide selection of functional groups into the
polymer structure as substituents on the phenyl ring.

In polymeric coatings on electrodes, the rate of charge
and electron transport across the layer defines the useful-
ness of these films in devices. This paper deals with a cy-

* Electrochemical Society Active Member.

clic voltammetric study of the quasi-reversible redox be-
havior of ferrocene on some poly-N-para-substituted
phenylpyrrole films used as electrodes. We found that
the electron transfer rate constant (k,) of the ferrocene
couple reaction depends on the film electrodes.

Experimental

The polymeric films of poly-N-para-substituted
phenylpyrrole were prepared by electropolymerization of
the corresponding N-para-substituted phenylpyrrole
monomer with p-H, p-CH,, p-OCH,, p-Cl, p-Br, and p-NO..

All N-para-substituted phenylpyrroles were synthe-
sized from 2,5-dimethoxytetrahydrofuran and the appro-
priate amine (3). The pure pyrrole monomers were identi-
fied by H'-NMR, IR, and MS and compared with
reported data (4).

The film preparations were performed in a one-com-
partment cell using Pt as the working electrode, a similar
counterelectrode, and a saturated calomel reference elec-
trode (SCE). Each electrolytic solution contained 10-*M of
the corresponding pyrrole monomer, plus 0.1M of tetra-
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ethylammonium tetrafluoroborate in distilled aceto-
nitrile. The films were grown on 0.5 cm? Pt electrode sur-
face, passing 20 mC-cm~—? of charge to control the film
thickness, estimated as ca. 50 nm considering the area of
the electrode, density of the film, and the apparent n
value for the reaction (5).

The electro-oxidation of the N-para-substituted phenyl-
pyrroles conducted at a constant potential of 1.50V for
p-H and p-NO,, 1.12V for p-CH, and p-OCH,, and 1.19V for
p-Cl and p-Br, proceeds with the formation of insoluble
polymer film on the electrode, as was previously re-
ported (6). Films of these polymers, when mounted in
acetonitrile/Et,NBF, solution, can be electrochemically
driven between the oxidized and the neutral forms. The
films are stable to this reaction and can be cycled repeat-
edly without evidence of decomposition.

The cyclic voltammetric study of ferrocene (1 x 10—*M
in acetonitrile/Et,NBF, solution) was accomplished using
thin films of N-phenyl-pyrroles on a Pt working elec-
trode. All the measurements were prepared with IR com-
pensation.

Electrochemical measurements were performed with a
Princeton Applied Research Model 173 Potentiostat, a
Model 175 Programmer, and a Hewlett-Packard 7004B
X-Y recorder.

Results and Discussion

As can be seen in Table I, the formal potentials, E°, for
the redox reaction of the dissolved ferrocene using [Pt]
poly-N-para-substituted-phenylpyrrole-BF, electrodes are
not significantly different from those measured with a Pt
bare electrode. Peak heights vary linearly with the square
root of the sweep rate, »'?, from 10 to 100 mV/s, as ex-
pected for a diffusion-limited process, and the ratio of the
peak heights i,,/i,. is always close to unity. There is no ev-
idence of absorption or adsorption on the polymer sur-
face, indicated by the fact that i/AC»'? values (A is the
electrode area, C, mol/cm?®) remains constant in the poten-
tial sweep range tested. The cyclic voltammograms pro-
duced using thicker films (70 nm) provide the same
i/ACv'? values, indicating that the signal amplitudes do
not depend on film thickness. Moreover, the E° for ferro-
cene do not superimpose on the E° of the polymer films
(6). Representative cyclic voltammograms are displayed
in Fig. 1.

The potential difference between the peaks E,, and E,,.
(AE) is greater than 59 mV and increases with the sweep
rate. Nicholson’s treatment (7) for determining k, values
was used to evaluate the effect of the electrode on the re-
dox reaction. Values for the ¥ parameter were obtained
from the AE values. For a quasi-reversible reaction, Nich-
olson’s empirical equation is

¥ = k, (RT/nFaDy)'"

where n = 1 electron/molecule for this reaction, D is the
diffusion coefficient [D = 2.76 x 10-* em?s, ferrocene in
CH,CN, measured chronocoulometrically (8)], F the Fara-
day, R gas constant, and T absolute temperature.

Table I. Electrochemical data activity from cyclic voltammetry
of [Pt] poly-N-para-substituted phenylpyrrole film electrodes.
Redox electrolyte: 10—"M ferrocene in acetonitrile/Et,NBF,

Poly-N-para-
substituted Peak
phenylpyrrole separation
electrode AE (mV)? E° (mV)" 10%, (cm-s—')
—NO, 90 400 14.70
—Br 92 417 13.14
—Cl 95 412 12.35
—H 95 412 12.35
—CH, 97 410 11.16
—OCH; 100 408 10.47
Bare platinum 60 440 —
electrode

# Scan rate 100 mV-s—'.
Pvs. SCE
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anodic

cathodic

0.0 0.2 0.3 0.6
E/V
Fig. 1. Cyclic voltammograms of 1 x 10~*M ferrocene using 20 mC
of [Pt]-coated electrodes with poly-N-para-methylpyrrole (dot-dash
line) and poly-N-para-chlorophenylpyrrole (dotted line) at 100 mV/s
in CH,CN containing 0.1M Et,NBF,.

All these polypyrroles, PPy, polymers, are produced by
an electrochemical oxidative coupling process which
yields an acceptor-doped conducting complex directly,
such as PPy'BF,- (9, 11). With acceptor doping, Hall coef-
ficient measurements (12) clearly showed that the con-
duction is p-type, i.e., positively charged carriers. It dem-
onstrates that the majority of the carriers move through
the organic material and not through the dopant array
(13). Then the modification of the monomer should affect
the charge transfer rate of the polymer, as can be ob-
served in Table I.

In an earlier communication (14), it was proposed, on a
qualitative basis, that a poor interaction between the pyr-
role and the phenyl ring was produced by an orthogonal
conformation through both rings. Further studies showed
that in the N-orthophenylpyrrole series electroactive sub-
stituents exhibit electronic and steric effects (15), whereas
in the N-para-phenylpyrroles only electromeric effects
were observed (6). Therefore, the electron-attractive or
electron-repulsive induction of para groups involve
interannular conjugation as well as inductive effects.

In the first study of this series (14), the electroactive be-
havior of the nitro phenyl group in the poly-N-para-nitro-
phenylpyrrole was analyzed by cyclic voltammetry. Al-
though the nitrophenyl group is independently
electroactive, the electron-transfer process between the
platinum and the film for the reduction reaction involves
an electron exchange between the unsaturated pyrrole
matrix and the pendent nitrophenyl groups rather than a
hopping process between the groups.

Consequently, the electronic interaction between the
polypyrrole nucleus and para-substituents on the
N-phenyl ring affects the electron-transfer rate of polymer
electrodes (16). In effect, when the log of k, are plotted
against their respective Hammett-Brown substituent con-
stants, a linear correlation is obtained (Fig. 2); the reso-
nance and inductive interaction effects are undoubtedly
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Fig. 2. Electron-transfer rate constant of the ferrocene couple reac-
tion on the poly-N-para-substituted phenylpyrrole vs. their respective
Hammett-Brown substituent constants.

the principal effects involved in the p,o' relationship. The
positive sign for the substituent constant p, reveals that
as the substituents take on more electrophilic character
the electron-transfer rate becomes faster.

We can conclude that changes in the electron-transfer
rate of the series of polypyrroles is dependent on elec-
tronic interaction between the electroactive pyrrole ring
of the polymer and the para-substituent through the
phenyl ring. This electronic interaction has also been ob-
served in the oxidation of the corresponding monomer,
due to the fact that, as the substituent takes on more
electrophilic character, the oxidation of the N-substituted
phenylpyrrole proceeds with more difficulty (6). The mo-
bility of the carriers will be determined by a variety of ef-
fects, including chain perfection, crystallinity, etc. (17);
however, a delocalized m-system with relatively broad en-
ergy bands is certainly an advantage for effective electron
transport.
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Oxygen Reduction in Tetrafluoroethane-1,2-Disulfonic Acid

K. A. Striebel, P. C. Andricacos,*"' E. J. Cairns,* P. N. Ross,* and F. R. McLarnon*
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

ABSTRACT

The kinetics of oxygen reduction on platinum in tetrafluoroethane-1,2-disulfonic acid (TFEDSA) and trifluoro-
methane sulfonic acid (TFMSA) have been studied with the rotating disk electrode technique at pH 1. The resulting
Tafel plots coincide within the error of the experiment, indicating similar kinetics in the two electrolytes. The reaction
order with respect to oxygen concentration was studied by varying the partial pressure of oxygen above the electrolyte.
The rotation-independent currents at 0.90V vs. DHE were used to calculate a reaction order equal to one. A first-order
analysis of the rotation-dependent currents was then used to extract kinetic currents at lower potentials. These kinetic

currents also exhibited first-order dependence on oxygen concentration.

Trifluoromethane sulfonic acid (TFMSA) has been con-
sidered for low temperature (< 110°C) fuel cell applica-
tions due to the favorable oxygen reduction rate observed
in this electrolyte compared with phosphoric acid (1). The
use of the less-volatile, higher homolog of TFMSA, tetra-
fluoroethane-1,2-disulfonic acid (TFEDSA), was sug-
gested by Baker et al. (2) to overcome the problems of
high acid vapor pressure and low contact angle with
PTFE observed with concentrated TFMSA. Preliminary
investigations with TFEDSA (3) show insignificant acid
vapor pressure and acceptable water vapor pressure at

*Electrochemical Society Active Member.

1Present address: IBM Thomas J. Watson Research Center,
Yorktown Heights, New York 10598.

60-70 weight percent acid, as well as high (nonwetting)
contact angles with PTFE. In this work, the kinetics of
oxygen reduction in TFEDSA and TFMSA on smooth Pt
have been studied with the rotating disk electrode (RDE)
technique. Kinetic measurements were made in each of
the acids at pH = 1. The dependence of the reduction cur-
rent on oxygen concentration was determined by varying
the partial pressure of oxygen in contact with the electro-
lyte. This reaction order has been shown to be unity in
perchloric, sulfuric, and phosphoric acid electrolytes (4-6).
However, in “superacid” electrolytes (TFEDSA and
TFMSA) the analysis of RDE data according to a first-
order model has not been conclusive. Deviations from
first-order analysis have previously been attributed to
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impurity effects (7, 8) and a nonunity reaction order with
respect to oxygen (9). We varied the bulk concentration of
oxygen in the electrolyte in order to have an independent
method for determining reaction order.

Experimental

Experiments were performed in a Pyrex cell with a sur-
rounding water jacket. Circulation of thermostatically
controlled water was used to maintain the cell tempera-
ture of 25° =+ 0.5°C. The rotating disk platinum working
electrode had an area of 0.458 cm* and was polished with
a succession of alumina papers, followed by 6 um and
then 1 um diamond paste. Rotation was achieved with a
Pine Instruments analytical rotator. A dynamic hydrogen
electrode (DHE) (10) was held in a separate compartment
which was connected to the main cell through a Luggin
capillary. The DHE held a constant potential of 3 mV neg-
ative of an RHE at the same pH. A 1 cm? Pt-foil
counterelectrode was used directly in the cell, placed as
shown in Fig. 1. Premixed cylinders of oxygen and nitro-
gen (4.31-58.66% = 0.01% oxygen), pure oxygen, and pure
nitrogen were further purified by passing through three
molecular-sieve beds (9). All gases were humidified by
bubbling through doubly distilled water at room tempera-
ture before entering the cell.

The potential of the working electrode was controlled
with a PAR Model 173 potentiostat and a PAR Model 175
universal programmer. Current-potential data could be
recorded simultaneously with a Nicolet digital oscillo-
scope and an HP7046B X-Y recorder.

All glassware and electrodes (except the DHE) were
cleaned by soaking in a mixture of concentrated sulfuric
and 70% nitric acids for two days. This was followed by
rinsing and soaking in freshly distilled water at least four
times.

TFMSA (from 3M Corporation) was purified by distilla-
tion and hydrogen peroxide treatment as reported earlier
(8). Tetrafluoroethane-disulfonate was received as the po-
tassium salt from KOR, and it was converted to the acid
via ion exchange with prepurified resin (11). Complete
conversion to the acid was checked by titration. Water
was removed by vacuum distillation, leaving the acid di-
hydrate. The hygroscopic nature of this solid prevented
exact knowledge of the water content. Solutions were
prepared by dilution with ultrapure water? to pH 1.
TFMSA solutions were prepared in a similar manner.
Both solutions were pre-electrolyzed in the cell for at
least 72h at a current of 1 mA.

Results and Discussion
Two single-sweep cyclic voltammograms recorded in
TFEDSA at pH = 1 are shown in Fig. 2. Curve A was re-
corded for the stationary disk following the pretreatment
potential profile shown in the inset of Fig. 2. For an indi-
cation of electrolyte purity, curve B was recorded follow-
ing the same pretreatment profile with the addition of a 1

2Harleco Company, Gibbstown, New Jersey.

Fig. 1. Electrochemical cell. A: Rotating disk electrode. B: Coun-
terelectrode. C: Dynamic hydrogen reference electrode. D: Gas inlet.
E: Water jacket.
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min hold at 0.4V vs. DHE while rotating the working elec-
trode at 1600 rpm before recording the voltammogram on
the stationary electrode.

Several voltammograms were recorded in both electro-
lytes without repolishing the working electrode. The
charge associated with the hydrogen adsorption region of
the curves increased chronologically. The relative in-
crease in this charge was used to quantify the increase in
active electrode area caused by repeated cycling (rough-
ening). All kinetic currents were adjusted downward to
an effective roughness factor of 1.5. However, current
densities were computed using the projected electrode
area.

Similar voltammograms were recorded at a sweep rate
of 10 mV/s in order to quantify the anodic currents associ-
ated with platinum oxidation. These anodic currents were
added to the reduction currents recorded with low pres-
sures of oxygen to adjust for the nonzero base line ob-
served in those experiments.

Current-potential sweeps at rotation speeds of 100-1600
rpm for TFEDSA in contact with pure oxygen are shown
in Fig. 3. The potential profile used for electrode pre-
treatment is shown in the inset in Fig. 3. The reduction
currents were found to depend somewhat on sweep rate
and sweep direction because of the changing oxidation
state of the electrode. Therefore, for the purpose of com-
paring TFEDSA and TFMSA, positive going sweeps at 10
mV/s were used in all cases. Uncompensated solution re-
sistances of 15-20Q0 were accounted for by reading
constant-potential data along lines of constant surface po-
tential (with slopes of 1/Ry), as is indicated in Fig. 3.

The current-potential relationship

—F) (1

I = nFAk, (C°,,)" exp ( RT

where A is the electrode area, k. is the reaction rate con-
stant for the cathodic reaction and includes the pH de-
pendence, C°, is the concentration of oxygen at the elec-
trode surface, m is the reaction order for oxygen, « is the
fraction of the overvoltage aiding the reduction reaction,
and V is the electrode potential, is expected to apply for
oxygen reduction on platinum. Because of the large over-
potentials in this reaction, the anodic term has been ne-
glected.

During cathodic reduction, the concentration of oxygen
at the electrode surface is lower than that in the bulk. For
transport to the rotating disk, it can be shown that

I.,I: l) o, (2]

Cco«_x = (

where I, is the limiting current and C*,, is the bulk con-
centration of oxygen in the electrolyte. Since, in general,
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C°y, is not known, but C*,, can be known or controlled, a
more useful expression is obtained by substitution of Eq.
[2] into Eq. [1], dropping the last term of Eq. [1], with the
result

L= 1) —szV') i

I = nFAk, (C‘(,g)’(I—L) exp( -t

When I is small compared to I, then the reaction order m
can be determined from the slope of a plot of log I vs. log
C,, for constant V. For other conditions, the determina-
tion of m is more complicated.

Before reaction order m can be determined, it is neces-
sary to establish the relationship between p,,, the con-
trolled variable, and C*,,. This was done by use of the
Levich equation

1, = 0.62nFC*,,D¥y 1l * [4]

The slope of a plot of I, vs. w'* is therefore proportional to
C~,,. If Henry’s law is obeyed

C*, = KuPo, [5]

the Levich slope B = 0.62nFC*
tional to p,,.

The applicability of Eq. [4] to the results of Fig. 3 is
shown in Fig. 4. All of the lines are straight and pass
through the origin, as they should. Figure 5 shows a plot
of log B vs. log p,,, which has a slope of unity, demon-
strating that Henry’s law holds for O, in both TFMSA and
TFEDSA at pH = 1 and 25°C.

Equation [5] now may be substituted into Eq. [3], yield-

ing
: 1 ) exp ( —aFV) 0]

D*3y=1% should be propor-

0y

I
I'= "FAk(.K"'"p“z"' ( '»I =

For potentials near 0.9V, the currents are insensitive to
rotation speed above about 400 rpm, as shown in Fig. 3.
Under these conditions I << I,, so that (I, — I/I,) ap-
proaches unity, and, according to Eq. [6], a plot of log I vs.
log p,, for constant V should be a straight line of slope m.
This plot for TFMSA and TFEDSA (see Fig. 6, part A) in-
dicates that the reaction order m is 1.0 + 0.05.
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The result that m is unity (at 0.90V) allows a simplifi-
cation of further analysis for higher currents and overvol-
tages. Even though Eq. [6] is difficult to apply when I is
not very small relative to I, it can be rearranged as fol-
lows. First, define the kinetic current Ix (for m = 1)
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aFV
= nFAk.C*, exp ( RT ) 7]
Substituting Eq. [7] into Eq. [6], setting m = 1, and rear-
ranging yields the familiar relation (11)
1 1 il
SRR T ) ®
Equation [8] shows that I, may be obtained from a plot of
I-'vs. I~ or since I, = Bw'? a plot of I~ vs. =" for
constant V and p,, yields I, from the intercept. The values
of I, may then be used with Eq. [5] and [7] to test the
value of m, by plotting log I, vs. log p,, for a given volt-
age. This is shown in Fig. 6 for 0.8 (lines B) and 0.7V (lines
C), and m is seen to be unity within experimental error.
A direct comparison of the kinetic current densities for
TFEDSA and TFMSA was made by first multiplying the
currents in TFEDSA by the ratio of the roughness factors
(calculated from the hydrogen oxidation peaks observed
in the voltage-sweep experiments of the type shown in
Fig. 2): [RF)rpmsa /I(BF)reepsal = 0.83. These currents were
then divided by the geometric area of the rotating disk
electrode, 0.458 cm?2. No correction for solubility or dif-
fusivity differences was made, since B = 0.46 and 0.44
mA/cm?-s'" for TFMSA and TFEDSA, respectively, at p,,
= 1.0. The potential-log current density curves for 1 atm
oxygen pressure are shown in Fig. 7. Over the potential
range 0.67-1.0V vs. DHE, the kinetic currents are very
similar. The familiar change of slope is observed at 0.8V,
as is the case in other acids. This change in Tafel slope oc-
curs at the potential below which the electrode surface is
oxide free. Exchange current densities calculated by ex-
trapolation of the results obtained at higher potentials are
4 x 10~%and 6 x 10~* mA/cm? for TFMSA and TFEDSA,
respectively. These can be compared with the exchange
current density of 9 x 10-* mA/cm? reported for 1.1N
TFMSA, 25°C, by Appleby and Baker (7).
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Conclusions

From the experiments reported above and the analysis
of the data, it is concluded that the reaction order of the
electrochemical reduction of oxygen on platinum in
TFEDSA and TFMSA with respect to oxygen concentra-
tion is unity, over the full potential range studied (1-0.65V
vs. DHE). The kinetics of oxygen reduction on platinum
in TFEDSA are very similar to those for TFMSA, the cur-
rents being very closely comparable at pH = 1 for iden-
tical overvoltages.

These results offer some promise for the use of fluo-
rinated organic acids in high performance fuel cells, while
avoiding the high vapor pressure of TFMSA and its unde-
sirable wetting of PTFE. Furthermore, pressurization is
expected to improve significantly the performance of
cathodes in fuel cells using TFEDSA and TFMSA.
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ABSTRACT

The electrochemical behavior of (100) IrO, single-crystal electrodes in 0.5 mol/dm?® H,SO, has been studied using lin-
ear potential scan cyclic voltammetry. A hlghly irreversible behavior of the main electrochemical process of hydrogen or
hydronium ion injection/ejection has been found in the potential range 360-580 mV (vs. Ag/AgCl reference). The ob-
tained voltammograms have been compared with those for RuO, single crystals possessing similar electrocatalytic prop-
erties and the same crystallographic structure and also with the behavior of sputtered and anodic IrO, films. It has been
found that the energy of major interaction of hydrogen species with the IrO, single-crystal structure is close to that ob-
served for sputtered IrO, films but differs by ca. 29 kJ/mol (corresponding to 300 mV in the potential scale) from that for
the anodic IrO, films. The penetration depth for hydrogen is highly minimized in the case of single-crystal IrO, elec-
trodes and involves at most one or two monolayers. Thus, the coloration/bleaching process described for the IROX
films cannot develop on nonhydrated single-crystal IrO, electrodes unless their crystallographic structure is damaged

by cycling in a wide potential range.

Anodic films of iridium dioxide have recently been the
subject of numerous studies on account of their interest-
ing electrocatalytic and electrochromic behavior. Both
the oxygen and chlorine evolution reaction proceed on
the IrO, electrodes with extremely low overvoltages (1-5).
In contrast to RuO, possessing similar electrocatalytic
properties (6-10), the IrO, films undergo dissolution at
higher positive potentials (E > 1600 mV vs. Ag/AgCl) and
can be removed from the electrode surface (2, 11-13). The
hydrous, amorphous IrO, films on Ir metal electrodes
show electrochromic properties (13-22) sensitive to the
change in the electrode potential. The mechanism pro-
posed for the rapid coloration/bleaching process (about 40
ms) is based on the proton injection/ejection mechanism
(13). It has been found that the electrochemical processes
of anodic formation and cathodic reduction of a thick po-
rous Ir0O, film are highly reversible (12-14).

The initial stages of IrO, film growth on Ir electrodes
have recently been studied by Mozota and Conway (11),
Capon and Parsons (23), and other authors (24-26). The
mechanism of interaction of the IrO, surface with aque-
ous solutions has also been discussed from the point of
view of the surface acid-base properties (27-31). The latter
works have been done using thermal IrO, powders.

The behavior of the anodic oxide on Ir electrodes dur-
ing oxygen evolution in acidic solutions has also been
studied by ex situ, x-ray photoelectron spectroscopy
(XPS) by Kotz et al. (32). These authors demonstrate con-
clusively that a thin oxide (or hydroxide) is formed on
iridium surface during O, evolution and no higher than
IV oxidation states of Ir are present in the film. The com-
position profiles within the amorphous anodic IrO, films
have been determined by Mclntyre and co-workers (13)
using nuclear reactions. The thickness of the hydrated
IrQ, films has been measured by Kim et al. (33) using
XPS technique.

As regards single crystals, the electrical-transport prop-
erties of IrO, have been reported by Ryden et al. (34) and
conduction electron screening effects have been demon-
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strated in IrO, by Wertheim and Guggenheim (35). The
optical properties of a single-crystal IrO, have been de-
scribed by Goel et al. (36). The latter authors, measuring a
near-normal incidence reflectivity in the photon energy
range 0.5-9.5 eV, have determined the spectral depen-
dence of the complex dielectric function and refractive
index. This in turn allowed making a direct comparison
with recent band structure and density-of-states calcula-
tions performed by Mattheiss (37).

In this paper, the voltammetric characteristics of the
IrO, single-crystal electrodes with the exposed (100) sur-
face are presented and discussed in terms of the hydro-
gen and hydronium ion injection/ejection processes. The
observed significant differences between the electro-
chemical behavior of the IrO, (100) electrodes and that of
the anodic IrO, films on Ir substrates (IROX films) are
discussed in detail. A comparison is also made with the
RuO, and TiO, single-crystal electrodes having the same
crystallographic structure.

Experimental

The electrochemical cell was of a conventional three
electrode design. A coiled Pt wire counterelectrode was
separated from the working electrode compartment by a
sintered glass joint. A double-junction Ag/AgCl electrode
with a saturated KCl internal solution was used as a refer-
ence electrode.

The working electrodes were prepared from the ori-
ented IrO, single crystals using silver epoxy resin for low
resistance contacts and Epoxide (Buehler) for body insu-
lating. The IrO, single crystals were grown in this labora-
tory by a chemical vapor transport in a flowing gas sys-
tem at 1300°C under 2 atm of the oxygen partial pressure.
This procedure was similar to the growth of large RuO,
single crystals (38, 39). The source materials were the Ir
powder of the electronic-grade purity and oxygen. The
exposed surface area of the IrO, (100) electrode was ap-
proximately 0.01 cm?. The crystal was oriented by x-ray
Laue backscattering to within 1°.

A PAR Model 173 potentiostat and PAR Model 175 uni-
versal programmer were used for cyclic voltammetry
(CV) measurements. The experimental curves were re-
corded using a Hewett-Packard 7044 X-Y recorder.
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Results

Typical cyclic voltammetry characteristics for the IrO,
single-crystal electrode with the exposed crystallographic
face (100) are shown in Fig. 1 and 2. One major pair of
anodic/cathodic peaks is observed in the potential range
360-600 mV vs. Ag/AgCl in 0.5 mol/dm* H,SO, at 298 K.
Several other small features are clearly seen or can be
inferred both on the anodic and cathodic half-cycles.
They are labeled from A, to A, for anodic processes and
C, to C, for cathodic ones. The sharp current increase A,
at E = 1300 mV is due to the oxygen evolution reaction.
The hydrogen evolution C, starts at E = —370 mV.

It is informative to discuss the voltammetric behavior
of the IrO, (100) electrodes comparing the obtained char-
acteristics with published voltammograms for another
transition metal dioxide RuO, [single crystals with several
orientations (9)] and for iridium metal electrodes covered
with anodic IrO, films (11, 13, 23-26). There are signifi-
cant differences in CV characteristics for these electrodes
in the whole accessible “structure” window from HER
(hydrogen evolution reaction) to OER (oxygen evolution
reaction). They are discussed separately for the hydrogen
deposition/ionization region and the oxide rearrangement
region, although, in case of the IrO, single-crystal elec-
trodes, presumably all the processes are based on the
injection/ejection of hydrogen or hydronium ions (13).
The observed results are reported in the same order.

Hydrogen depositionfionization region.—In the cath-
odic half-cycle of the voltammograms for the IrO, (100)
electrodes, two small features C’, and C’, are resolvable
on the expanded scale curves as illustrated in Fig. 3. The
peak potentials are —70 and +25 mV, respectively. On the
anodic side of the voltammograms a peak A, is observed
at E = +170 and may be considered as a counterpart of
one or both the cathodic peaks C’', and C",. Another
anodic peak A, appears at E = —180 mV (Fig. 2), when the
cathodic inversion potential is well shifted into HER
region.

The oxide rearrangement region.—The anodic IrO,
films formed on Ir electrodes contain large amounts of
water, and they are porous and amorphous (11-26). These
properties result in a high degree of reversibility of the
process involved in the oxide rearrangement region.
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However, the oxide rearrangement processes we ob-
served on the well-defined, water-free IrO, (100) sub-
strates exhibit significant retardation due to the compact
structure of the electrode material. The appearance of the
main pair of peaks A;-C, is illustrated in Fig. 1 and 2 and
in a narrow potential scale in Fig. 4. The peak potentials
at scan rate v = 200 mV/s are 580 and 350 mV for the
peaks A, and C,, respectively. A small increase in the
peak height is observed after prolonged cycling in the po-
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Fig. 3. Part of a cyclic voltammogram for the IrO, (100) electrode
in 0.5 mol/dm* H,50,, showing cathodic features C', and C",. Cycling
between —250 and +1300 mV. Scan rate v = 100 mV/s.
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mol/dm* H,SO, solution. Effect of the prolonged cycling between +50
and +950 mV at v = 200 mV/s. Cycle numbers are indicated in
figure.

tential range 50-950 mV. In Fig. 4, curves are presented
for cycles number 2, 70, and 155. The electrode was previ-
ously used in cycling experiments, so that some amount
of disordered surface monolayers could eventually exist
on the electrode surface. However, the pronounced ob-
served irreversibility, as evidenced by the peak separa-
tion, remains all the time unchanged. At more positive
potentials, there is seen a second pair of peaks labeled
A,-C, (the peak A, is seen in Fig. 1 when the anodic inver-
sion potential does not exceed 1100 mV). The peak poten-
tials are both equal to 715 mV and are independent of the
scan rate v. In contrast to the process A,-C,, this is a re-
versible reaction. The broadness of the peak C, suggests
repulsive interactions in the presumably hydrated mono-
layer of the rearranged oxide.

Another pair of peaks labeled A’,-C'; in Fig. 5 appears
rather unexpectedly during the long term experiments
with changing scan rates from 1 up to 200 mV/s. The peak
potentials of this irreversible process change with v and
at v = 110 mV/s are 740 and 160 mV for A’, and C’,, re-
spectively. The peaks are situated on the falling branches
of the main peaks, A, and C,. The peaks A’; and C’, disap-
pear after 15 min conditioning of the electrode at E = 550
mV, as shown in Fig. 6. Note that the peaks A',-C’, were
not observed after prolonged cycling in the range 50-950
mV (Fig. 4). Therefore, the only possible reason for the
observed change in voltammetric behavior of the IrO,
electrode is a difference (300 mV) in the cathodic inver-
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Fig. 5. Scan rate dependence of the CV characteristics for the 1rO,
(100) electrode in 0.5 mol/dm® H,SO, for slower (a, top) and faster
(b, bottom) scan rates. v [mV/s]: (1) 1, (2) 5, (3) 10, (4) 20, (5) 30,
(6) 40, (7) 50, (8) 60, (9) 70, (10) 80, (11) 90, (12) 100, (13) 110.

sion potential (E.! = —250 mV in the reported slow scan
rate experiments (see also Fig. 5). A possible explanation
of this behavior and a comparison with the behavior of
the anodic oxides on the Ir electrodes are given in the
next section.
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10, (2) 20, (3,3') 50, (4,4') 100, (5,5') 200.

Discussion

Most of the 4d and 5d transition-metal dioxides crystal-
lize with a distorted rutile-type structure with a mono-
clinic or orthorhombic symmetry (37). Among the almost
undistorted materials are IrO,, RuO,, and OsO,. The lat-
tice parameters, a, ¢, and c/a for IrO, are as follows: a =
4.4983A, ¢ = 3.15444, and c/a = 0.701, which can be com-
pared with data for the RuO, single crystals whose
voltammetric behavior for several crystallographic orien-
tations we have presented elsewhere (9): a = 4.4919A, ¢ =
3.1066A, and c/a = 0.696. The parameter c/a serves as a
measure of the distortion from the ideal rutile structure,
which has (¢/a)igear = 0.586. We see that the lattice parame-
ters for both the IrO, and RuO, crystals are almost iden-
tical. However, the Fermi surface cross sections as calcu-
lated (37) or derived from the experimental magneto
thermal-oscillation data obtained by Graebner et al. (40)
are entirely different for IrO, and RuO, since the Ir atoms
are in a 5d° state while the Ru atoms are in 4d* state. It is
of a considerable interest to compare the electrochemical
characteristics for these two oxides, and also for the
n-TiO, semiconductor electrode, to gain our understand-
ing of the electrocatalytical properties of these materials.
The generalized electrode reaction which can be consid-
ered for the above materials is the reduction-oxidation
process involving injection/ejection of hydrogen and
change in the apparent oxidation state of the metal M

MO, + xH' + xe- = H,MO, [1]
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There are many possible ways for hydrogen to interact
with MO, structure. In the limiting case, the hydration
water can be formed. However, hydrogen can also pene-
trate through the lattice channels and create intercalation
structures. The apparent oxidation state of the metal
changes, but charge is not localized at any particular
metal atom because of the electron band structure, which
in the case of IrO, and RuO, consists of a partially filled
E,, band. The oxidation state of the trapped hydrogen
may be different. In TiO,, hydrogen can be considered as
a highly ionized neutral donor (41). In anodic IrQ, films,
hydrogen is mainly in the form of hydronium ions near
the electrode/electrolyte interface (13), so the net reduc-
tion process can be expressed as follows

Ir0, - 2H,0 + H,0' + e~ = H,0' - Ir0,~ - 2H,0  [2]

where n = 2. The energy of interaction between the hy-
drogen and the rutile-type oxide structure may also vary
with the hydrogen uptake. This is observed, for example,
in some lithium intercalation materials. The multiple
peak structure in cyclic voltammetry characteristics for
transition metal oxide electrodes is therefore not unex-
pected. At the present stage of our knowledge, we cannot
derive any conclusive correlations between the voltam-
metric peak structure and the localization of the hydro-
gen interactions. However, it is interesting to compare
voltammetric characteristics for different transition metal
oxide single crystals having similar crystallographic
structure but different electron-band structure and chem-
ical activity. On the other hand, we would like to empha-
size significant differences we observed in voltammetric
behavior of the same basic compound (IrO,) synthesized
in a different way. Thus, we compare our data for IrO,
(100) single-crystal electrodes with literature data for
anodic IrO, films (11-27) and those for IrO, sputtered lay-
ers (42).

By analyzing voltammograms for the IrO, (100) elec-
trode and those for the RuO, single crystals with exposed
surfaces (110), (001), (111), (101), and (100), we find differ-
ences rather than similarities. The behavior of the RuO,
electrodes is highly reversible in the oxide rearrangement
region, and the suggested penetration depth for hydrogen
does not exceed one monolayer. In the case of the IrO,
single crystal, the irreversible character of the major pair
of peaks (A;-C,) for hydrogen injection/ejection processes
[2] remains even at v = 1 mV/s. Moreover, the penetration
depth increases upon cycling, especially when cathodic
limit is below 0 mV and anodic limit exceeds 1300 mV
(OER region).

In the hydrogen region, the voltammetric behavior of
the IrO, (100) electrode shows some similarities with that
of the RuO, (100) surface and the n-TiO, (001) electrode
[there are no electrochemical data for TiO, (100) surface].
For all the three crystals, IrO, (100), RuO, (100), and
n-TiO, (001), there are seen two cathodic adsorption peaks
and only one anodic desorption peak.

In comparison with other single-crystal electrodes, the
overvoltage for hydrogen evolution is very low for the
IrO, (100) electrodes. If the “bleaching” process as de-
scribed for the hydrated anodic IrO, films on the Ir elec-
trodes (13) would take place efficiently on our nonhy-
drated compact IrO, crystals, one would not expect as
sharp a current increase at HER potential as we observed.
Certainly, the decrease in conductivity and hydrogen dif-
fusion into the crystal bulk is rather inefficient in the
case of the IrO, (100) electrode. This observation may be
compared with the effect of cathodization of the n-TiO,
single-crystal electrodes (41) resulting in the modification
of the doping level by the hydrogen injection into the
crystal lattice. An increase in conductivity and the major-
ity carrier concentration is observed in this latter case.

On the basis of the crystallographic structure of IrO,
single crystals and the experimental observations, we
propose a model of the ideal (100) surface being in contact
with an aqueous solution. In this model illustrated in Fig.
7, we attempt to correlate the findings of previous au-
thors (12-14) concerning changes in the composition of
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the TROX films upon cathodization (“bleaching”) and
anodization (“coloration”). The iridium atoms present on
the ideal (100) surface have broken bonds with oxygens
caused by crystal termination. On contact with an aque-
ous electrolyte, the iridium atoms will form active centers
for the adsorption of water molecules that take an orienta-
tion with hydrogens directed toward the electrolyte
phase. A dissociation of the hydrogen-oxygen bonds is
very probable. It has been found by Trasatti and co-
workers (31) that the IrO, powders in aqueous solutions
are highly negatively charged. The XPS studies revealed
(43) that the dissociative adsorption of water molecules al-
ways takes place on the iridium metal samples. A nega-
tively charged IrO, surface should lead immediately to
the attraction of hydronium ions from the solution. The
most stable arrangement of the H,O' ion, in the center of
the unit cell, is shown in Fig. 7. The composition of the
unit cell (two first plane plus surface water) is then HIrO,
- 3H,0, the same as found by Mclntyre et al. (13, 14) for
“bleached” IROX films. On anodization, this composi-
tion should change to IrO, - H,0, what can be achieved by
withdrawal of H,0' ion. We feel that it would be difficult
for hydration and hydrogenation of the next monolayers
of a nonhydrated IrO, single crystal to proceed without
reconstruction of the unit cell. This in turn requires large
energies due to the high activation barriers associated
with reconstructing process. The single protons can even-
tually penetrate into the crystal bulk. Cycling in a wide
potential range may result in a distortion of the surface
lattice and a formation of the next monolayer of the hy-
drated form of IrO, with the expanded unit cell. This pro-
cess could possibly be manifested by an additional pair of
peaks like A',-C’, in Fig. 5b with a high degree of irrever-
sibility.

Comparing the electrochemical behavior of the anodic
hydrated IrO, films on the Ir electrodes described by pre-
vious workers (11-27) with that of the IrO, (100) electrodes
presented in this paper, one observes good reversibility of
the main, hydrogen injection/ejection process [2] repre-
sented by a couple of peaks at 720 mV in the former case
and a high degree of irreversibility of this process (peaks
A,-C,) in the latter case. Also, the reversible potential for
this process is lower for single-crystal electrode (E = 410
mV). In the hydrogen region, CV characteristics for the
anodic IrO, films become sluggish because of the re-
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duced conductivity in the bleached material. This phe-
nomenon is not observed in case of the IrO, (100) elec-
trode as the hydrogen penetration depth is highly
minimized in the single crystal and does not involve more
than perhaps one or two monolayers.

It is characteristic that the sputtered IrO, films (42) ex-
hibit a reversible voltammetric behavior similar to the
IROX (anodic) films, but in contrast to them the revers-
ible potential for the major process [2] is equal E = 450
mV, i.e., very close to the value E = 410 mV we observed
for our single-crystal IrO, (100) electrode. Note that the
density of the sputtered films decreases on operating in
aqueous electrolytes from 10 to 7.8 g/cm® due to water
uptake. These numbers can be compared with the density
for crystalline IrO,, which is equal to 11.68 g/cm® and re-
sembles compact structure of the latter material. On the
other hand, the electric conductivity of the IROX films
changes by four orders of magnitude during the bleach-
ing/coloration process (from 100 to 0.01 Q-cm), while that
of the sputtered layers changes only by one order of mag-
nitude (from 0.01 to 0.001 Q-cm). The specific resistivity
for crystalline IrO, is 10—* Q-cm, and we did not observe
in voltammetric characteristics any significant changes
in resistivity of our single-crystal IrO, electrodes. Thus,
the interatomic distances and water content in IrO,
samples which are determined by the method of synthe-
sis and pretreatment procedure are directly responsible
for both the energy of interaction of hydrogen with IrO,
structure and the degree of reversibility of the hydrogen
injection/ejection process [2]. Also, the electric conductiv-
ity and the penetration depth of hydrogen species into the
electrode material are directly related to the structural
changes caused by preparation conditions.

Conclusion

A highly irreversible behavior of the main electrochem-
ical process of the hydrogen injection/ejection corre-
sponding to Eq. [2] at single-crystal IrO, electrodes has
been described for the (100) surface. It is manifested by a
difference between the voltammetric peak-potentials for
the anodic and cathodic half-reactions which approaches
220 mV at v = 200 mV/s. This behavior can be opposed to
that of the sputtered and anodic IrO, films on the Ir sub-
strates which is reversible. Also, we did not observe char-
acteristic ceasing of the current in the hydrogen region
caused in case of the IROX films by a decrease in electri-
cal conductivity associated with the “bleaching” process.
Instead, a low overvoltage for the hydrogen evolution re-
action has been observed on the IrO, (100) electrodes. All
these differences can be interpreted by a strong retarda-
tion of the hydration and hydrogenation of the compact
IrO, single crystals in comparison with the favorable
compositional changes of the amorphous anodic IrO,
films. These changes can involve layers 100-200 nm thick
in the latter case, while the hydrogen penetration depth
for the IrO, single crystal electrodes does not exceed one
or two monolayers.

Thus, the coloration/bleaching process as described for
the IROX films cannot develop on nonhydrated single-
crystal IrO, electrodes unless their crystallographic struc-
ture is damaged by cycling in a wide potential range.

The energy of major interaction of hydrogen species
with the IrO, single-crystal structure is close to that ob-
served for sputtered IrO, films but differs by ca. 29
kJ/mol (corresponding to 300 mV difference in the revers-
ible potential for reaction [2]) from that for the anodic IrO,
films.
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Finite-Element Method Approach to the Problem of the IR-Potential
Drop and Overpotential Measurements by Means of a Luggin-
Haber Capillary

Koichi Tokuda,* Tatsuro Gueshi,' Koichi Aoki, and Hiroaki Matsuda*

Department of Electronic Chemistry, Graduate School at Nagatsuta, Tokyo Institute of Technology, Nagatsuta,
Midori-ku, Yokohama 227, Japan

ABSTRACT

A finite-element method is applied to the problem of potential distribution around a Luggin-Haber capillary placed
perpendicularly to the planar working electrode for the cases when overpotential is absent and when there is overpoten-
tial which is linear to current density. Approximate equations are presented for the IR-potential drop between the work-
ing electrode and the Luggin-Haber capillary as functions of the outer and inner radii of the capillary tip, the distance
from the capillary tip to the working electrode, conductivity of the solution, and average current density. Approximate
equations which relate the measured overpotential to the true overpotential, the IR-potential drop, and the relevant pa-
rameters are also presented. In the presence of overpotential or polarization, it has been shown that the measured poten-
tial can be regarded as a sum of the true overpotential and the IR-potential drop, provided that the tip of the Luggin-
Haber capillary is placed no closer from the electrode surface than a distance equal to the outer diameter of the capillary
tip.

Measurement or control of the potential of a working
electrode under current flow is of great importance not
only in the studies on electrode kinetics, but also in prac-
tical electrolysis. For this purpose, a Luggin-Haber capil-
lary connected to a reference electrode is usually em-
ployed. The cell voltage of a galvanic cell composed of

*Electrochemical Society Active Member.

'Present address: Sanyo Electric Company, Limited, Research
Center, Hirakata, Oosaka 573, Japan.

the working and reference electrodes is measured or
controlled. Minimization of the ohmic potential drop in-
cluded in the measured or controlled voltage will be
achieved by placing the tip of the Luggin-Haber capillary
as close to the surface of the working electrode as possi-
ble. When the capillary tip is placed very close to the elec-
trode, however, it shields the latter, causing a decrease in
current density and distortion of equipotential surfaces
near the capillary tip, so that the potential measured or
controlled by the capillary corresponds to a spot of the
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electrode at which the current density is much lower than
that in the region of electrode surface sufficiently remote
from the capillary tip.

Piontelli and co-workers (1, 2) and Barnartt (3, 4) per-
formed potential mapping studies using rather large
model electrolysis cells and obtained equipotential maps
around the electrode and capillary tip. Barnartt (3, 4) con-
cluded that the potential inside a capillary of diameter 27,
placed 4r, from one of a pair of parallel-plate electrodes is
equal to that in the undistorted field a distance 2r/3
closer than the capillary tip position.

From a theoretical viewpoint, the solution of the
Laplace equation with appropriate boundary conditions
is required in order to obtain the potential or primary and
secondary current distributions in electrolytic cells. Since
Kasper’s work (5), there have been a number of papers on
the potential and current distributions in electrolysis
cells. Although it is highly desirable to have analytical so-
lutions, they can be given only for simple geometries by
the use of conformal or imaging transformations (6-12).
The recent development of high speed computers has
made it possible to apply various numerical methods to
the problems for more complicated electrode geometries.
A finite difference method was utilized by Klingert et al.
(13) for the computation of the primary and secondary
current distribution in an L-shaped region. Pierini and
Newman (14) employed the superposition technique to
calculate the potential distribution around a disk elec-
trode in axisymmetric cylindrical cells. Fedkiw (15) ap-
plied a perturbation method to the calculation of the pri-
mary current distribution at an electrode with a
sinusoidal profile. An orthogonal collocation technique
(16) and a variational method (17) have also been applied
to current distribution problems. In recent years, the
finite-element method (FEM) has been used in various
fields of engineering (18-20). It is a powerful numerical
procedure for solving the differential equations of physics
and engineering. To our knowledge, the first application
of FEM to electrochemistry was done by Kawai and co-
workers (21-23) for the solution of Fick’s equation and
that coupled with chemical reaction terms. One of the ad-
vantageous properties of FEM is that it allows us to treat
boundary value problems for two- or three-dimensional
regions with irregularly shaped boundaries to which an
analytical approach is usually very difficult. From this
viewpoint, the application of FEM to many problems in
electrochemistry is expected. Recently, Alkire et al. (24)
used FEM to predict the shape changes at a cathode dur-
ing electrodeposition. Sautebin et al. (25) applied FEM to
the simulation of the leveling of triangular surface during
anodic dissolution in electrochemical machining. In our
laboratory, FEM has been used for the calculation of pri-
mary current distribution in a two-dimensional model cell
composed of an electrode with holes (26) and for the cal-
culation of chronopotentiometric i-t curves at the elec-
trodes coated with polymer of uneven thickness (27).

The present paper describes the application of FEM to
the calculation of the potential distribution around the
Luggin-Haber capillary placed perpendicularly to the
working electrode in the cases (i) where overpotential is
absent and (ii) where there is overpotential which is as-
sumed to be linear to current density. This assumption
may be justified if the current densities do not deviate
much from the average current density. Approximate
equations with reasonable accuracies are presented for
the IR-potential drop as functions of the outer and inner
radii of the capillary tip, the distance between the capil-
lary tip and the working electrode, conductivity of the so-
lution, and average current density. Furthermore, approx-
imate equations which relate the measured overpotential
to the true overpotential, the IR-potential drop, and the
relevant parameters are presented. It has been shown that
in the presence of overpotential or polarization the mea-
sured potential can be regarded as a sum of true overpo-
tential and the IR-potential drop when the distance be-
tween the capillary tip and the electrode surface is no
closer than the outer diameter of the capillary tip. A part
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of this work has been published as a preliminary note
(28).

Formulation of the Problem

The electrochemical problem.—Consider an electrolysis
cell composed of three electrodes: a working, an auxil-
iary, and a reference electrode. The variation of electrical
potentials in the cell is schematically shown in Fig. 1. For
convenience, we assume in what follows that the working
electrode acts as a cathode and the auxiliary as an anode.
Since the electrode potential is defined as the difference
between the inner potential of the electrode phase and
that of the solution adjacent to the electrode surface, we
have

EC =y — ¢ (1]

We can assume without any loss of generality that there is
no polarization at the auxiliary electrode and the potential
of the electrode is constant

E* =y — ¢* = const. [2]

We can also assume that the potential of the reference
electrode is constant since current passing through it is
negligibly small and polarization at the electrode can be
ignored. Thus we have

Eret = il — ¢l = const. (3]

In Fig. 1, the variation of potentials is depicted in refer-
ence to the inner potential of the electrolyte solution adja-
cent to the auxiliary electrode, ¢*, which is also assumed
to be constant. Under the equilibrium condition where no
current flows through the cell, the inner potential of the
electrolyte solution is uniform throughout the cell

e = o™ = P [4]
Since the cell voltage is defined as
V- [5]

the cell voltage under the equilibrium condition is given
by

Ve =¥ = ¥ = @ = ¢
= (b — ) = E* = B¢ (6]

When current flows without any overpotential at the
working electrode (cathode), the electrode potential at the

R B a
) e T T ¢
e s,

1

ful| |

ref ref
75 --------- n=0
ref
c p =
7 ?
R ¢r)=0 |
7l
Cathode Reference Anode
electrode

Fig. 1. Schematic diagram of variation of electrical potentials in an
electrolysis cell.
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cathode is equal to that under the equilibrium condition
Eq-of = E. S, ie.

U = Bn=o” = te® — Peu (71

If the electrode reaction occurs at the cathode with over-
potential, 7, then we have

n =E¢— Ep = E° — Ey =W - ¢)
= (Pee® = Peq®) = (P — ¥ + (W — Pui) + Pe’ — @° [8]
In terms of Eq. [4]-[6], Eq. [8] can be rewritten as
1= (V- V) + ¢ = ¢ (9

As stated above, the measured or controlled electrode po-
tential is the potential difference between the terminals of
a galvanic cell composed of the working and the refer-
ence electrodes; that is, the inner potential of the working
electrode against that of the reference electrode

(EYm = ¢ = g (10]

Thus, the equilibrium potential of the working electrode
is given by

(EeaIm = ¥ea® = Yo" = Ee* — E (11]

The IR-potential drop, AV}, due to the solution resistance
can be given as the difference between the measured po-
tential of the working electrode when current flows with-
out any overpotential and that at equilibrium

—AVig = (Enet)m — (Em")m [12]

where AV}, is taken to be positive. Equation [12] can be
written as

AV = (W - d"n:n"") = (E‘.‘," — E™h)
=P = Pyt + ¢n:om — g™ = (Ecq(. — E*) + ¢n-o® — dpo™'
= ¢n:0r = ¢n="r¢~r [13]

where the last expression is obvious from Fig. 1. On the
other hand, the measurable overpotential is given by

(M = EVWm = Een = ¥ = ™ = ot = $"™)
= = Pe) — B = ¥) + (P, — P
==V - V) + (¢* = ¢ [14]

The electrolytic cell model.—Figure 2 shows the sche-
matic diagram of the axisymmetric cylindrical cell to-
gether with the cylindrical coordinates employed for the
analysis. The cathode (working electrode) and the anode,
facing each other, are located in the planes z = 0 and z =
25r,, respectively, where 7, denotes the outer radius of the
Luggin capillary. The cell has a cylindrical insulator wall
at r = 157,. The following two cases are treated: (i) the
Luggin capillary is placed in front of the cathode, the tip
of the capillary is at z = d, and (ii) the capillary is placed
through the back of the cathode, its tip being flush with
the front surface of the cathode. In either case, z-axis is
taken as the center axis of the capillary. Although the
choice of the distance between the cathode and the anode
(257,) and the position of the insulator wall (157,) is arbi-
trary, these are chosen so that the presence of the capil-
lary does not affect the potential or current distributions
in the vicinities of the anode or the insulator wall. It has
been confirmed that the use of the values larger than 257,
and 157, has little effect on the calculated results.

The boundary value problem.—Inner potential in the so-
lution satisfies the Laplace equation

Vi = a*¢lor® + r='9¢/or + 0*}laz2 = 0 [15]
The boundary conditions are as follows: at anode (I'*)
¢ =¢" [16]
at cathode (I')
¢=0 [17]
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Fig. 2. Schematic diagram of axisymmetric cylindrical model cell
and the cylindrical dinat ployed for the analysis. The Luggin-
Haber capillary is placed along the center axis either in front of the
cathode or through the back of the cathode.

when there is no overpotential, or
S(re, [8d/on]re) = 0 [18]

when there is overpotential, and at insulator surface or
symmetric axis (I'))

aglan = 0 [19]

where n is the outward normal and the function f defines
the potential-current density relationship.

In this paper, we assume that the overpotential is given
as a linear function of current density (29)

n=m+hj [20]

where n, and h are constants. Although, in general, such a
relation does not hold over a wide range of current densi-
ties, this approximation may be adequate so far as the
current densities do not deviate too much from the aver-
age current density. Since the current density at the cath-
ode is given by

j = —«k(0¢ld2)..o [21]

where the sign of cathodic current is taken to be negative
and « is conductivity of the solution, we have in place of
Eq. [18]

N = Mo — he(@Plaz). o [22]
or, by the use of Eq. [9]
¢t — ¢ — (V= V.) = ny — he(dd/dz)., [23]
With the transformation of the variables
O =1 - (¢ = UV = Vi + my)] [24]
R =r1/r, [25]
Z=2z/r, [26]
and
n* = n/r, [27]
our boundary value problem is given as
#®/aR* + R™'9®/aR + 0*®/0Z* = 0 [28]
at I'*
& = Ppo [29]
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at I«
® = 0or ® = (h«/r,)(0P/dZ) [30]

atI'
ad/an* = 0 [31]
The FEM representation of the problem.—Now divide
the domain Q to be analyzed into a number of finite ele-

ments and let the potential ® at any point within a finite
element (e) be approximated by

® = [NOHD} [32]

where [N“'] is a row vector of interpolation (or shape)
function of element (e), and {®"’} is a column vector com-
posed of nodal values. Using [N'’] as weighting functions,
applying the Galerkin method to Eq. [28], we have
Jn[N(l')]T(a‘Lq)(P)/aRZ + R~|a¢(€)/aR

+ a:d'/9Z%) dQ = 0 [33]

where superscript T denotes a transpose and dQ =
Rd6dRdZ because of axisymmetry. Performing the inte-
gration in Eq. [33] by parts and using the Green Gauss
theorem yields local finite-element equations

(KD} = {f} [34]
where
(k'] = 27 [qr {G[N“]"/6R)(G[NY3R)
+ ([N"]"/0Z)(d[N"V3Z )}RARAZ
+ 2m(r/hk) [ [NT[N]RAR [35]
() = 27 [irerra) [NOT'G[N’Y8Z)RAR [36]

In the derivation of Eq. [35] and [36], boundary conditions
[30] and [31] have been taken into account. The global
finite-element equations are obtained by assembling the
contributions of each element equation

[KK®} = {F} [37]
where
Z:Z/)"o
51 /
4

2
/
1
N 1
E
0 LI
0 1 2 3 4 5

R:f‘/)"o

Fig. 3. Example of quadrilateral element grid used in the analysis
for the geometry d/r, = 0.5 and r/r, = 0.75. Shaded part for Z = 0.5
indicates the cross section of the capillary wall, and that for Z < 0
denotes the cathode.
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{0} = 3 (@) [K] = Y [K]; {F} = D, (f) [38]

Procedure of computation.—Since our problem is
axisymmetric, the region Q was divided into a number of
ring elements obtained by revolving quadrilaterals. Quad-
ratic elements were employed. Division of Q into
isoparametric quadratic quadrilateral elements and num-
bering of nodes were carried out semiautomatically by
use of a FORTRAN program which is a modified version
of one proposed by Cohen (30). The region O was usually
divided into ca. 200 elements and thus had 1000 ~ 1200
nodes. Automatic renumbering of nodes was employed to
minimize the bandwidth of the global matrix [K] (31). Ex-
amples of the parts of element grid thus divided are
shown in Fig. 3 and 7. The region where sharp potential
change is considered to occur was divided into smaller el-
ements than other region. It is well known that the
boundary between the electrode and the insulator wall
(e.g., the point at Z = 0 and R = 1 in Fig. 7) is a mathemat-
ical singular boundary where the derivative of potential is
discontinuous. For the elements including such a singular
point, singular elements introduced by Henshell and
Shaw were employed (32). The global matrix was assem-
bled by the stiffness method and then altered according
to the boundary conditions given by Eq. [29] and [30]. The
set of simultaneous equations was solved by the Gauss
elimination method.

Calculations were carried out for various values of pa-
rameters, r/r, (0.0 ~ 1.0), d/7, (0.1 ~ 4.0), and h«/r, (0.0 ~
20.0). ®* was taken to be 25.0.

Results and Discussion

Primary potential distribution and the IR potential
drop.—Figure 4 shows, as an example, the potential distri-
bution around the Luggin-Haber capillary calculated for
geometry d/r, = 0.5 and r/r, = 0.75 based on the element
grid, part of which is shown in Fig. 3, and for h = 0 and 7,
= 0, i.e., when there is no overpotential. It can be seen
that the presence of the capillary causes distortion of
equipotential surfaces only in the vicinity of the capillary
tip and that the potential distribution in the solution re-
gion farther than 2r, from the capillary tip is almost equal
to that in the absence of the capillary. The value of poten-
tial in the capillary becomes constant in the region about

Z:Z/T‘O

gt 5.0
4L 4.0
3Ll 3.0

R:r/ro

Fig. 4. Primary potential distribution around the capillary tip for the
electrode geometry shown in Fig. 3. Numerals on the curves indicate
values of function ®.



2394

27, inside from the tip. The difference between this poten-
tial and that of the working electrode surface corresponds
to the IR-drop involved in the measured electrode poten-
tial. Although the equipotential surfaces in Fig. 4 are
given net in ¢ but in @, it can be seen from Eq. [24] that
the real potential distribution is similar to that in Fig. 4.

The current density at the cathode is given by Eq. [21].
By use of Eq. [21], [24], and [26] and condition 7, = 0, we
have

J ==V = V)T, DN IPIOZ) -0 [39]

Thus the current density at the place sufficiently remote
from the capillary is given by

i® = —(V = Ve )/, @) @P/OZ) ;0.8 (40]
Then we have
3/5* = (ODI0Z)-l(dPIIZ) 0.1 [41]

Variations of relative current distribution j/j* near the
capillary tip with the distance from the center axis are
shown in Fig. 5 for /7, = 0.75 when d/r, is changed. As a
matter of fact, one can see that the more remotely the cap-
illary tip is placed from the electrode surface, the less dis-
tortion of the current distribution there is. This figure
also reveals that only the part of the electrode just below
the capillary tip is shielded and that the current density
becomes almost uniform in the region r = 3r,. In addi-
tion, it has been found that the thinner the capillary wall,
the less the distortion of the current distribution, al-
though this is not shown in the figure.

Now we consider the IR-potential drop, AV, due to the
solution resistance under the effect of the presence of the
capillary. This can be given by Eq. [13]. Eliminating ¢
from Eq. [13] and [24] and using the condition, ®,.,* = 0
yields

AV = (V = Vo) Ppy /P2 [42]

Dividing Eq. [42] by Eq. [40] and rearranging the resulting
equation gives

AV = (=51 /)P NIP! 0Z);- 0.1t [43]

Values of (—«/rj")AV,, are plotted in Fig. 6 against d/r, for
several values of ry/r,. The straight dot-dashed line corre-
sponds to the uniform potential distribution when there
is no capillary. It can be seen from Fig. 6 that the IR-
potential drop measured with the capillary is a function
of both d/r, and r/r, and that when d/r, is larger than 2,
the measured value of AV}, is smaller by a constant value
than the value which would be observed in the absence of
the capillary. We tried to express this dependence of AV,

1.0

0.8

0.6

8 r/re= 0.75
< dfry=
- @ 0.1
04 ® 0.2
© 0.5
O 1.0
€ 2.0
0.2 (F) 3.0
1.0

(G)

0.0

Fig. 5. Effect of the distance between the capillary tip and the cath-
ode on the relative primary current density distribution at the cathode
near the capillary tip.
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Fig. 6. Dependence of IR-potential drop measured with Luggin-
Haber capillary on the distance between capillary tip and the cathode
and on the thickness of capillary wall.

on d/r, and r/r, in terms of elementary functions and ob-
tained the following approximate equation with reason-
able accuracy

AV = (=§*/0)[d - 1,0{l — 0.1898 exp (-1.51d/r,)
— 0.8102 exp (-1.757d/7,)}] [44]
where o is a function of 7,/r, given by
o = 0.780{1 — 0.01896(r;/r,) — 0.08812(r/,)*
= 0.1739(ri/7,)%} [45]

The curved lines in Fig. 6 are those calculated from Eq.
[44] and [45]. Equation [45] indicates that the effect of the
thickness of the capillary wall is rather small since the
value of o changes only from 0.78 to 0.56 when r; is
changed from 0 to ,. If the value of d/r, exceeds 2.8, then
the exponential terms in Eq. [44] are negligible within an
error of 1%, and hence Eq. [44] reduces to

AV = (=57)(d — 7,0) [46]

Barnartt (3) proposed 2/3 as a value of o for d/r, = 4
from his experiment using a model capillary of r,/r, = 2/3.
Introducing this value into Eq. [45] yields o = 0.699,
which is 5% higher than the value 2/3 proposed by Bar-
nartt. It can be said that these values are in good agree-
ment if we consider that the experimental value might
have some contribution of polarization. Piontelli et al. (2)
concluded from the experiment with capillaries of varied
wall thickness from r;/r, = 0.08-1 that o = 0.6 for d/r, = 6
and that the approximate equation can be used practi-
cally even for d/r, = 2. They also demonstrated that o is
dependent on the ratio 7;/7, and varies from 0.714 to 0.476
when r;/7, changes from 0.08 to 1 for d/r, >> 1. The dis-
crepancy between these values and those calculated from
Eq. [45] may result from their semicylindrical model cell,
the diameter of which is 200 mm, being too small for the
model capillary of 63 mm diam.

The primary potential and current distributions were
also calculated for the electrode geometry where the cap-
illary is placed through the back of the working electrode.
Figure 7 shows an example of the element grid for the ge-
ometry r;/7, = 0.75 employed in the FEM calculation. The
primary potential distribution is depicted in Fig. 8, which
reveals that the equipotential surfaces are almost parallel
to the cathode surface if r < 27, or z < 2.57,. The potential
measured by the Luggin-Haber capillary depends on the
inner radius of the capillary; the thinner the capillary
wall, the higher the measured potential value. The rela-
tive primary current density distribution at such an elec-
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Fig. 7. Part of the quadrilateral element grid used in the analysis
for the electrode geometry where the capillary is placed through the
back of the cathode. r//r, = 0.75. Shaded part for 0.5 <R < 1.0 in-
dicates the cross section of the capillary, and that for R = 1.0 does
the cathode.
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Fig. 8. Primary potential distribution around the capillary tip for the
electrode geometry shown in Fig. 7. Numerals on the curves indicate
values of function .

trode geometry is shown in Fig. 9. It will be seen that the
current density becomes infinity at the boundary be-
tween the cathode and the Luggin-Haber capillary wall.
Variation of the IR-potential drop calculated from Eq. [41]
with the ratio r,/r, is depicted in Fig. 10. It was found that
the potential drop AV, can be approximated as a function
of r,/r, by

AVylkir, 7)) = 0.64 exp [~0.018(r/7,)
= 0.159(ry/7,)* — 0.24(ry/7,)"] — 0.082(r/7)"* [47]

This equation is valid within an error of 0.01 or a relative
error of 2.2%.
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Fig. 9. Relative primary and secondary current density distributions
at the cathode for the geometry shown in Fig. 7.
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Fig. 10. IR-potential drop measured with the capillary placed
through the back of the electrode as a function of ri/r,.

Secondary potential distribution and overpotential
measured by Luggin-Haber capillary.—In the presence of
overpotential, the electrode potential of the cathode is a
function of position or R = r/r,. On the assumption of the
linear relation between the overpotential and the current
density given by Eq. [22], we can use a quantity h«/r, as a
single parameter expressing the effect of overpotential on
the potential distribution in the electrolytic cell as can be
seen from the foregoing derivation in the Theoretical sec-
tion. The parameter is known as the Wagner number (12),
and is defined by

Wa = (dn/dj)(x/L) = h«lt, [48]

where L is the characteristic length and is taken to be
equal to ,. If the current density-overpotential relation is
given by the Tafel equation and is approximated by the
linear relation [20], then h is given by b/j*, where b is the
Tafel coefficient.
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The potential distributions for the electrode geometries
shown in Fig. 3 and 7 are depicted in Fig. 11 and 12, re-
spectively, for hx/r, = 1.0. Contrary to the case in the ab-
sence of overpotential shown in Fig. 4 and 8, the potential
at the cathode surface is a function of position in the pres-
ence of overpotential, which is manifested in Fig. 11 and
12 by the equipotential surfaces intersecting with the
cathode surface. One can see, however, that the distortion
of equipotential surfaces are confined only to the region
close to the capillary tip. Current density in the presence
of overpotential is written in terms of ® by

J ==V = Ve + n)(k/1,P)AD/OZ )1-0 [49]

Z:Z/)"o
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Fig. 11. Secondary potential distribution around the capillary tip for
the electrode geometry shown in Fig. 3 for hx/r, = 1.0. Numerals on
the curves show values of function ®.
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Fig. 12. Secondary potential distribution around the capillary tip for
the electrode geometry shown in Fig. 7 for hk/r, = 1.0. Numerals on
the curves show values of function ®.
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The relative current density distribution is calculated
from Eq. [41] which is also obtained from Eq. [49] or di-
rectly from

]/]“ = ¢z:n’¢z=<1.lra1 [50]

This equation is obtained from Eq. [41] and [30]. In Fig.
13, variations of the relative current density distribution
with the distance from the center axis are shown for the
geometry of r,/r, = 0.75 and d/r, = 1.0 and for the various
values of the Wagner number h«/r,. For the electrode ge-
ometry depicted in Fig. 7, the effect of h«/r, on the cur-
rent density distribution is shown in Fig. 9. Figures 13
and 9 indicate that the more uniform current density dis-
tribution is obtained as the h«/r, value becomes higher,
i.e., the higher the overpotential or the conductivity of the
solution, and that the presence of the capillary has little
effect on the current density distribution of the electrode
region r = 37,.

Evaluation of true overpotential.—It is of interest to ex-
amine the significance of the measured overpotential,
(Mn- We have, from Eq. [14], [24], and [49]

(Mm = Mo + G°1/)PNIPIIZ), 0.8~ [51]
From Eq. [51] and [43] it follows

7T (M + AV — m}
= ONOPIIZ) -0 1—s — Pr-o™NOPIIZ) - .1t [52]

Values of («/j*r ){(m)n + AVyx — m,} calculated from the
right-hand side of Eq. [52] are plotted against hk/7, in Fig.
14 for varied values of d/7,. One can see the plot is almost
linear and has unity slope when d/r, = 2. We tried to find
an approximate equation which expresses the term {(7),
= (my + hj™) + AV,,;} as a simple function of hx/7, and ob-
tained the following relation

(M = (my + hj*) — AV — G*r/i)eiheir (e, + he/7,)}
[53]

where ¢, and ¢, are coefficients which depend on d/7, and
/7, and can be expressed by

¢, = 0.402 exp [—0.709(d/r,)]

+[2.5 — 1.3(ri/r,)] exp [-2.8(d/7,)] [54]
and
c, = —0.963 + 2.93(d/r,)"*™ [55]
1.0
0.8
(A) no overpotentlal
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Fig. 13. Dependence of relative current density distribution around
the capillary tip upon the parameter h«ir, for the electrode geometry
of rifr, = 0.75 and d/r, = 1.0. Curve A is identical with curve D in
Fig. 5.
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respectively. Equations [53]-(55] are valid for d/r, = 0.5
and 0.5 < r;/r, < 1.0 within the relative error of 2%. Al-
though the error involved in Eq. [53]-[55] becomes larger
for values of d/r, less than 0.5 and these equations cannot
be used, it is not recommended that one place the tip of
the Luggin-Haber capillary closer than 0.5r, from the elec-
trode surface as will be seen from the discussion below.
Figure 15 shows the plots of («/7J*H{(m)m — (ny + hj™) +
AV}, which is equivalent to —c,(hx/r)/(c, + hk/r,), against
d/r, for three values of hx/7,. One can see from Eq. [54]
that the values of ¢, are small when d/7, = 2, and also see
from Fig. 15 that the values of —(«x/7J*){(Mun — (M, + hj*) +
AV,} are very small irrespective of the value of hk/7,
when d/r, = 2. It has also been found that values of
KITIH(MDwm — (M, + h§*) + AV} scarcely depend on r/7,.
These facts indicate that the last term on the right-hand
side of Eq. [53] can be neglected and the following ap-
proximate equation

(M = (o + hj*) — AV [56]

is valid under the condition d = 2r,. This means that as
far as the distance between the capillary tip and the elec-
trode surface is larger than the outer diameter of the cap-
illary tip, the measured overpotential can be regarded as a
sum of the true overpotential (n, + hj*) and the potential

hK/rq

Fig. 14. Variation of the difference between the measured over-
potential and IR-potential drop with the value of the parameter hx/r,
for the electrode geometries of r/r, = 0.75 and varied values of d/r,.

1.0
r ~ === thK/r,=20
0.8f ‘\\\ —im i SAK/ P =S
\\\\ ——e==lhx/r =1
0.6} \\‘\

=(&/r, ™) L) = (g + =)+ 4V R D
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drop due to the solution resistance, (—AV,). In other
words, if the capillary tip is located at a distance from the
electrode surface closer than its diameter, the effect of the
shielding of the electrode surface by the capillary can no
more be neglected. One can see from Fig. 15 that the mea-
sured overpotential is always equal to or larger than the
sum of the true overpotential and the IR-potential drop.

For the electrode geometry where the capillary is
placed through the back of cathode, Fig. 16 shows plots
similar to those in Fig. 14 and 15. It has been established
that the following approximate equation holds

(M = (my + hj™) = AV + G@r/0)[cs(hlro) e, + (huiTo))]
[57]

where c,, ¢,, and p are coefficients which are functions of
1;/7,- We obtained simple approximate equations for these
coefficients

¢y = 0.338 + 0.0691(r,/7,)* + 0.0377(r,/7,)* [58]
¢, = 1.138 + 0.229(r,/7,)* — 0.633(r,/7,)* [59]
p = 0.719 — 0.0281(r/7,) [60]

Using Eq. [57}[60], (7)., can be calculated within 3% rela-
tive error. Although there occurs no shielding of the elec-
trode surface in this case, one can note that the absolute
value of the measured potential is always larger than the
sum of the values of true overpotential and the IR-poten-
tial drop, It can be said that although this electrode geom-
etry looks sophisticated, it is not recommended for
practical use in view of the above fact and the difficulty
in fabrication except for the case where the disturbance
of electrolyte solution flow due to the presence of the
Luggin-Haber capillary should be avoided.

Conclusion

Potential and current distributions around the Luggin-
Haber capillary placed perpendicularly to the plane elec-
trode surface have been obtained by solving Laplace
equation with a finite element method. Approximate
equations with reasonable accuracy have been presented
for the IR-potential drop as functions of the outer and in-
ner radii of the capillary tip, distance between the capil-
lary tip and the working electrode, conductivity of the so-
lution, and average current density. Approximate
equations which relate the measured overpotential to the
true overpotential, the IR-potential drop, and the relevant
parameters have also been presented. In the presence of
overpotential, it has been confirmed that the measured
potential can be regarded as a sum of the true overpoten-
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Fig. 16. Plots of the difference between the measured overpotential
and IR-potential drop, and the difference between the measured over-

potential and the sum of true (! ial and IR-p
the position of the capillary tip.

ial drop on

P ial and the sum of true overp ial and IR-p ial drop
against the parameter h«/r, for the electrode geometry where the
Luggin capillary is placed through the back of the electrode.
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tial and the IR-potential drop provided that the tip of the
capillary is placed not closer from the electrode surface
than the distance equal to the diameter of the capillary

tip.
Manuscript submitted Dec. 26, 1984; revised manu-
script received ca. March 28, 1985.
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LIST OF SYMBOLS

¢y, €y, €3, ¢4 coefficients in Eq. [53] and [57]

d distance between the capillary tip and the cathode
(m)
electrode potential (V)

{f“}  element flux vector

{F} global flux vector

h constant (see Eq. [18]) (2-m?

'] current density (A-m—2)

J* current density at the place sufficiently distant
from the capillary (A-m—?)

[k]  element coefficient matrix

[K] global coefficient matrix
characteristic length (m)

n normal boundary coordinate (m)

n* transformed normal boundary coordinate
[N“] row matrix of interpolation functions

P coefficient in Eq. [57]

r radial coordinate (m)

i inner radius of the Luggin-Haber capillary (m)
L outer radius of the Luggin-Haber capillary (m)

transformed radial coordinate
\% cell voltage (V)
AV, IR-potential drop (V)
Wa Wagner number
2 axial coordinate (m)
V4 transformed axial coordinate

Greek characters

boundary or surface of the region analyzed
overpotential (V)

constant (see Eq. [18]) (V)

angular coordinate

conductivity of solution (S-m~-')

inner potential of solution (V)

transformed potential function

inner potential of electrode (V)

region to be analyzed

DE B DII T

Superscripts

a anode

c cathode

(e) element

i insulator

ref reference electrode
T transpose of matrix
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Subscripts
eq at equilibrium
n=0 without overpotential
m measured or measurable
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Electrochemistry of Molten Calcium Nitrate Tetrahydrate

Keith E. Johnson* and F. Wayne Yerhoff
Department of Chemistry, University of Regina, Regina, Saskatchewan, Canada S4S 0A2

ABSTRACT

The electrochemical properties of calcium nitrate tetrahydrate were studied by voltammetry, coulometry, and chem-
ical analysis. The electrolyte anode reaction was oxidation of water to oxygen on either gold or platinum. The major re-
action at a gold cathode was reduction of nitrate to nitrite and a solid calcium hydroxide electrode film. Small amounts
of oxygen and more than the theoretically predicted quantity of nitrite were detected, suggesting a secondary chemical
reaction. The reduction reaction at platinum gave 50-75% of the theoretical yield of nitrite. The voltammetric behavior of

OH-, NO,, and HNQ,; in this system were studied.

Molten calcium nitrate tetrahydrate and similar molten
hydrates are of considerable interest as solvents with
properties intermediate between those of aqueous colu-
tions and ionic melts. Conductance measurements (1),
additivity of molar volumes (2), PMR studies (3),
entropies of solution (4), diffusion coefficients [(5, 6) but
see Ref. (7)], acoustic velocity measurements (8), and
x-ray diffraction measurements (9) all indicate that the
water molecules in calcium nitrate tetrahydrate melts are
strongly coordinated to the calcium ion. The result is a
liquid with the properties of an ionic melt composed of
bulky (Ca(H,0),)'* cations and nitrate anions. The low
melting point of this compound (42.7°C), together with a
metastable supercooled phase extending to room temper-
ature, thus allows the direct comparison of an “ionic” sol-
vent with dilute aqueous solutions.

Calcium nitrate tetrahydrate has been used as a sup-
porting electrolyte in the electrochemical investigation of
a number of cations (5-7, 10-15). Courgnaud and Tremil-
lion (16) have investigated the electrochemistry of the
molten hydrate itself at gold and platinum electrodes
using bulk electrolysis followed by chemical analysis and
single sweep voltammetry. The anode reaction was found
to give oxygen and protons, as expected for water elec-
trolysis, but at a potential almost 0.7V more negative for
Au than for Pt. The authors concluded, on the basis of
their finding no detectable concentration of nitrite ion
after electrolysis with a platinum cathode, that the elec-
trolytic reduction of this melt also involved only water.
Like the anode reaction, reduction appeared to occur at a
more negative potential (by 0.3V) at gold than at pla-
tinum.

These solvent electrolysis properties, as described, ap-
peared useful for a coal electrogasification study we had
undertaken, since only water was electrolyzed and some
control over initial decomposition potentials appeared to
be available simply by changing electrode materials. Our
preliminary results, however, did not correspond to those
reported, and we therefore reexamined in detail the elec-
trochemical properties of calcium nitrate tetrahydrate.

Experimental

Calcium nitrate tetrahydrate (Fisher certified ACS or
BDH analytical reagent) was used without further
purification. Dehydration in vacuo at room temperature,
then at 150°C, gave a hydration number of 4.00 + 0.01.
Certified ACS sodium nitrite (Fisher), calcium hydroxide
Fisher), and nitric acid (CIL) were also used without
purification. Electrodes were of 99.999% Pt or Au
(Johnson, Matthey, and Mallory) sealed in soft glass.
Microelectrodes were ground to a flat surface with a
Bethlehem 7a7 CWI12 glass grinding wheel; electrode
areas, measured by optical micrometry, were 0.018 mm?
for Pt and 0.066 mm? for Au.

Cyclic voltammograms were obtained using a Metrohm
E626 Polarecord and E612 VA Scanner plus a Houston In-
struments RE0074 X-Y recorder. All electrochemical mea-
surements were made relative to a 0.05m Ag'/Ag in
Ca(NO,), - 4H,0 reference electrode consisting of a 0.8 mm
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diam silver wire dipped in the silver ion solution con-
tained in a narrow glass tube ending in a porous ceramic
plug. This system has been shown to be well behaved in
calcium nitrate tetrahydrate melts (4). The micro-
electrode, reference electrode, and a spiral Pt wire
counterelectrode were mounted in a rubber stopper
which was fitted tightly into the cell containing the solu-
tion in Ca(NO,),-4H,0 to prevent loss of water.
Voltammograms of electrolytes in this solvent were made
first upon a weighed amount of the most concentrated
solution. Weighed amounts of pure solvent were then
added with thorough mixing to give the lower concentra-
tions measured. Solutions were maintained at 70.0 + 0.1°C
using a Polyscience Polytemp bath thermostat. No inert
gasses were passed through the solution once it had been
confirmed that oxygen was too insoluble to be detected
in this system (6, 16).

Bulk electrolysis was performed using a Fisher
controlled potential electroanalyzer; current was mea-
sured using a Weston Instruments milliammeter, and to-
tal charge calculated by graphical analysis of the current-
time curve. The cell was equipped with a cathode
compartment, consisting of a 2.5 cm diam glass tube end-
ing in a fine sintered glass frit, which was suspended
from the rubber cell cover so as to be easily removed.
After electrolysis, the cathode compartment plus the Au
(16 cm?) or Pt (19 cm?) plate cathode was removed, rinsed
off with water, dried, and weighed. The catholyte was
thoroughly mixed, and then weighed samples taken for
analysis. Finally, the cathode cell components were
washed, dried, and weighed to give the total weight of
catholyte (25-30g). After the longer electrolyses, nitrite
was also detectable in the anolyte, presumably because of
leakage through the fritted disk; this quantity was in-
cluded in the nitrite total.

A weighed sample of electrolyzed material in aqueous
solution was tested for nitrite by addition of sulfanil-
amide and N(l-naphythyl)-ethylenediamine dihydrochlo-
ride (Marshall’s reagent), followed by comparison of the
550 nm absorption of the diazo compound thus formed
with external standards. The total concentration of
reducing agents formed by electrolysis was measured by
adding a weighed sample of electrolyzed melt to water or
cold saturated H,BO, solution, adding a measured quan-
tity of standard Ce(IV) solution sufficient to oxidize all
reducing agents, and backtitrating with standard Fe(II)
using “ferroin” indicator.

Gas analysis was run in cells with a sealed anode or
cathode compartment connected to a “Tedlar” gas
sampling bag and arranged to allow flushing of the sys-
tem with purified nitrogen. Two plates were arranged to
allow complete emptying of the gas bag by squeezing.
The system was flushed with nitrogen, and the gas bag
was emptied, after which the electrolysis was run. After
electrolysis, gas was transferred from the sampling bag to
a gas measuring apparatus to give the total quantity of
gas produced. Gas analysis was performed using a Carle
AGC-311 gas chromatograph, with a thermistor detector
calibrated to allow quantitative determination of the gas
composition.
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Results

The products of oxidation of pure calcium nitrate
tetrahydrate (90°-95°C, +1.3V vs. Ag/Ag' reference) at a
platinum anode were oxygen and nitric acid, as reported
(16). The nitric acid concentration in the gases above the
electrolyte was substantial, and resulted in chemical at-
tack on the gas sampling bag used in the apparatus, as
well as any rubber or tygon seals or connectors used. The
measured quantity of oxygen produced in such cases was
somewhat variable. In a glass apparatus plus sampling
bag with relatively short contact times or in runs where
the theoretical amount of Ca(OH), had been added to neu-
tralize HNO,, oxygen production was 100+ 5% of theoreti-
cal.

The major product of reduction at a gold cathode
(90°-95°C, —1.2 to —1.3V) was nitrite, detected both by
specific analysis for nitrite and by quantitative analysis
for reducing agents (methods agreed within 1%). Figure 1
shows the total amount of NO,- as a percentage of the
theoretical yield relative to the total number of coulombs
passed. The amount of nitrite detected in excess of 100%
(8% at 68C) was well above the total estimated error. The
only significant gaseous cathode product was a small
amount of oxygen observed after extensive electrolysis
(100-350C), amounting to 5-10% of the theoretical nitrite
value. After the most extensive electrolysis, traces of hy-
drogen and nitrous oxide were also detected by GC.

The major product of reduction of calcium nitrate
tetrahydrate at a platinum cathode (90°-95°C, —1.2 to
—1.3V) was again nitrite ion, although in considerably
lower yield. Figure 1 shows nitrite produced at a Pt elec-
trode, cleaned in concentrated nitric acid before each run,
as a function of total coulombs passed. Electrodes not
cleaned in a systematic manner before use gave less regu-
lar nitrite/coulomb relationships. A white, water-insoluble
film was again formed on the electrode. Gas bubble for-
mation on the electrode was sometimes observed to a
slight extent. No measurable volume of gaseous products
could be detected. Electrolysis under a propane atmo-
sphere showed no significant production of nitrogen.
The possibility that water was being reduced at the cath-

-
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Fig. 1. Total amount of nitrite produced as a percentage of the theo-
retical yield by electrolysis of calcium nitrate tetrahydrate melt at
90°-95°C using a platinum (19 cm?) or a gold (16 cm?) plate cathode.
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ode to hydrogen, which then reacted chemically with ni-
trate or nitrite, was tested: no sign of reaction between
hydrogen gas and calcium nitrate tetrahydrate with or
without added nitrite ion could be detected after contact
with stirring at 95°C for 3 days. The possibility of further
reduction of nitrite ion at the electrode was also consid-
ered: no significant quantities of the gaseous reduction
products NO, N,O, or N, were detected by GC, nor was
any trace of the characteristic color of NO, or the charac-
teristic smell of NH; observed at any time. In two cases
the catholyte was analyzed both for reducing substances
[by Ce(IV)/Fe(I) redox titration] and spectrophotometri-
cally for nitrite. The reducing capacity of the catholyte
was found to be equivalent to the quantity of nitrite pres-
ent, indicating that no other soluble oxidizable products
of NO,~ reduction had been formed.

Calcium nitrate tetrahydrate electrochemistry was also
examined by means of linear sweep and cyclic voltam-
metry. Figure 2 shows full range (+2.0 to —2.5V) and par-
tial range (+1.4 to —1.2V) cyclic voltammograms obtained
for this electrolyte using both gold and platinum elec-
trodes relative to 0.05m Ag'/Ag in calcium nitrate
tetrahydrate. Table I summarizes the peak current poten-
tials observed, along with the reactions represented and
the symbols identifying these peaks in Fig. 2. The electro-
lyte oxidation potentials were found to be similar
(1.1-1.3V) for both Au and Pt, in contrast to the previously
reported (16) difference of 0.7V. The major cathodic pro-
cess was attributed, from the chemical evidence, to reduc-
tion of nitrate to nitrite with concommitant formation of
an insulating film on the electrode. The apparent peak A
in Fig. 2, which occurred consistently at —1.5V with both
Au and Pt electrodes at 50 mV/s, was an artifact of film
formation. If the reverse sweep potential was not taken
above 0.7-0.8V, all current flow ceased. Increasing the
sweep rate resulted in large cathodic shifts in the “peak”
position as well as large increases in the maximum
current.

The electrode film produced during reduction of ni-
trate was removed by the oxidative process giving rise to
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A |
1, E 1o
mA/mm? ]
B 42+
Au 50mV/s A ]
k '2'
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Fig. 2. Cyclic voltammograms of calcium nitrate tetrahydrate at
70.0°C using a platinum or a gold microelectrode. a: +2.0 to —2.5V b:
+1.5t0 —1.1V.
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Table I. Cyclic voltammetry peak potential values vs. Ag'/Ag for Ca(NO,), - 4H,0 melt
Peak potential (V) [E, - EJ2] (V) Fig. 2
Electrode reaction u Pt Au Pt Symbol
Anodic sweep
NO, - oxidation +0.4 +0.5 0.15 0.15 Peak D
OH - oxidation +1.0 +0.9 0.10 0.14 Peak C
Ca(OH,) solid film = +0.9 = +0.8 =05 =03 Peak B
H,0 oxidation > +1.2 > +1.2 — — —
Cathodic sweep
Oxide film reduction +0.6 — 0.03 = Peak Z
HNO, reduction +0.1 +0.1 0.07 0.08 Peak E
Unidentified reduction — -1.2 — 0.1 Peak X
NO, - reduction -1.5" "—1.5" — — Peak A

anodic peak B of Fig. 2 in the area of 0.8-1.3V. This peak
was not observed where the cathodic sweep did not go
beyond —1.0V. The cyclic voltammogram of calcium hy-
droxide solution in calcium nitrate tetrahydrate between
+0.5 and +1.3V showed a single broad anodic peak with
no cathodic peak, rapidly decreasing on subsequent cy-
cles. Peak voltages were similar for Au and Pt electrodes
(Table II). The single sweep peak current varied linearly
with concentration for both electrodes up to approxi-
mately 0.02m, giving lines with similar slopes. A linear re-
lationship between peak current and the square root of
scan rate was found for scan rates from 10 to 300 mV/s for
both metals, with a similar slope and small negative cur-
rent intercept for each. A corresponding peak (peak C,
Fig. 2) is observed for pure solvent only in the limited
range sweeps, where film formation is not extensive
enough to block all current flow.

Voltammetry cycles between +1.3 and —1.3V in the
pure melt gave rise to an additional anodic peak at ap-
proximately +0.5V on a gold electrode (peak D, Fig. 2).
This was identified as the oxidation peak of nitrite ion by
studies of dilute solutions of sodium nitrite. Cyclic
voltammograms of such solutions showed a broad peak
near +0.5V (Table II) with both Au and Pt electrodes;
peak currents decreased rapidly on subsequent cycles.
Both metals also gave a small shoulder about 0.2V less
anodic, which disappeared on subsequent cycles. The
gold electrode gave a small additional anodic peak near
+0.75V. Single-sweep voltammetry anodic peak currents
were shown to vary linearly with concentration for both
metals (similar slopes, intercepts near 0) up to about
0.015m NaNO,. The peak current vs. (sweep rate)"* rela-
tionship was linear from 10 to 300 mV/s, with a small posi-
tive intercept and a slope slightly greater for Au than Pt.
This relationship was also roughly linear for the small
+0.75V peak on gold.

Cyclic voltammetry of NaNO, solutions with either Au
or Pt gave, on the cathodic sweep, a broad cathodic peak
at 0.1-0.3V, also seen in the voltammograms of pure cal-
cium nitrate tetrahydrate (peak E, Fig. 2), and identified
as characteristic of nitric acid (belowj. An additional
sharp cathodic peak was also seen with a gold electrode
(peak Z, Fig. 2), and was investigated further. Cyclic
sweeps in 0.01m NaNO, at 100 mV/s were run from -0.2V
to positive potentials beginning at +0.6V and incre-
mented by +0.1V. The sharp cathodic peak Z was just de-
tectable (at +0.66V) on the return from a sweep to +0.8V.
The peak grew and shifted to +0.56V over the next three
cycles (to +1.1V), after which it stayed approximately
constant. A similar experiment run with pure calcium ni-
trate tetrahydrate, however, showed no trace of this peak
until anodic sweeps to 1.3-1.4V were run, i.e., until some
nitric acid had been generated by solvent electrolysis. In
addition, cycles run as far as +1.3V in circumstances
where an oxidizable species (NO,~, OH-, film) was pres-
ent but nitric acid could not persist [e.g., sat. Ca(OH),] did
not produce a +0.56V peak on the cathodic return, but
rather led to a new cathodic peak at —0.2V. This indicated
that the formation of the electroactive species responsible
for the +0.56V peak required both a potential greater than
+0.7V and the presence of nitric acid.

The electrochemistry of nitric acid in calcium nitrate
tetrahydrate gave considerably different voltammograms
with gold and platinum microelectrodes. With gold, a
sweep from +1.0 to —0.5V gave two cathodic peaks (Fig.
3, Table II), one at about +0.2V and a sharp peak at about
+0.6V. The first, at +0.2V, gave a peak current varying
linearly with added HNO, concentrations up to 0.025m at
a sweep rate of 50 mV/s (Fig. 4). The second, correspond-
ing to peak Z in Fig. 2, showed an approximately constant
current at all HNO; concentrations. The peak current vs.
(sweep rate)'” relationship for the +0.2V peak due to
0.010m HNO, was composed of two linear portions with a
distinct break between 100 and 150 mV/s, also observable
in the peak potential values (Fig. 5). The anodic sweep of
the cycle was consistent with nitrite oxidation.

The shape of the voltammetric curve due to nitric acid
on a platinum electrode (Fig. 3) was dependent upon both
the nitric acid concentration and the sweep rate. At low
concentrations or high sweep rates the cathodic sweep
gave a single peak near 0.0 V (Table II). The return anodic
sweep gave a broad peak at +0.6V characteristic of nitrite
oxidation. At low sweep rates or high concentrations the
voltammograms had the complex form shown in Fig. 3.
The anodic return sweep, starting from 0 current, pro-
duced a strong cathodic current. The relationship ob-
served between cathodic peak currents and HNO, con-
centration at a 50 mV/s sweep rate is shown in Fig. 4; the
transition between simple peaks and the type shown in
Fig. 3 occurred between 0.005 and 0.010m. Figure 5 shows
the dependence of cathodic peak currents on (sweep
rate)'? for 0.010m HNO,. Voltammograms of the type
shown in Fig. 3 occurred at sweep rates of 50 mV/s or less,
simple voltammograms were observed at 200 mV/s or
greater, and transitional shapes were observed at interme-
diate sweep rates. This transition was a function of both
sweep rate and concentration.

Aside from nitric acid reduction, the most marked dif-
ference between calcium nitrate tetrahydrate voltammo-
grams using Au and Pt microelectrodes was the appear-
ance of a large cathodic peak at —1.25V (peak Y, Fig. 2)
only with platinum. This peak, which partly overlapped
the nitrate reduction “peak,” was presumed to represent
the process which did not lead to nitrite production dur-
ing coulometric analysis using a Pt cathode at —1.2 to
1.3V. Cyclic voltammograms were run from various posi-
tive potentials to —1.35V. Those run from +0.7V or less
deteriorated rapidly to 0 current flow. However, cycles
from +1.25 to —1.35V gave a stable system which showed
the —1.25V peak on the cathodic sweep. On the anodic
sweep, a cathodic current peak appeared at approxi-
mately the same potential (Fig. 6). The only other current
observed was an anodic peak at +1.0V, as expected for
hydroxide film removal. Table III shows the results ob-
tained from cyclic voltammetry at various sweep rates; as
rate increased the cathodic peak current stayed almost
constant, while the anodic sweep cathodic current in-
creased until it was the greater of the two. Peak potentials
were almost constant throughout. In order to determine if
the reaction producing peak Y was responsible for film
formation on Pt, 500 mV/s cyclic voltammograms were
run from 0.0 V to negative potentials starting at —1.20V
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Table Il. Peak potential values of electroactive solutes in Ca(NO,), - 4H,0, 70°C
1 variable concentration 50 mV/s II variable scan rate, 0.010m
0.005m 0.025m 25 mV/s 300 mV/s
Solute Au Pt Au Pt Au Pt Au . Pt
Ca(OH), +1.03 +0.84 +0.99 +0.88 +1.01 +0.83 +1.08 +0.86
NaNO, +0.42 +0.55 +0.44 +0.47 +0.44 +0.45 +0.45 +0.55
HNO, +0.17 +0.03 +0.31 +0.28¢ +0.23 +0.23" -0.03 +0.05

A Leading peak.

and incremented by —0.05V. Runs to —1.20 and -1.25V
showed no significant change in the maximum (edge)
current after ten cycles. Runs to —1.30, —1.35, and —1.40V
showed a drop in maximum current of 10, 20, and 40%, re-
spectively, after ten cycles. Thus, film formation ap-
peared much more closely related to the nitrate reduction
“peak” A than to peak Y.

Full +2.0 to —2.5V cycles at 50 mV/s with a gold elec-
trode and added water (1-10m) showed no additional
peaks. A general increase in peak current beyond —1.5V
was observed. The platinum electrode behaved similarly,
but the unique peak Y appeared to decrease slightly in
size and shift to a slightly more anodic value. Peak cur-
rent values for Y obtained from 50 mV/s cyclic voltam-
metry between +1.4 and —1.4V are shown in Table IV as a
function of added water concentration. The cathodic peak
potential became slightly more positive with increasing
water content, while the anodic sweep cathodic current
increased. These peak current changes may be related to
electrode film dissolution by water.

Attempts to detect a number of other species in calcium
nitrate tetrahydrate solution by voltammetry were not
successful. Bubbling of oxygen, hydrogen, or nitrous ox-
ide for up to 1/2 h gave no detectable peaks in this solvent
or in solvent saturated with Ca(OH),. The lack of reactiv-
ity of oxygen had been observed previously (6, 16) and at-
tributed to the low solubility of oxygen in the melt.

Discussion

The solvent oxidation reaction in calcium nitrate
tetrahydrate appears to be a straightforward oxidation of
water

H,0 - 2¢e-—>2H' + 1120,
2H* + 2NO,~ = 2HNO,

We have not been able to reproduce the 0.7V difference
in oxidation potential previously observed (16) between
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Fig. 3. Cyclic voltammograms of 0.01m nitric acid in calcium nitrate
tetrahydrate at 70.0°C using a platinum or a gold microelectrode.

gold and platinum electrodes in this electrolyte. Both
voltammetry and the potentials observed during bulk
electrolysis indicate similar oxidation potentials at both
electrode materials.

The major solvent reaction at a gold cathode is clearly
reduction of nitrate to nitrite ion

NO,- + 2¢e- - NO,~ + O—*
O+ H,0—-20H-

The excess of nitrite observed coupled with the obser-
vation of oxygen as a cathode product suggests the re-
sults observed in the reduction of alkali nitrate melts (17),
where oxide dianions produced in the electrochemical re-
duction of nitrate react chemically with nitrate ion to give
additional nitrite and peroxide ions

NO,- + 02— NO,- + 0,
0, + H,0 > 20H- + 120,

The existence of oxide ions in a hydrate melt appears
unlikely, but in this system an insoluble basic film, as
shown by cyclic voltammetry, forms rapidly on the cath-
ode. Similar films occur at the cathode during the reduc-
tion of Ca(NO,),/KNO, melts (18). Local depletion of water
could occur near the electrode surface, allowing oxide
ions to exist long enough to react with nitrate. The con-
centration of free water in this system is low, and the rate
of diffusion of bulky (Ca(H,0),)'? into the film should be

Asingle peak
mleading peak

NE 30pk [ ) plateau

(S

X

<

% b

-

c

@ 20}

B

3

(8]

X

< }

o

a

(3]

- 10}

o

£

L

©

o P

A
o i . " . a
0 0.01 0,02

HNO; concentration, molal
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centration of nitric acid in calcium nitrate tetrahydrate at 70.0°C and 50
mV/s using a platinum or a gold microelectrode.
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Fig. 6. Cyclic voltammogram of calcium nitrate tetrahydrate at 70.0°C
and 50 mV/s using a platinum electrode.

relatively slow. Peroxide ions produced by the oxide/ni-
trate reaction would diffuse out and produce oxygen after
reaction with water. This evidence for the production of
oxide dianion suggests that water is not involved in the
initial electrochemical reduction reaction on gold.

The previously reported 0.3V difference in solvent re-
duction potential between Au and Pt appears to be due to
the identification of the slope of peak Y (Fig. 2) as due to
solvent reduction; a peak in this position was in fact ob-
served in voltammetry of the 2.6 H,O hydrate melt (16).
The fact that the reaction represented by peak Y does not
give nitrite as a reduction product explains why the au-
thors concluded that water reduction was the major sol-
vent reaction in this system.

The reaction represented by peak Y appears, both from
the chemical evidence and from the absence of nitrite oxi-
dation peaks in the anodic sweep (Fig. 2 and 6), to pro-
duce a product other than nitrite. This peak may repre-
sent reduction of water to hydrogen, but if so then all the
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hydrogen must be adsorbed on the electrode, since none
is detected by GC and hydrogen has been shown to be
neither reactive nor soluble in the melt. A second possi-
bility is reduction of a previously formed platinum oxide
film. The possibility that peak Y represents a further re-
duction of nitrite cannot be excluded, although no plausi-
ble products of such a reaction could be detected.

We have observed that a cyclic voltammogram of
Ca(NO,), - 4H,O run using a freshly ground Pt micro-
electrode surface does not show peak Y, although it ap-
pears as soon as an electrochemical reaction occurs at the
electrode or if the electrode is soaked in concentrated ni-
tric acid. This result supports the “PtO” reduction hy-
pothesis, since concentrated HNO, is known to produce
such films (23-25). The observed reaction, however, rep-
resents a very large quantity of material. If one assumes
that the roughly linear increase in bulk nitrite production
represents a linear decrease in peak Y material, the per-
centage NO,/coulomb data in Fig. 1 can be used to esti-
mate that 0.65 C/cm? are required for complete reduction
of this material. The surface area of bright platinum has
been estimated to be 1.5-2.5 times the theoretical value by
hydrogen charging experiments, which imply that the to-
tal charge required to reduce one “monolayer” of “PtO”
will be 400-650 uC/cm? (19-21). It has been demonstrated
that more than one monolayer may be deposited on a Pt
electrode, but, although the exact nature of this oxide/
oxygen film was controversial, there was a general belief
that it amounted to no more than two to five additional
“monolayers,” whether deposited by anodization (19-22)
or chemically (23-25). This gives an estimated charge re-
quired for complete film removal of 1-3 mC/cm?, or ap-
proximately 300 times less than the estimated charge
consumed here. The large charge capacity of the reaction
is confirmed by the peak current observed in voltam-
metry, where the estimated area of peak Y in Fig. 2 repre-
sents a value of about 0.7 C/cm?.

The reaction represented by peak Y also exhibits unu-
sual behavior during cyclic voltammetry, in that a cath-
odic peak is observed during the anodic sweep of the cy-
cle (Fig. 6). This type of anomaly has been reported in a
few other cases (11-13, 26-28) and attributed to adsorption
or other surface phenomena. The observation of an
adsorption/desorption phenomenon is more easily associ-
ated with the hypothesis that this peak is due to produc-
tion of adsorbed hydrogen, since a similar result is re-
ported for the neutral molecule N,O in alkaline aqueous
solution (26). There was, however, no detectable effect on
the electrochemistry of this system resulting from hydro-
gen (or N,O or O,) being bubbled through the melt. Water
did cause both a change in peak current and a small posi-
tive shift in peak potential, but this may be attributable to
a solvent effect on the electrode film. An important dif-
ference in the I vs. (scan rate)'? relationship was also ob-
served: with the N,O reduction peak, these values were
found to be directly proportional, while in this work such
a relation was not found. The explanation involving trace
organic impurities (28) may be relevant to this system:
reagent-grade calcium nitrate tetrahydrate shipped in
plastic bottles was used without further purification and
may well have contained trace organics.

The overall cyclic voltammogram of calcium nitrate
tetrahydrate indicates no reversible electrochemical reac-
tions for any of the solvent oxidation or reduction prod-
ucts. Of the three major products, soluble hydroxide, pre-
sumably in the form (CaOH(H,0),)', behaves in the
simplest manner on both gold and platinum electrodes

(CaOH(H,0),)* - 2e — (Ca(H,0),)** + H* + 1/2 O,
H' + (CaOH(H,0),)' = (Ca(H,0),)*

Linear relationships with near-zero intercepts dre seen
for both metals between peak current values and both the
concentration up to 15-20 mm and the square root of scan
rate up to 300 mV/s. Peak potentials show a small in-
crease with increasing scan rate. The peak potential on Pt
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Table I1l. Peak current and potential values, Ca(NO,), - 4H,0, 70°C, Pt electrode +1.25 to —1.35V, variable scan rate
Scan rate Cathodic scan Anodic scan
(mV/s) vV, (V) I (mA/mm?) Vv, V) I (mA/mm?) VvV, V) I (mA/mm?)
50 -1.21 -0.94 -1.17 -0.31 +0.9 0.19
100 -1.22 -1.25 -1.20 -0.86 +1.0 0.31
250 -1.22 -1.31 -1.21 -1.42 +1.0 0.47
500 -1.22 -1.31 -1.20 -1.53 +1.0 0.58
1000 -1.21 -1.31 -1.20 -1.53 +1.0 0.69
Table IV. Peak current and potential values, H,0/Ca(NO,), - 4H,0, 70°C, Pt electrode +1.4 to — 1.4V, 50 mV/s
[H,0] Cathodic scan Anodic scan
(m) V, (V) I (mA/mm?) v, V) I (mA/mm?) v, V) I (mA/mm?)
0 -1.27 -3.05 ~1.22 -1.35 +1.12 0.75
1 -1.24 -2.80 -1.21 -1.35 +1.05 0.95
2.5 -1.23 —2.55 -1.20 -1.40 +1.00 0.65
5 -1.20 -2.25 -1.19 -1.45 +0.95 1.05
75 -1.19 -2.15 =117 -1.70 +0.90 0.85
10 -1.19 -2.35 -1.19 -2.35 +0.86 1.15

is in reasonable agreement with a single-scan value de-
rived previously (16).

The oxidation of nitrite also appears reasonably
straightforward. Variations of peak current with concen-
tration are again linear up to 15-20 mm, as is the relation-
ship with (scan rate)'* up to 300 mV/s. The detection of
HNO, on the reverse sweep indicates the overall reaction

NO,- + H,0 —» HNO, + H' + 2e-
H' + NO,~ = HNO,

An additional cathodic peak (peak Z) is seen only with a
gold electrode, and appears to be a gold oxide film reduc-
tion peak. It is observed only in the presence of nitric acid
and when the potential is more positive than +0.7V, but
the peak current is independent of nitric acid concentra-
tion. The peak is narrow (E, — E,/2 = 30 mV) and sym-
metrical; there is no detectable diffusion current due to
this peak. A small secondary peak on the nitrite diffusion
current is also observed at +0.75V at high nitrite concen-
trations. In the absence of nitric acid but in the presence
of oxidizable substances, this peak is not observed;
rather, a peak with similar characteristics appears at
-0.2V.

The reduction mechanism of nitric acid appears com-
plex, with substantial differences between gold and plati-
num electrodes. The reduction peak shape on gold is sim-
ple (Fig. 3), and the relationship between peak height and
concentration is linear at 50 mV/s to at least 25 mm (Fig.
4). The I vs. (scan rate)"* relationship, however, shows a
sharp break to a lower slope at approximately 100 mV/s
(Fig. 5). Changes in slope of this kind are characteristic of
a change from reversible (fast electrode kinetics) to irre-
versible (slow electrode kinetics) systems, as is the simul-
taneous change from constant peak potential to decreas-
ing peak potential observed here. In simple cases of this
kind, however, there is a substantial, nonlinear, “quasi-
reversible” zone not seen here. Additionally, the low
slope and high slope linear portions of the relationship
both extrapolate to the origin in the simple system (29),
whereas in this case the low slope line extrapolates to a
large positive current. Behavior of this type implies a
more complex reduction mechanism. Switches from high
to low slope roughly similar to that observed are pre-
dicted in systems where reversible or quasi-reversible
electrode kinetics are followed by irreversible chemical
reaction. The present system will be still more complex
since reduction here will produce two molecules, one of
which will be a basic anion which should react irreversi-
bly with an additional molecule of the starting material,
HNO,

HNO, + 2e~ - NO,~ + OH~
OH- + HNO; —» NO;~ + H,0

HNO, + NO,- = NO,- + HNO,

The situation at the platinum electrode appears even
more complex. Two entirely different peak shapes are ob-
served, depending upon both HNO, concentration and
scan rate. The low sweep rate/high concentration form
(Fig. 3) features, on the cathodic sweep, a leading peak
which trails into a level plateau region terminating in a
drop to near zero current over only 150 mV. This is
accompanied on the reverse anodic sweep by a cathodic
current peak, also of complex shape. Other instances of
reverse current peaks have already been described with
reference to peak Y. In this case, the observation that con-
tinuation of the sweep beyond —0.6V gives rise to a new
peak with concommitant loss of the return cathodic cur-
rent suggests that an adsorbed insulating film is respon-
sible for the current drop at —0.2V in the anodic sweep.
Presumably, the anodic sweep cathodic current results
from desorption of the film allowing further reduction,
while the —0.6V peak represents reductive destruction of
the film and renewed reduction of HNO,. The correlation
of this peak system with HNO, concentration suggests
that the adsorbed material is a product of HNO, reduction
(or chemical reaction). The shape of the cathodic
peak/plateau is of a type predicted for either a reversible
chemical reaction followed by reversible reduction or re-
versible reduction followed by irreversible catalytic
chemical reaction (29). Neither of these simple situations
is likely to describe the system fully.

At high sweep rates or low concentrations, the peak
shapes simplify to a single cathodic peak on the cathodic
sweep with no detectable cathodic peak on the anodic re-
turn sweep. The simple cathodic peak has, however, an
exceptionally low trailing diffusion current relative to
that observed with a gold electrode, while the I, vs. (scan
rate)'? rela* aship (Fig. 5), although apparently linear, has
a large negative current intercept. Both observations sug-
gest a continuing effect due to adsorbed material. The
reason for the change in peak shape with scan rate, which
is not of the type predicted for simple systems, is unclear.
The disappearance of the cathodic peak on the anodic
sweep shows that the role of adsorption has changed; the
rate of formation of adsorbable material, the total quan-
tity of adsorbable material, and the rate of desorption at
potentials less than —0.2V may all be involved. A complex
equilibrium network involving NO,-, NO,-, HNO,, HNO,,
and H,O is likely associated with reductions at both Pt
and Au electrodes.
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A Capacitance and Electrolyte Electroreflectance Study of the
ZnSe/Electrolyte Interface

P. Lemasson,* C. Hinnen, N. R. de Tacconi,' and C. Nguyen Van Huong

Laboratoire d’Electrochimie Interfaciale du CNRS, 92195 Meudon Principal Cedex, France

ABSTRACT

The semiconductor-electrolyte junction is studied in the particular case of n-ZnSe/indifferent electrolytes by means
of capacitance and electrolyte electroreflectance measurements. In comparing both kinds of results obtained for two
extreme pH conditions (pH = 0 and 14), we need to define a reference state for the clean electrode in each medium. A
basic solution acts as a more able etching solution than an acidic one creating fast acceptor interface states in the vicin-
ity of the valence band maximum tending to fix the Fermi level. The evolution of these reference states with controlled
perturbations of the interface confirm that the characteristics of the junction remains governed mainly by the presence
of interface states at the semiconductor electrode. Such an analysis of combined electrical and spectroscopic data con-
stitutes a promising way for a better understanding of the semiconductor/electrolyte junction in connection with the

physical models developed for metal/semiconductor junctions.

During the last 30 years, the semiconductor-electrolyte
Jjunction has received much attention. This attraction was
mainly due to the simple preparation procedure and the
versatility of this junction as compared to the classical
solid Schottky barriers, although such an important par-
ameter as temperature cannot be easily varied in a large
range.

The models used in the description of the semiconduc-
tor-electrolyte interface (1) are generally based on those
already elaborated for solid-state junctions, especially
metal-semiconductor junction (2). However, this analogy
necessitates the definition of a proper Fermi level in the
electrolyte. Such a requirement can be easily fulfilled in
the case of a redox electrolyte, but it presents much more
difficulty for an electrolyte without an explicit redox
couple (3). Due to its fundamental interest as well as its
use in physical measurements (electroreflectance) and
semiconductor technology, the latter case necessitates
more insight, and it is the aim of the present article to
deal with some physical and electrochemical aspects of
semiconductor-indifferent electrolyte junctions.

*Electrochemical Society Active Member

Permanent address: Instituto de Investigaciones Fisicoquimi-
cas Teoricas y Aplicadas (INIFTA), 1900 LaPlata, Argentina.

The semiconductor used as an electrode in such investi-
gations must fulfill two requirements: (i) its physical
properties are clearly established and can be accounted
for unambiguously by a band model; (i) its electrochemi-
cal behavior has already received attention and can be
considered as simple. For this purpose, we selected
n-ZnSe, a II-VI compound with wide energy gap (2.7 eV)
whose electrochemical behavior (5, 6) and EER investiga-
tions have been previously described (6c).

By analyzing mainly two types of measurements, capac-
ity and electrolyte electroreflectance (EER), which bring
complementary information, we attempt in this article to
give more insight into the formation of the semiconduc-
tor-electrolyte (indifferent) junction. The description of
such a junction necessitates the use of many different
physical parameters. The various data obtained can then
be accounted for by a model similar to that of metal-semi-
conductor junctions, provided that the existence of differ-
ent types of interface states is taken into account.

Experimental

The zinc selenide single crystals were grown and do-
nated by Professor Lozykowski.2 They were In doped

2H. Lozykowski, Institute of Physics, Nicholas Copernicus
University, Torun, Poland
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with a free carrier density of ~2 X 10'7 em—* as deter-
mined by Hall effect measurement. Prior to their mount-
ing as electrodes, an ohmic contact was realized with
In-Hg amalgam by heating at ~300°C in argon atmosphere
for 1-2 min. A gold wire was then soldered to these con-
tacts. The back and sides of the crystals were insulated
from the electrolyte by means of an epoxy resin (Scotch
Cast, 3M Company) and then mounted on the electrode
holder. The exposed face was carefully polished with dia-
mond paste (0.25 um) and, when necessary, etched in a 1%
bromine in methanol solution at ~5°C. The best etching
time was found to be 20s (see Discussion section).

The cell was of the classical three-electrode type with
quartz windows for light passage and a gold counterelec-
trode. The reference electrode was a mecury-mercurous
sulfate immersed in saturated potassium sulfate aqueous
solution (0 Vvs. MSE = +0.65V vs. NHE).

Electrolytes were prepared by dissolving Merck-Supra-
pur grade chemicals in Millipore purified water. The fol-
lowing solutions were used: 1M HCIO,, 1M NaOH, and
10—*M K,Fe(CN); + 1M HCIO,, and 10-*M K,Fe(CN), + 1M
NaOH. In order to saturate or to eliminate oxygen, either
an oxygen or an argon bubbling of the electrolytes was
undertaken prior to electrochemical experiments.

As a light source, a 400W tungsten-halogen lamp was
used together with electrochemical and electroreflec-
tance equipment which have been described previously
(6a, 7).

The capacity measurements are achieved at 15 Hz and
100 kHz. The EER spectra are recorded at almost normal
incidence for the light beam, and with an electrical per-
turbation whose characteristics are 15 Hz and 0.5V,

Results

Etched Electrode Surface and Definition of a Reference State

The changes in voltammograms, capacity curves, and
EER spectra are studied simultaneously as a function of
the semiconductor surface preparation. The characteris-
tics are reported in Fig. 1 in the case of 1M NaOH electro-
lyte. During the electrochemical investigations, the poten-
tial range was limited negatively to hydrogen evolution
and positively at +2.0V vs. MSE, i.e., in a range where no
anodic current is detectable within the limit of 10-*
A-cm~*. The EER spectra are reported for a dc potential
of 0 V vs. MSE; thus, the possibility of anodic current
even for large ac modulation (1V,) can be excluded.

In the case of a freshly polished electrode surface, with-
out etching treatment (Fig. 1) the Mott-Schottky plot (C —*
vs. V, where C is capacity and V is potential) is far from
linear and the EER signal is small and without distinct
structure in the vicinity of the fundamental transition E,,
at about 2.72 eV.

The influence of a further chemical etching in bro-
mine-methanol solution is clearly evidenced in Fig. 1 for
two different etching times (10 and 20s). In both cases, the
C %V plots now present an acceptable linearity, but the
flatband potential V; as well as the free carrier density
N, deduced from these plots differ noticeably (V;; = —
2.6V vs. MSE and N, = 3.6 x 10" em~ for 10s; V,y =
-3.1Vand N, = 8 x 10'" cm~* for 20s). We have to empha-
size that these values are deduced from measurements
with a 15 Hz perturbation. At 100 kHz, in the second case
(etching time 20s) we obtain V,; = —3.1V vs. MSE and N,,
= 2.7 x 10'7 cm~*. The EER spectrum shows more clearly
the influence of the etching (Fig. 1b), and it is only in the
second case that it becomes acceptable, with a large sig-
nal enabling a precise determination of the peak energies.
This typical spectrum and the corresponding capacity
values being reproducible are proposed to characterize
the reference state for this junction.

Equivalent observations are made in acidic medium
(IM HCIO,, pH 0) (Fig. 2). We notice, however, that the
C-%V plots as well as the EER spectra differ in some as-
pects, when the so-called reference state is reached.
Excluding the variation of V,; with pH, the slopes of the
C -2V plots are larger and lead to a unique value of N, =
x 10" em~* at 15 Hz and 100 kHz; the EER spectrum pres-
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ents oscillations of slightly lower amplitude. As will be
discussed in the Discussion section, these observations
may certainly be correlated with physical differences dur-
ing the formation of the semiconductor-electrolyte inter-
face.

At both pH values, there was no noticeable influence of
the presence of oxygen in the electrolyte.

Modifications of the Reference State

Influence of a positive polarization.—The electrochemi-
cal treatment is achieved in order to induce a modifica-
tion of the semiconductor-electrolyte interface when
studied under the same conditions as described in the
previous section, allowing a comparison with the refer-
ence state. The treatment is strictly dependent on the pH
of the solution.

pH 0.—In this case, a positive polarization at a potential
value where a detectable current crosses the junction in-
duces a remanent effect only if the solution is saturated in
oxygen and if the electrode is illuminated during the pro-
cess. The particular conditions used here are (i) polariza-
tion value of +8.0V vs. MSE, (ii) electrolyte saturated in
oxygen, and (iii) illumination with white light.

The main results obtained in capacity and EER mea-
surements are reported in Fig. 3. During the whole treat-
ment, the current density is small (~1.5 pA-cm~—?) and
constant. We observe that at 15 Hz, the C -V plot differs
from that obtained in the reference state (the slope and
the linear portion decrease), whereas at 100 kHz the C -2V
plot remains identical to that of the reference state. The
EER spectra at a dc voltage of 0 V diminish in amplitude,
mainly for the negative part of the oscillation, and after 1h
of such a treatment present the perturbed shape indicated
in the lower part of Fig. 3b.

pH 14 —In that case, the perturbation of the junction is
obtained with a positive polarization only (no noticeable
influence of either oxygen or light). Our experimental
conditions are then (i) polarization at +4.0V vs. MSE up to
15 min, and (ii) presence of oxygen and illumination or
not.

We already noticed that a treatment lasting more than
15 min does not further influence the behavior of the
semiconductor-electrolyte interface. The net result of the
electrochemical treatment on both C - vs. V plot and EER
spectra is presented in Fig. 4. Whereas an enhancement of
the EER signal together with an improvement of the sig-
nal/noise ratio is noticeable, the C -V plots at 15 Hz are
strongly modified: the linearity range and the slope de-
crease together.

Influence of oxidizing species.—The Ox species is
K,Fe(CN),. The treatment is achieved in an electrochemi-
cal cell devoted exclusively to this purpose; the character-
ization is then realized in a separate cell‘containing the
supporting electrolyte.

pH 0.—The electrode treatment is achieved in a 1M HCIO,
solution containing 10—* K;Fe(CN);. The complete cycle is
eight voltage sweeps between —2.0 and +2.0V vs. MSE at
a sweep rate of 50 mV-s—'.

The result of this treatment is presented in Fig. 5. We
notice that the C %V plot is slightly modified at high fre-
quency as well as at low frequency, whereas the EER sig-
nal decreases progressively in a way analogous to that ob-
served with an electrochemical treatment (see the
positive polarization pH 0 section).

Furthermore, we mention that at the end of the treat-
ment the electrode surface presents a slightly modified
aspect (green-gray) easily detectable with naked eye.

pH 14 —During the treatment, which consists of six volt-
age sweeps between —2.0 and +2.0V vs. MSE at a sweep
rate of 50 mV-s—', the electrolyte is 1M NaOH + 10—:M
K;Fe(CN); solution.

Under further investigation in 1M NaOH electrolyte, the
behavior of the ZnSe-electrolyte interface changes
slightly for Mott-Schottky plots (at high and low fre-
quency) but drastically for the EER spectra, which pres-
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Fig. 1. Electrical and electro-optical characteristics of the n-ZnSe-1M
NaOH junction for different semiconductor surface preparations. 1
and 1': Just polished with 0.25 um diamond paste. 2: Etched 10s in
1% bromi thanol sol 3: Etched 20s in 1% bromine-metha-
nol solution. a(above): Dark current and C ~* vs. V characteristics. In
the latter case, the perturbation frequency is 15 Hz. For clarity’s sake,
the Schottky plot at 100 kHz is not represented. b(right): EER spectra.

ent a complete rotation of phase together with an impor-
tant attenuation (Fig. 6).

The semiconductor surface becomes reddish as the
treatment is completed. The red layer formed is dissolved
easily in CS,, thus indicating that it is a selenium layer.

Discussion

Reference State: Electrical and Electro-optical Characterization

Prior to electrochemical investigations, the semicon-
ductor electrode is mechanically polished and chemically
etched. Such a preparation plays a major role in the sub-
sequent electrode behavior. Results presented in the Re-
sults section allow a definition of quality for the semicon-
ductor surface, based upon electrical (capacity) and
electro-optical (electroreflectance) measurements. More
precisely, the criteria are twofold.

First, the differential capacity vs. potential measure-
ment must lead to linear Mott-Schottky plots (C-2-V) for
high as well as low frequency perturbation. Furthermore,
in a large potential range (= 1V), a correct Mott-Schottky
plot enables calculation of free carrier density analogous
to that determined by physical techniques such as Hall ef-
fect measurement. This requirement is generally obeyed
only at high frequency, but, in some cases, it can be veri-
fied even at low frequency (a few hertz).

Second, the electroreflectance signal must be suffic-
iently large in the vicinity of the fundamental E, transi-
tion (~10-% in absolute value in our case).

Third, nevertheless, this latter criterion must be ade-
quately adapted due to the influence of the free carrier
density on the amplitude of the EER signal as outlined by
Aspnes (8).
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In addition to the large signal amplitude, the broaden-
ing parameter, I', must be sufficiently small (~50 meV in
the present case).

When the first two conditions are fulfilled, it becomes
possible to (i) fix the energy position of the semicon-
ductor Fermi level in an electrochemical scale by means
of the flatband potential value Vi and (ii) determine a
precise value of the fundamental transition energy E, (and
of the higher transition energies).

Results reported in Fig. 1 indicate that the damaged
layer produced by the mechanical polishing must be re-
moved by an adequate chemical etching which depends
on the semiconductor. Thus, in the case of ZnSe, a satis-
fying surface preparation consists in a mechanical polish-
ing with diamond paste 1/4 um followed by a chemical
etching in 1% bromine in methanol solution at ~5°C for
~15s.

The parameter values corresponding to the reference
state are reported in Table I. We must notice first that an
open-circuit barrier height or band bending, Vg, can be
deduced from rest and flatband potentials. The rest po-
tential is accurately determined using an electrometer.
From one experiment to another, fluctuations are very
small and V; can be considered as really fixed. This band
bending is pH dependent

Vy=165VatpH =0
Vi =23VatpH =14

Such values are large as compared to those obtained for
ZnSe in the metal-semiconductor configuration (9). How-
ever, they seem to be fairly explained by the existence of
acceptor interface states, located in the range 0.5-1.0 eV
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Fig. 2. Comparison of electrical and electro-optical characteristics
of the n-ZnSe-indifferent electrolyte junction in the reference states
(see the text for the definition) at pH 0 and 14. a(above): C~2vs. V.
Filled squares: pH 0, 15 Hz, and 100 kHz. Open squares: pH 14, 15
Hz. Circles: pH 14, 100 kHz. b(right): EER spectra. Solid line: pH 14.
Dashed line: pH 0.

higher than the valence-band maximum, which tend to
fix the Fermi level. The existence of such acceptor states
has already been demonstrated for semiconductor-
vacuum interfaces by photoemission measurements, es-
pecially in the case of n-GaAs, which is isoelectronic to
ZnSe (10), and also for ZnSe (11). They may be explained
by the penetration in the gap of the empty surface-state
band associated with Se atoms upon removal of the
“clean” surface reconstruction. In contact with an electro-
lyte this removal is more pronounced when the solution
is an etchant for ZnSe, which is the case for NaOH. The
higher value of V at pH 14 agrees well with these consid-
erations. Further discussion is possible together with an
analysis of capacity and EER measurements in the refer-
ence state of the electrode.

Differential capacity.—At high frequency (100 kHz), the
reference states are slightly different at pH 0 and 14 (N,,
calculated from the Mott-Schottky slope changes from 2
x 10" em—* to 2.7 x 10" cm —*) and differ noticeably at low
frequency (N, changes from 2 x 10'" to 8 x 10'? cm~*). The
flatband potential value is here insensitive to the pertur-
bation frequency (Table I). These observations may likely
be correlated with the above considerations on the exist-
ence of acceptor surface states in the vicinity of the val-
ence-band maximum

We attempt now to estimate the density of surface
states analyzing the capacity measurements. This estima-
tion is made assuming that the models established in the
case of the metal-semiconductor junctions can be used
for electrolyte-semiconductor junctions and the analysis
is different according to the possibility or impossibility
for the interface states to follow the perturbation (2a, 12).

At 100 kHz, we may assume that the interface states do
not follow the perturbation. This hypothesis corresponds
to a linear C -V plot in a large potential range for band
bendings greater than 2V. If the interface states followed
the ac perturbation at 100 kHz, no such linear plots could
exist. In that case and provided that the occupation of

10% AR/R

500 400 T

L .
nm

these states is governed by the semiconductor Fermi
level, the slope of the Mott-Schottky plot is no longer pro-
portional to N,~! but to [ (1 + a)N,,]-' (12), where

o= edD,, (1]
€

and & is the thickness of the interfacial layer, D, the den-
sity of states per surface unit, ¢ the dielectric constant of
the interfacial layer, and e the electron charge. Therefore,
due to the similarity between (N,)y.; and (N,)shouky at
pH 0, we may assume that D, is smaller than that at pH
14, a statement which matches well the etching character
of basic solutions. From the slope value at 100 kHz in the
electrolyte of pH 14, we calculate

a =035 2]

It seems reasonable to assume & of the order of some ang-
stroms and ¢ slightly lower than e, (8.7¢,). This leads to
the estimation of D,

Dy, ~5 x 10" cm=2 (3]

a value which is compatible with the barrier height of 2.3
eV.

At low frequency, it is no longer valid to assume that
the interface states do not follow the perturbation and the
above analysis is no longer possible. However, Fonash
(12) has recently proposed a detailed treatment of that
case, and we applied it to our results. Without giving
more details, it is sufficient to say that the amount of
very slow surface states, as deduced from this treatment,
is low, on the order of 10" ecm—2.

The D, value, as computed from relation [1], seems to
be in the limits for Fermi level pinning, as established re-
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Fig. 3. Characteristics of the n-ZnSe-1M HCIO, junction before and
after electrochemical perturbation (positive polarization + 8V vs. MSE
and illumination in the presence of oxygen). 1. Reference state. 2 and
3: After, respectively, 30 min and 1h of perturbation. a(above): C —*
vs. V (15 Hz). b(right): EER spectra.

cently by Zur etal. (13), in the case of submonolayer
metal coverage. The influence of the very slow surface
states is therefore negligible on this phenomenon irre-
spective of their influence on the frequency dispersion of
Mott-Schottky plots.

Electrolyte electroreflectance.—Provided that the low
field approximation can be made, the EER spectra can
be fairly analyzed using the three-point method (14). The
validity of this method depends on the existence of a fully
depleted layer at the surface of the semiconductor and on
the assumption that the electro-optical energy # Q and the
broadening parameter obey the relation

3rhQ<r (4]

Consequences of relation [4] are (i) the proportionality
between the EER signal amplitude and that of the alter-
nating modulation and (i) the constancy of the transition
energy when the dc potential changes.

In the present case, we have

h Q = 24 meV
I' = 50 meV

and condition [4] is clearly not fulfilled. However, the
two main consequences are verified and it seems reason-
able to assume that the low field limit approximation is
valid. The E, and I' values deduced are reported in Table I
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and we remark that they differ slightly between pH 0 and
14. The smaller value of I at pH = 0 seems to be consist-
ent with the above remarks about the lower density of in-
terface states at this pH than at pH 14. Another feature,
not reported in Table I, consists in the larger signal ampli-
tude at pH 14 than at pH 0. If we follow a treatment pro-
posed recently by Tomkiewicz et al. (15), the general ex-
pression for AR/R (8)

AR 2eNyVae

5
® . L(hw) (5]

[where L (hw) is the spectral lineshape function] can be
rewritten

SR _ (15 9
— = = —=\dv 6
s Cy dV d (6]

2
it 8, = - S,
€

N

L (hw) and C, the capacity of the

electrolyte Helmholtz layer. Changing expression [5] to
expression [6] is possible assuming that the variations in
potential are divided between the space-charge layer and
the Helmholtz layer by means of interface states. If the dc
potential is fixed, an interface which presents acceptor
states must correspond to larger signals than an interface
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Fig. 4. Characteristics of the n-ZnSe-1M NaOH junction before and
after electrochemical perturbation (polarization + 4V vs. MSE).
a(above): C =2 vs. V (15 Hz). Circles: Reference state. Open squares:
5 mn treatment. Triangles: 10 mn treatment. Closed squares: 15 mn
treatment. The C vs. V (100 kHz) plots do not differ noticeably and
are not represented. b(right): EER spectra. Solid line: Reference state.
Dashed line: After 15 min electrochemical perturbation.

without states: in the first case dD,,/dV is negative and
in the second dD,/dV = 0. We have to notice that the
treatment which leads to expression [6] is independent of
the nature of the interface states, and will be used in the
following when the existence of donor interface states
can be assumed.

Expression [6] accounts for the difference observed in
AR/R amplitude between pH 0 and 14 and is consistent
with the existence of acceptor interface states in greater
amount at pH 14.

A conclusion deduced from both capacity and EER
data analysis concerning the reference state can already
be pointed out: the interface ZnSe-electrolyte (and this is
certainly not limited to ZnSe) behaves more ideally at pH
0 than at pH 14.

The Perturbed Reference State

Electrochemical perturbation.—This type of perturba-
tion corresponds to that induced by the various treat-
ments achieved in supporting electrolyte under positive
polarization of the electrode. According to the remarks
about the experimental results (Results section), we can
ascertain that the charge transfer mechanism at pH 14 dif-
fers from that at pH 0. In the former case, there is no in-
fluence of both dissolved oxygen and illumination,
whereas in the latter the situation is completely reversed.
It appears that at pH 14 the transfer step must be associ-
ated with majority carriers (electrons) and at pH 0 with
minority carriers generated by illumination. Such an anal-
ysis has already been proposed by one of us (6b), but, nev-
ertheless, needs to be made more precise. The main re-
sults are reported in Table I.

pH 0.—At pH 0, the transfer step is associated with holes
and induces a modification of the electrode behavior
only in the presence of oxygen. Therefore, the complete
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reaction is not specifically limited by the potential value,
provided that the electric field in the space-charge layer
is large enough to confine the holes in the immediate vi-
cinity of the semiconductor surface. The exact reaction
occurring is difficult to determine, but a comparison
with results obtained about the oxidation of ZnSe ex-
posed to oxygen and light (16) allows the assumptions of
(i) the formation of both Zn excess and ZnO and (ii) the
transformation of Se into soluble products (H,SeO;, pre-
sumably).

After such a treatment, the differential capacity mea-
sured at 100 kHz remains unchanged, whereas at 15 Hz it
leads to noticeably different apparent values of N, (8.6 x
107 cm-?) and to a diminution of the potential range
where a Mott-Schottky behavior is observed. This obser-
vation may be accounted for by the statement that the
fast interface states remain unaffected, whereas new slow
states are created in an amount of approximately 10"
cm~? (this result is obtained by arguments similar to
those developed in the Differential capacity section).

More striking are the variations with respect to the ref-
erence state observed in the EER oscillations in the vicin-
ity of E,. In this energy range, the absorption coefficient,
a,is 10° < @ < 10* ecm~' (17) and the penetration depth of
light is at least one order of magnitude larger than the
space-charge layer thickness. We conclude from this ob-
servation that EER spectra would account mainly for the
bulk properties of the semiconductor. Such a statement
contradicts clearly our experimental results. We observe
an important spectrum shape modification, a slight shift
of E, towards lower values, and an important attenuation
of the spectrum amplitude. By reference to Eq. [6], these
results imply the formation of new interface states (al-
ready deduced from capacity measurements) and we can
ascertain that these states are of the donor type (dD,,/dV
> 0). Such observations may be correlated with those
made by photoemission during the formation of metal-
semiconductor junctions where such donor states have
been evidenced (18, 19).
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Fig. 5. Behavior of the n-ZnSe-1M HCIO, junction before and after
chemical perturbation [cycling between —2.0 and + 2.0V vs. MSE in
1M HCIO, + 10—2M Fe(CN)*~ for eight cycles at a sweep rate of 50
mV-s—']. a(above): C—2 vs. V plots. Closed squares: Reference state
at 15 Hz and 100 kHz. Triangles: Perturbed state at 15 Hz. Open
squares: Perturbed at 100 kHz. b(right): EER spectra. 1: Reference
state. 2: After two cycles. 3: After four cycles. 4: After eight cycles.

pH 14.—The transfer step is associated with electrons,
and the resulting modifications to the reference state are
independent of both oxygen and light. It seems reasona-
ble to assume that electrons are injected by OH- ad-
sorbed at the electrode surface into the semiconductor
conduction band. The control of this process by the elec-
trode potential indicates that the transfer occurs via a tun-
neling process. By analogy with the metal-semiconductor
case, we can attempt to determine the present transfer
mechanism more precisely.

Calculating the probability P of a triangular barrier be-
ing penetrated by an electron with energy AE less than
the height of the barrier, it is found that

P = exp [— 2 <AE>:*/2/E‘..,V.§”2] 1)

where the parameter

2 [ m.*e

(m.* is the effective mass of the electron in the semicon-
ductor) plays a major role. In the present case (m* = 0.17
m,; € = 8.7¢,, and N;, = 2 x 107 cm %), we have

E,, = 6.8 x 10 eV

Using the expression developed by Padovani and Strat-
ton (20), we can define the band bending values delimit-
ing the various charge transfer processes: thermionic,
thermionic-field, and field emission (the two latter refer
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to tunneling processes). Details of the calculations are be-
yond the scope of the present paper, and the results are

Vs = 0.6V thermionic emission

0.6 <V, = 294V thermionic-field emission

Vs > 294V field emission

Obviously, the band bending value during the electro-
chemical treatment (~10 V) implies that the transfer pro-
cess we observe is analogous to thermionic-field emis-
sion. A consequence of these considerations is that AE
must be rather small (ca. 0.1 eV), thus leading to the loca-
tion of the OH~ adsorbed groups which donate their elec-
trons in the vicinity of the conduction bandedge (-3.1V
vs. MSE) in an energy position very different from that
they occupy in the electrolyte bulk.

The electrochemical treatment analyzed above induces
some particular features in the differential capacity as
well as the EER signal. The high frequency capacity re-
mains unchanged, whereas the low frequency capacity is
strongly modified and the “pseudo” Mott-Schottky slope
increases up to 2 x 10" (Table II). This variation can be
interpreted in terms of slow interfacial energy states (cf.
the Differential capacity section) and leads to a density of
states of ca. 2 x 10" cm~—2. This density of states can be re-
lated to the increase of the EER signal, which, by means
of relation [6], indicates that dD,,/dV is more negative
than in the reference state at pH 14.

The electrochemical treatment can then be considered
as a strong etching process which, like the etching by
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Fig. 6. Characteristics of the ZnSe-1M NaOH junction before and
after chemical perturbation [cycling between —2.0 and +2.0V vs.
MSE in 1M NaOH + 10—2M Fe(CN),’~ for six cycles at a sweep rate
of 50 mV-s—']. a(above): C-2vs. V plots. 1 and 1': Reference states
at 100 kHz and 15 Hz, respectively. 2 and 2’: Perturbed states at 100
kHz and 15 Hz, respectively, at the end of the six cycles. b(right):
EER spectra. 1: Reference state. 2: After two cycles. 3: After three cy-
cles. 4: After four cycles. 5: After five cycles. 6: After six cycles. No-
tice that the phase rotation appears to be complete after four cycles
and after six cycles, and that the spectrum is restored in phase but
d to the reference state.
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NaOH, preserves the surface stoichiometry (Zn and Se
are involved in final soluble products) and increases the
density of interfacial acceptor energy states.

Chemical perturbation.—By chemical perturbation, we
mean that the chemical composition of the semicon-
ductor surface is severely perturbed. The use of the
oxidizing species Fe(CN)y’~ seems especially adequate for
this purpose (6b). The exact process by which this species
produces the modified semiconductor surface is not yet
clear and depends on the pH of the solution. At pH 0, the
reaction seems to be chemical, whereas at pH 14 it seems
to be a mixture of electrochemical and chemical pro-
cesses. At each pH value, the resulting surface is different
and behaves specifically when studied in supporting
electrolyte of equivalent pH value.

pH 0.—The modified interface behaves like that pro-
duced by electrochemical perturbation at pH 0 both in ca-
pacity and EER.

It seems reasonable to assume that the semiconductor
surface produced by the ferricyanide treatment is similar

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1985

?

III]AAIJIILIIIIIJI

10-* AR/R

to that produced by the former electrochemical treatment
and, therefore, we do not emphasize it.

pH 14.—The final result of the treatment is to create a se-
lenium layer on the top of the ZnSe electrode. This layer
induces a specific behavior of the modified electrode
when immersed further in an electrolyte of pH 14. The
EER signal is strongly attenuated and rotates in phase.
The slope of the Mott-Schottky plot changes at low fre-
quency, but does not at high frequency. In the latter case,
in addition, the flatband potential shifts towards a
slightly more positive value. This observation seems in
good agreement with that already made on CdSe elec-
trodes upon deposition of a Se layer (21). By analogy with
the observation made during the formation of Ge-GaAs
interfaces (22), it seems appropriate to assume the crea-
tion of donor interface states with large relaxation time
due to the interaction between Se atoms and the ZnSe
surface. The strong attenuation of the EER signal is in
part accounted for by the absorption of light in the Se
layer, whose fundamental energy gap is ca. 2 eV, and the
absorption coefficient larger than 10° em~! in the region

Table I. The reference state parameters at pH 0 and 14. The steady-state barrier height V(open circuit) can be deduced from
Vi and V., determinations using the relation Vs = [V, — V|. The free carrier density as determined by Hall effect
is ~ 2 X 10'” em—* and serves as a reference value

Capacity Electroreflectance
Rest potential V, N, (cm-%) T
Electrolyte (Vvs. MSE) Vs (Vvs. MSE) N, (cm~?) Hall effect E, (eV) I' (meV)
15 Hz 100 kHz 15 Hz 100 kHz
HCIO, (pH = 0) —-0.65 -22 =23 2 x 107 2 x 107 2 x 107 2.724 43
NaOH (pH = 14) -0.8 -3.2 =3 8 x 10" 2.7 x 107 2 x 107 2.711 57
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Table 1. The question mark indicates that the experimental results cannot be interpreted using a simple model.
The Schottky plots are not clearly linear in a large potential range, and the phase rotation
of the EER signals excludes the use of the three-point method
Capacity EER
Electrolyte Treatment Vi (V) N, (cm~) E, (eV) (meV)
HCIO, Positive polarization 15 Hz 100 kHz 15 Hz 100 kHz
+ Oxygen
} ? -2.3 8.6 x 107 2 x 107 2.714 35
+ Light (9]
Fe(CN)*~ ? =2.2: 2.4 x 107 2.1 x 10" 2.(:7’38 43
NaOH Positive polarization -3.1 -3.1 2 x 10" 3.0 x 10" 2.732 61
2y
Fe(CN):*- -3.2 -3.0 1.5 x 10™ 2.8 x 10" 2 2

)

of 2.7 eV (23). The phenomenon of phase rotation of the
EER signal has already been described by other authors
and has been accounted for similarly by the existence of
interface energy states induced by an electrochemical
treatment (15) and by the formation of a heterojunction
(24).

Conclusion

By coupling electrochemical and in situ electroreflec-
tance measurements and by applying controlled pertur-
bations at the interface, we tried to infer a description of
the ZnSe-electrolyte interface by analogy with the models
used for the metal-semiconductor junctions.

The above discussion establishes that the ZnSe-sup-
porting electrolyte junction behaves like a metal-semicon-
ductor junction. However, the main interface properties
are governed not by the bulk properties of the semicon-
ductor-electrode, but by its surface states. These surface
states can be either intrinsic to the semiconductor surface
or resulting from a specific interaction with the electro-
lyte.

Summing up, we can say that an electrolyte with no
etching properties (acidic medium) leads to the formation
of an interface with a low density of interface states,
whereas a basic electrolyte with etchant character leads
to a pinning of the semiconductor Fermi level by acceptor
surface states located ca. 0.5 eV above the valence band
maximum.

Perturbing the reference state defined above induces
particular effects which differ according to the nature and
intensity of the perturbation. The simple model with ac-
ceptor interface states governing the junction properties
must be made more sophisticated to incorporate a rela-
tively large density of donor interface states located in the
upper part of the semiconductor gap.

Provided that these considerations are taken into ac-
count, an electrolyte-semiconductor junction can be de-
scribed, at least qualitatively, like a metal-semiconductor
interface.

Manuscript submitted Jan. 22, 1985, revised manuscript
received April 25, 1985.
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Photoelectrochromic Properties of Polypyrrole-Coated Silicon
Electrodes
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ABSTRACT

Photoelectrochromic properties of polypyrrole-coated Si electrodes in propyrene carbonate solutions were investi-
gated to obtain fundamental information on optical image formation. It took about 1s or more for a coated film ca. 90
nm thick to complete its color change when the entire surface of the film was illuminated with a 500W xenon lamp, an
observation of which indicates diffusion limitation of electrolyte anions in the film. In contrast, different image forming
behaviors were seen when the film was illuminated with a He-Ne laser. Illumination of the film on n-type Si substrates
with the laser for 1s gave an optical image of about ten times of the illuminated area, while an optical image comparable
with the illuminated area was obtained for p-type Si substrates for the same illumination time. In either case, continuous
irradiation caused peripheral growth of the optical image in the film.

One of recent interests in polymer-coated electrodes
concerns their electrochromic properties (1-14). A poly-
mer film is usually deposited on a metallic conductive
substrate, such as a thin Pt film, and highly conducting
SnO, and In,0,. A color change of the coated film occurs
when it is stimulated by a large current pulse that causes
oxidation of a reduced film or reduction of an oxidized
film. If a semiconductor is used in place of the metallic
conductive substrates, different features in electro-
chromism will appear with the assistance of illumination.
Since semiconductor electrodes have a photosensitized
action, illumination of polymer-coated semiconductor
electrodes should spontaneously cause the color change
without a change in the applied bias if the electrodes are
properly biased in advance. Several interesting features
of photoelectrochromism have recently been reported by
Inganaes and Lundstrém for polymethylpyrrole-coated
n-type Si (15). In this paper, we wish to report detailed
characteristic features concerned with optical image for-
mation and its storage. The polymer chosen was
electropolymerized polypyrrole, which was deposited
onto n- and p-type single-crystal wafers. It will be shown
that behavior of the color change caused by illumination
shows little difference between the conductivity type of
the semiconductor substrate.

Experimental

Silicon single-crystal wafers manufactured by Osaka Ti-
tanium Company were used. They were polished with
0.06 um alumina to give a mirror finish, then etched in
46% HF for 15 min, and finally rinsed with methanol.
Electrodeposition of polypyrrole was made at 0.3
mA-cm~ in 0.1M pyrrole dissolved in propyrene carbon-
ate. The electrolysis charge usually employed was 36
mC-cm~2, which gave ca. 90 nm thickness (14).

The polymer deposition on n-type Si electrodes was
carried out by illuminating the electrode with light of
wavelengths longer than 390 nm, obtained from a 500W
xenon lamp in combination with a colored glass filter
(Toshiba UV-390), while the deposition onto p-type Si was
conducted without illumination. The illumination inten-
sity was ca. 2.3W, as determined by a power meter (Coher-
ent Radiation, Model 201).

For in situ measurements of the color change associ-
ated with the redox reaction of the polymer film, the
electrode was set in an electrolytic cell in such a way that
the incident light path was ca. 45° with respect to the per-
pendicular from the surface. The illuminating light in this
case was the same as that described above. The light
reflected from the electrode surface was passed through
a monochrometer (JASCO, Model CT-25), a chopper
(Nikon, Model M205), and introduced to a PbS detector
(Hamamatsu Photonics, Model P397). The signal from the
detector was measured by a electrophotometer (Nikon,
Model SP 104). The monochrometer was used to isolate

*Electrochemical Society Active Member.

the 400 nm light from the reflected light. According to
the published optical properties of oxidized and neutral
polypyrrole films (14, 16, 17), the latter film has large ab-
sorptivity at this wavelength, but this is not so for the oxi-
dized film. In order to obtain optical image formation, a
1.3 mm diam area of the film on Si was illuminated with
a He-Ne laser (NEC, Model GLG 5700). The intensity of
the laser beam was 24.5 mW.

A potentiogalvanostat (Hokuto Denko, Model HA 101),
a function generator (Hokuto Denko, Model HB 104), and
a X-Y recorder (Yokogawa Electric, Model 3077) were
used for conventional electrochemical measurements. A
saturated calomel electrode (SCE) served as a reference
electrode, and the counterelectrode was a Pt plate. The
potential cited in this paper is referred to this reference
electrode. Polypropyrene carbonate was purified by dis-
tillation (18), and lithium perchlorate was dried in vacuo
at 150°C overnight. Other chemicals were reagent grade.

Results and Discussion

Current-potential curves taken under illumination of
polypyrrole-coated Si at 100 mV-s—' are shown in Fig. 1
and 2 for the cases of n- and p-type Si substrates, respec-
tively, together with the reflectance change associated
with photoelectrochemical reactions of the coated elec-
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Fig. 1. Steady current-potential curves of a polypyrrole-coated n-type
Si electrode under illumination (solid line) and in the dark (dot-dash
line), and the top curve is for reflectance of the film measured in situ.
Film thickness: ca. 90 nm. Solution: 0.1M LiCIO, in propyrene carbon-
ate. dE/dt = 100 mV-s—'.
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Fig. 2. As in Fig. 1, but for a p-type Si substrate.

trodes. Also given in the figures are the dark currents. In
the case of using the n-type Si substrate, some reduction
of the oxidized polymer occurred in the dark at 0.4V (not
shown in the figure). This potential was chosen as the
anodic limit of the potential sweep in Fig. 1, since the oxi-
dized polymer on Pt is reduced a little at this potential.
Appreciable reduction of the oxidized polymer in the
dark occurred, however, at potentials where a large cath-
odic wave appeared under illumination. The polymer-
coated p-type Si did not show appreciable reactivities in
the dark unless the film was in a neutral state. The neu-
tral film shows voltammograms similar to those shown
in Fig. 2 during the anodic scan.

The color of polypyrrole in the neutral state is yellow.
In the oxidized state it is dark brown. The film on Si
electrodes was, however, green in the neutral state and
dark brown in the oxidized state to the naked eye, owing
to interference of the black Si substrate.

The oxidized film on p-type Si was not reduced in the
dark, and, similarly, the neutral film on n-type Si was not
oxidized in the dark at potentials similar to those shown
in Fig. 1 and 2. Thus, the electrode potentials of —0.9V for
p-type Si and 0.4V for n-type Si were chosen in the fol-
lowing experiments to cause photosensitized reactions of
the coated polymer film. As Fig. 1 and 2 demonstrate,
these potentials are sufficiently large to reduce the film
on p-type Si and to oxidize the film on n-type Si elec-
trodes, respectively.

The transient photocurrent behavior and reflectance
change of the film-coated electrode are shown in Fig. 3
together with the imposed electrode potential profiles; in
each case, the entire electrode surfaces were illuminated.
Upon illumination of the neutral film-coated n-type Si
electrode at 0.4V, anodic photocurrents flowed until the
film was completely oxidized, as seen in the reflectance
change (Fig. 3a). Additional illumination had no signifi-
cant effect. When the electrode potential was switched to
—1.2V, cathodic currents flowed, as shown in the figure,
and simultaneously the film was reduced to give the orig-
inal reflectance. The reduction behavior of the film at
—1.2V was not greatly affected by the illumination. Simi-
lar results were obtained for the p-type Si substrate ex-
cept that illumination was required to reduce the film. A
long time was required to complete the color change of
the films for both n- and p-type Si electrodes; it took
about 1s or more. The diffusion of electrolyte anions in
the polymer film seems to control the rate of the color
change (6).

The film color at p-type Si produced by photosensi-
tized reduction of the oxidized film was stable after inter-
ruption of illumination, provided that the electrode bias
was not interrupted (Fig. 4a). Under open-circuit condi-
tion, however, the color of the reduced film gradually
changed, indicating that oxidation occurred. Residual ox-
ygen in the electrolyte solution must be responsible for
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Fig. 3. Transient behavior of current and reflectance at 400 nm of
polypyrrole-coated Si electrodes during an imposed potential step. a:
n-Type Si electrode coated initially with neutral polypyrrole film. b:
p-Type Si electrode coated initially with oxidized polypyrrole film. The
entire surfaces of the electrodes were illuminated during the
measurements.

the observed color change. In the case of the oxidized
film on n-type Si, the interruption of illumination at 0.4V
caused small instantaneous cathodic current flow, as de-
scribed above. The initial value of this cathodic current
was ca. 1/15 of the initial current observed when the elec-
trode potential was switched from 0.4 to —1.2V under illu-
mination (Fig. 3a).

This current, however, soon decayed to zero. As a re-
sult, the cathodic charge due to this dark current did not
result in any significant fading of the film color. The
color produced by the photosensitized oxidation of the
neutral film was stable irrespective of whether or not the
electrode bias was interrupted, possibly because the re-
sidual oxygen has no effect on the oxidized state of the
film.

The durability of the color change to repeated potential
step pulses was investigated under illumination of the
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Fig. 4. Stability of the film color produced by illumination during its
interruption. a: Polymer-coated p-type Si polarized at —0.9V in the dark
(solid line) and under open circuit (dashed line). b: Polymer-coated
n-type Si in the dark with and without polarization at 0.4V.
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coated film. The voltage pulse chosen had a 10s interval
and ranged from 0.8 to —0.9V for p-type Si and from —1.2
to 0.4V for n-type Si. The response characteristics during
the initial stage are those shown in Fig. 3. It was found
that with repeated potential step cycles, reduction of the
film decreased. If the ratio of the difference in
reflectance of the film between the oxidized and the re-
duced state at extended potential pulse cycles (AR) to that
at the first cycle (AR,ua) is plotted as a function of the
cycle number, Fig. 5 is obtained.

We speculated that the decrease of AR/AR,,. With the
cycles might have been brought about by oxidative de-
composition of the coated film (19). The effect of the
anodic potential on the durability of the film was then in-
vestigated. The results showed, however, that the de-
crease in the anodic potential from 0.4 to 0V for the case
of n-type Si and from 0.8 to 0.3V for p-type Si did not
make any appreciable improvements. Furthermore, the
decrease in the anodic potential also produced a slow-
down in the response of the color change. Additional
studies are required to clarify detailed chemistry related
to the decrease of AR/AR;,;, with the potential step
cycles.

In order to obtain information on optical image forma-
tion, the film was irradiated with a laser beam to produce
an image pattern in a spot on the coated film. The same
anodic potential was used as that employed in obtaining
Fig. 3: 0.4V for n-type Si and —0.9V for p-type Si. While an
image could be formed, the area of the spot gradually in-
creased on continuous irradiation of the film. The pe-
ripheral growth of the image occurred more rapidly at the
n-type Si electrode than at the p-type one. Photographs of
image patterns were taken at different illumination time,
and the patterned area of the spot to the total filmed area
was determined. This ratio was compared with the ratio
of the charge consumed in the image formation to that re-
quired in the conversion of all the film to the same color
as the image. The results are shown in Table I. The area
of the laser beam was 0.013 cm?, and the total area of the
electrode surface was 0.95 cm?.

As may be seen in Table I, the illumination for 1s of
p-type Si coated with the oxidized polymer produced an
image of the laser beam. In the case of the n-type mate-
rial, the image pattern was ten times larger than the area
of the laser beam. The charge consumed during the image
formation was larger for all illumination times for the
p-type electrode compared to that at the n-type one. As
described below, such difference in the image formation
behavior must be closely related to the mechanism by
which the color change initially propagates.

When the image is formed in the film on the n-type Si
electrodes, electrolyte anions are incorporated into the il-
luminated part of the film in its outermost part, to
change there from a reduced state of high electrical resis-
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Fig. 5. The ratio of the difference in reflectance between the oxidized

and neutral states at extended potential pulse cycles to that at the first
cyclevs. the cycle number of the potential pulse. a: n-Type Si substrate.
b: p-Type substrate. Potential pulse: —0.9 t0 0.8V fora, and —1.2t0 0.4
V for b. The interval of the pulse: 10s.
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Table I. Growth of the optical image pattern with
continuous irradiation of a fixed area of the electrode surface®

n-Type Si p-Type Si
Fraction of Fraction of
Illumination  Colored charge Colored charge
time area" consumed* area consumed
(s) (%) (%) (%) (%)
1 15 0.92 1.2 4.2
2 22 1.8 4.9 16
3 35 27 7.7 19
4 42 35 15 27
5 68 4.3 31 31

# The semiconductor electrodes coated with polypyrrole of ca. 90
nm thickness were illuminated with a He-Ne laser beam of 24.5 mW.
The n-type Si coated initially with a neutral film was polarized at
0.4V,vand the p-type one with an oxidized film was polarized at
-0.9V.

" The colored area to the entire electrode surface is given.

¢« The ratio of charge consumed in the formation of the colored im-
age to that required for the complete coloring of the entire surfaces.

tivity to an oxidized state of low electrical resistivity.
Once the outermost part of the film becomes highly con-
ductive, the peripheral growth of the optical image pat-
tern will easily occur at the film/solution interface, as il-
lustrated in Fig. 6a. However, the growth of the optical
image in the p-type Si electrode is associated with exclu-
sion of the incorporated anions to give an insulating poly-
mer film. The image pattern formation in this case must
occur initially from the film/semiconductor interface as a
result of diffusion of the incorporated anions towards the
solution side of the film, as illustrated in Fig. 6b.

As already reported (20-23), adhesion of the polymer to
Si is rather poor, so that the existence of electrolyte solu-
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Fig. 6. Schematic illustration of the growth of the domain where the
color change of the coated film occurs. a: n-Type Si substrate. b: p-Type
substrate. X~ denotes an electrolyte anion.
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tions in the film as well as at the film/Si interface is
highly probable. If so, the distance for photogenerated
charge carriers to travel an insulating layer zone will be
short compared with the apparent film thickness, and
the real situations encountered in the image forming pro-
cess will be more complicated than that discussed above.
Nevertheless, the different behavior of the propagation of
the image pattern with illumination time between the
n-type and p-type S substrate (Table I) can be explained
well by the above described discussion with use of Fig. 6.

Conclusion

In this study, we employed polypyrrole films as
photoelectrochromic material. The durability of the
coated film and its response behavior are unsatisfactory
from the view point of practical application, but improve-
ments in the properties might be made by suitable choice
of another kind of electrically conductive polymer. The
resolution of the optical image formed, however, will be
controlled by similar manner, as shown in Table I and
schematically illustrated in Fig. 6. In this sense, the expo-
sure of patterned light for well-controlled time is said to
be important for the formation of good optical images.

Manuscript submitted Dec. 26, 1984; revised manu-
script received May 1, 1985.

Osaka University assisted in meeting the publication
costs of this article.
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Performance of Suspension-Impregnated Sintered Nickel Composite

Electrodes

W. A. Ferrando*
Naval Surface Weapons Center, Materials Division, White Oak, Silver Spring, Maryland 20903-5000

Low cost, high performance nickel electrodes will be
required for improved Ni-H,, Ni-Zn, Ni-Fe cells. Several
years of effort have been directed to the development of a
porous sintered, nickel-plated graphite fiber plaque im-
pregnated by the electrochemical method (1, 2). Plaques
were successfully fabricated by compression sintering of
electroless nickel-plated graphite mat (3). In the course of
optimization, it was found that plaques produced using
chopped electroplated graphite fiber exhibited more uni-
form porosity, durability, and other properties.

Concurrently, an effort was undertaken to find an alter-
native method of active material [Ni(OH),] impregnation
suitable for these composite plaques. The electrochemical
method had been observed to produce good results. Al-
though simpler and quicker than the older chemical
methods, the electrochemical method requires batch pro-
cessing in tanks with temperature, pH, time, and current

*Electrochemical Society Active Member.

control, as well as time-consuming rinsing. There is also
some concern over bath concentration depletion and
chemical attack on the plaque.

The Suspension Impregnation Method

It was found that the pore size (~50 um) and open pore
structure of the composite plaque allowed it to accept di-
rect impregnation by fine particulate Ni(OH),. To accom-
plish this, commercial battery-grade Ni(OH), was ground
by ball milling to particle diameters (~1-20 um). The pow-
der was mixed with ethylene glycol (b.p. 198°C) to the
consistency of a heavy cream (about 1:2 by weight). The
inert semiviscous glycol fluid served to hold the fine ac-
tive material particles in suspension and provided the lu-
brication necessary for direct infiltration into the pores.

The impregnation procedure consists of several simple
steps. The plaque is placed on a level, nonporous surface.
A quantity of the freshly mixed suspension fluid is ap-
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Fig. 1. SEM micrographs, composite plaque cross sections (as cut

surfaces). Active material deposition by electrochemical impreg|

(A), and by suspension impregnation (B).

plied on and gently rubbed into the plaque surface. The
operation is repeated from the reverse side. The plaque is
heated (~150°C) to evaporate the glycol carrier fluid.
Finally, it is brushed lightly to remove surface material
and weighed to determine electrode capacity. The opera-
tion is repeated, if necessary, to achieve the desired load-
ing level. The entire process can be carried out in a few
minutes. Figure 1 shows SEM photographs of the cut
edges of suspension-impregnated (A) and electrochemi-
cally impregnated (B) composite plaques. Cut ends of the
nickel-plated graphite fibers are visible. The pictures en-
able one to make a rough visual comparison of the initial
active material distribution through the cross section by
the two methods.

Cobalt Additive Addition

Cobalt additive has long been used to improve utiliza-
tion and cycle life of nickel electrodes. Recent investiga-
tion (4) has revealed that cobalt additive is most
efficiently utilized when it is applied to the active mate-
rial surfaces within the pores, rather than as a volume
constituent. The cobalt apparently facilitates proton
charge transfer across the active material-electrolyte in-
terface. This addition may be accomplished chemically
by soaking the impregnated plaque in an aqueous cobalt
compound solution followed by conversion to Co(OH),.
Cobalt may be added also by a very brief electrochemical
deposition from a cobalt impregnation bath. Cobalt added
by either method constitutes about 1-4 weight percent of
the active mass. Surface deposition of the additive allows
the suspension-impregnated electrode to achieve 90%
utilization within five to ten discharge cycles.

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

October 1985

Test cells were fabricated using a single composite
nickel electrode sandwiched between two commercial
negatives in 31% KOH with no electrolyte additives and
under flooded conditions. Electrochemically impreg-
nated electrode capacities were determined from the
postformation weight gain of active material. Capacities
of the suspension-impregnated electrodes were deter-
mined by the total weight increase measured after cobalt
treatment.

Results

Continuous cycling tests were performed on the cells.
The imposed regime included charging at the C rate
(125%), 10 min rest, followed by discharge at the C/2
rate to 0.75V cutoff (> 95% DOD). Table I lists several im-
portant parameters for representative composite elec-
trodes tested according to this regime. The reported utili-
zations were measured after the initial rise in capacity.
Since an objective of this effort was to maximize the usa-
ble energy density, several electrodes (no. 83, 85, 95) were
electrochemically reimpregnated after initial formation in
order to augment loading levels. The high theoretical
loadings achieved were of little advantage, however, since
reduced utilizations were observed for these electrodes.
Working energy densities of 150-170 Ah/kg (0.27-0.35
Ah/cm?) were realized generally for the electrochemically
impregnated electrodes. The inability to effect a usable
increase in energy density by repeated electrochemical
impregnation was due probably to the difficulty of main-
taining proper conditions within the pores for compact
deposition at high loading levels.

Suspension-impregnated electrodes did not suffer this
drawback to high loading levels. Entries to Table I indi-
cate that a combination of high active material loading
and good utilization could be attained. Operating energy
densities in the range of 175-192 Ah/kg (0.24-0.325 Ah/cm?)
were observed in the cycling tests. Utilization of active
material rarely failed to achieve 90% and sometimes ex-
ceeded 100% of theoretical capacity. Table I includes sev-
eral 2.5 mm thick electrodes, which were rapidly and
efficiently impregnated by the suspension method.
Thick plagues normally present a challenge for any im-
pregnation method. Microgrinding or special precipita-
tion techniques might be able to produce a finer Ni(OH),
powder for use in the suspension. In such case, better
filling of small pores might allow somewhat higher use-
ful energy densities to be attained.

Several electrodes without current collector grids were
fabricated and tested. These are represented by entry no.
44 of Table I and in the data of Fig. 2. The limited test (80
cycles) yielded good utilization and verified the inherent
integrity and electrical conductivity of the composite
structure. This result indicates that successful composite
electrodes might be fabricated without a current collector
grid.

Table I. Test electrode parameters

Plaque Nominal Theoretical capacity Ultimate
Electrode® porosity (%) thickness (mm) (Ah/kg) (Ah/cm?) utilization (%)
83-A" 89 1.0 190 0.345 82
85-A 85 1.0 191 0.380 83
95-A 82 1.0 208 0.448 78
97-A 82 1.0 205 0.410 74
101-A 71 1.0 169 0.363 86
44-B 83 1.0 183 0.321 95
65-B 91 1.5 189 0.248 93
73-B 73 2.5 193 0.256 95
74-B 73 2.5 208 0.327 91
70-B 73 2.5 169 0.219 113
75-B 82 1.0 183 0.308 105
Powder
sinter — 0.84 86 0.323 —
(commercial)
8/81

a Electrode dimensions: 2.4 X 4.5 cm.

b A indicates electrochemical impregnation; B indicates for suspension impregnation.
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Fig. 2. Active material utilization and volumetric energy density vs.
charge-discharge cycles for suspension-impregnated electrodes. No.
75 with current collection grid. No. 44 without current collection grid.

Figure 2 shows the excellent life-cycle durability results
obtained with the suspension-impregnated composite
electrode. Electrode no. 75 yielded very constant utiliza-
tion in excess of 100% throughout its lifetime of 800 cy-
cles under the aforementioned test regime. This perform-
ance level was typical of the test electrodes with cobalt
surface treatment, although most tests were not carried
beyond 80-100 cycles.

In order to provide a meaningful life-cycle base line, a
commercial positive was tested under substantially iden-
tical conditions. Its capacity was determined from the
manufacturer’s specified cell rating. This capacity, how-
ever, apparently underestimated its true capacity some-
what from the observed extended discharge period. This,
in turn, implied correspondingly lighter cycling condi-
tions than the specified charge (C) and discharge (C/2).
Figure 3 shows the test results. The utilization, normal-
ized here to the maximum observed value, remained rea-
sonably constant over most of the test period. A (gravi-
metric) energy density of about 115 Ah/kg was achieved.
A useful life of about 900 cycles was observed. Cycle-life
durability is a major consideration in any secondary bat-
tery system. Thus, the main intention in presenting Fig. 2
and 3 is to show the comparability of cycle life between
the composite electrode and a powder sintered electrode
under the same demanding cycling regime.
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Fig. 3. Normalized active material utilization and volumetric energy
density vs. charge-discharge cycles for commercial powder sintered
electrode.

In conclusion, this work shows the potential for a suc-
cessful high energy density, electrically durable, light-
weight nickel composite electrode fabricated by a rela-
tively simple suspension method of active material
impregnation.
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Electroless and Immersion Plating of Palladium on Zirconium

Cheazone Hsu and Robert E. Buxbaum

Department of Chemical Engineering, Michigan State University, East Lansing, Michigan 48824-1226

Zirconium is an important metal which is widely used
in nuclear and chemical industries. In some applications,
the zirconium surface is coated with a thin metal film to
prevent corrosion or to change the surface properties. A
thin coating of copper, nickel, or iron on zirconium is re-
ported to prevent corrosion of cladding material in nu-
clear reactors (1, 2). Also, Dini et al. (3) studied plating
nickel, silver, or chromium on zirconium in order to join
zirconium to stainless steel.

Palladium is a particularly attractive coating for zirco-
nium. Buxbaum (4) describes the advantages of using a
coated palladium window of zirconium for separating trit-
ium from the breeder blanket of a fusion reactor. Also,
Stokes and Buxbaum (5) have suggested using a palla-
dium coating to allow the removal of H isotopes from zir-
conium pressure tubes in CANDU-PHW reactors.

Currently, the following metals can be plated on zirco-
nium: Ni, Fe, Cu, Sn, Cr, and Ag. Schicker et al. (6, 7) de-
scribe nickel and iron electrodeposition on zirconium fol-
lowing pretreatment by mechanical descaling, alkaline

cleaning, and chemical etching. After electrodeposition,
the sample is baked at 200°C to prevent blistering. Kohan
(8) describes immersion plating of nickel, copper, and tin
on Zircaloy 2 using a pretreatment of vapor blasting, cath-
odic alkaline cleaning, and pickling. Thicknesses up to 7
wm are deposited by this method. Saubestre (9) describes
nickel and copper electroplating on zirconium using a
cathodic pretreatment in a suitable electrolyte. Wax et al.
(10) describe the electroplating of copper, nickel, and
chromium on zirconium using an activation solution of
ammonium bifluoride and sulfuric acid; and Donaghy (1,
2) holds two patents on processes for electroplating and
electroless plating of these same metals. Recently, Dini
et al. (3) described electroplating nickel, silver, and chro-
mium on zirconium, and showed that adhesion was im-
proved by a postplating heat-treatment at 700°C in con-
strained geometry or by mechanical treatments such as
surface threading or knurling.

At least two dozen formulations for palladium plating
baths have been suggested or patented. However, no
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technique has been published for either electroplating or
nonelectrolytic plating palladium on zirconium.

Experiments

The following two palladium bath formulations were
selected for this study. First, we used the immersion plat-
ing solution that Johnson (11) used to plate palladium on
copper, brass, beryllium-copper, phosphor-bronze, and
nickel-silver. The composition was PdCl,, 5 g/liter; HCI]
(38%), 200 mV/liter. The temperature was 25°C. Second, we
used the electroless palladium bath solution of Pearlstein
and Weightman (12). The composition was PdCl,, 2 g/liter;
HCI (38%), 4 mUliter; NH,OH (28%), 160 mVliter; NH,Cl, 27
g/liter; NaH,PO, - H,0, 10 g/liter. The temperature was
50°C. The pH was 9.8.

The surface pretreatment was as follows.

1. The sample, zirconium disk with surface area of 10
cm?, was machined from a zirconium bar of 99.8% purity.

2. Surface grinding and polishing were used to remove
some surface scale and oxide.

3. Detergent washing and solvent cleaning with tri-
chloroethylene were used to remove surface oil and
grease.

4. The sample was given a cathodic alkaline cleaning.
(Composition: NaOH, 35 g/liter; Na,PO,, 10 g/liter. pH: 12.
Temperature: 90°C. Time: 3 min. Cathodic current den-
sity: 0.1 A/ecm?®. Voltage: 4V.)

5. The sample was given a water rinse.

6. The sample was given an “acid pickling” (13). (Com-
position: HNO, 70%, 10 parts; HF 49%, 1 part; H.O, 10
parts. Temperature: 25°C. Time: 0.5 min.)

7. Another water rinse was given.

8. The sample was given an activation etching. (Compo-
sition: NH,HF,, 15 g/liter: H,SO,, 1 g/liter. Temperature:
25°C. Time: 1, 2, 3, 6, or 10 min.)

9. A final water rinse was applied.

10. Then, the palladium plating was applied. Immersion
plating was tried with and without activation etching step
in the surface pretreatment.

Immersion Plating Results

Because the positive potential of zirconium is higher
than that of palladium, the palladium ions can theoreti-
cally replace atoms of the zirconium substrate in solution
by immersion plating. For this process, zirconium atoms
must be simultaneously oxidized and dissolved as ions
into the solution while palladium ions in solution deposit
onto the zirconium substrate. We find, however, that im-
mersion plating (using a PdCl,-HCl solution) does not
give good results: the palladium did not coat the zirco-
nium surface. Without the activation etching prior to im-
mersion plating, a possible explanation is that an oxide
film stopped the replacement reaction. Zirconium, being
a reactive metal, quickly forms a stable film of surface
oxide when the pickled surface is exposed to air or water.
Although the thickness of surface oxide is less than
0.0025 wm (14), it may be thick enough to stop atomic re-
placement. With activation etching in the surface pre-
treatment, a thin film of zirconium hydride was formed
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on the surface and there was still no replacement reac-
tion.

Electroless Plating Results

The surface was activated for electroless plating of pal-
ladium on zirconium by forming an adherent, electrically
conducting film of black zirconium hydride using a solu-
tion containing 15 g/liter NH,HF, and 1 g/liter H,SO,. Zir-
conium hydride provides an improved surface for palla-
dium deposition because it, like palladium, is a
face-centered cubic structure (15). Activation etching
times of 1, 2, 3, 6, and 10 min were tested at 25°C, and it
was found that at least 3 min is necessary to form an ad-
herent palladium deposit. About 9 um of zirconium was
etched off after 3 min of activation at 25°C.

Adhesion was determined by scratching through the
coating with a sharp blade; the surface showed no lifting
or peeling when viewed under a microscope. Adhesion
was also evaluated by a heat quenching test (16): the
sample was heated in a vacuum oven to 200°C at a rate of
30°C/h, and was then immersed in room temperature
water. No flaking, peeling, or blistering was observed. An
adherent palladium coating 5 um thick was achieved after
3h plating at 50°C.
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Effect of Active Layer Composition on the Service Life of
(SnO, and RuO,)-Coated Ti Electrodes in Sulfuric Acid Solution

Chiaki lwakura and Kenji Sakamoto

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka, Japan

Although RuO,- and IrO,-coated Ti electrodes (Ti/RuO,
and Ti¥/IrO,) have been known to possess high catalytic
activity, not only for chlorine evolution, but also for oxy-
gen evolution, they lack the stability required for practi-

cal use as an oxygen anode, and therefore many research-
ers have been trying to prolong their service lives by
different means (1). In general, the addition of ca. 70 mole
percent (m/o) TiO, to the RuO, layer produces the bene-
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ficial properties for chlorine evolution (2), but the service
life as well as catalytic activity of the (TiO, and RuO,)-
coated Ti electrodes (Ti/TiO,-Ru0,) for oxygen evolution
decreases monotonously with increasing TiO, content (3).
Recently, Burke and McCarthy (4) have reported that the
addition of 20 m/o ZrO, to the RuO, layer increased the
service life of the Ti/RuO, electrode for oxygen evolution
in 6M KOH at 80°C by a factor of 5.3. Noguchi et al. (5)
have also reported that the addition of ca. 33 m/o Co ox-
ide to the IrO, layer increased the service life of the
Ti/IrO, electrode for oxygen evolution in 4M H,SO, at
60°C by a factor of 12.5. In both cases, however, it is not
clear why such compositions are optimum for the active
layers.

In this work, the effect of active layer composition on
the service life of (SnO, and RuO,)-coated Ti electrodes
(T¥Sn0,-Ru0,) in sulfuric acid solution was investigated
in connection with the electrodes physicochemical prop-
erties from a fundamental viewpoint rather than a practi-
cal viewpoint. Both fundamental and practical investiga-
tions on the Ti/Sn0,-RuO, and related electrodes are still
active, as can be seen from recent papers (6-9), although
the idea of the use of SnO, in RuO,-based anodes for in-
dustrial brine electrolysis goes back to earlier patents
(10-12). The electrocatalysis of such electrodes for oxygen
and chlorine has already been studied by Chertykovtseva
et al. (13) and the present authors (14).

Experimental

The test electrodes (Ti/SnO,-Ru0,) were prepared by a
thermal decomposition method in the following way.
First, a Ti plate (2.5 cm?) was mechanically polished with
emery paper (~ no. 1000) and then chemically etched with
a boiling aqueous solution of 0.2M oxalic acid for 10 min.
Next, an appropriate amount of a mixture of 0.1M SnCl,-
and 0.1M RuCl,-20 weight percent (w/o) HCIl aqueous solu-
tions was applied to one side of the cleaned Ti plate. It
was dried at 50°C and then placed in a preheated furnace
at 350°C for 10 min. Such operations were repeated four
times. Finally, the fifth coating was made and then the
plate was dried at 50°C, followed by heating at 450°C for
1h to complete the thermal decomposition. The total load-
ing amount of SnO, and RuO, was kept constant at 1 X
10-* mol/em?. The amount of each metal oxide will be in-
dicated in parentheses in mole percent.

All the electrochemical measurements were done in
0.5M H,SO, at 30°C by conventional means. An all-Pyrex
glass H-type cell with Teflon stoppers was used as an
electrolytic cell and a Pt sheet as a counterelectrode. The
reference electrode used was a mercury (I) sulfate elec-
trode (Hg/Hg,SO,, 0.5M H,SO,).

The other experimental procedures and conditions will
be given in the next section when necessary.
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Fig. 2. Plot of service life against RuO, content for Ti/SnO,-RuO,
electrodes.

Results and Discussion

The accelerated life tests of the T¥/SnO,-RuO, elec-
trodes with different RuO, contents were carried out by
anodization at 500 mA/cm?. Typical potential-time curves
are shown in Fig. 1. In any case, the potential remains al-
most unchanged for a certain time and then increases rap-
idly. Hereinafter, the service life will be defined as the
time of operation before the anode potential increases
significantly, say 5V vs. Hg/Hg,SO, (iR included). Figure
2 shows the plot of service life against RuO, content. It is
clear that the service life vs. RuO, content plot has a max-
imum at around 30 m/o RuO,. This happened to coincide
in Sn/Ru ratio with the reported Sn-Ru binary alloys, i.e.,
Ru,Sn;, RuSn,, and Ru,Sn; (15). The service life of the
Ti/Sn0,(70)-Ru0,(30) electrode is longer than that of the
Ti/RuO, electrode by a factor of 4.5-5. This is in a marked
contrast to the result obtained with a series of Ti/TiO,-
RuO, electrodes for oxygen evolution (3).

The anodic polarization curves of some Ti/SnO,-RuO,
electrodes are shown in Fig. 3. All the electrodes shown,
except for the Ti/Sn0,(90)-RuO.(10) electrode, have the
dual Tafel slopes of 0.06 and 0.12 V/decade, suggesting
that the mechanism of the oxygen evolution reaction is
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Fig. 1. Typical potential-time curves for Ti/RuO, (a) and
Ti/Sn0,(70)-Ru0,(30) (b) electrodes under anodization at 500
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unchanged. Furthermore, the current-potential curves of
these electrodes can almost completely be superposed
upon each other when they are replotted on the basis of
the current density per given amount of RuO, (e.g., 1 X
10-> mol/cm?). This indicates that the active center for the
oxygen evolution reaction is on the Ru sites, which is in
agreement with the view reported previously (14).

Figure 4 shows SEM microphotographs of the surfaces
of the T/RuO, and T¥/Sn0,(70)-Ru0,(30) electrodes. Evi-
dently, the surface of the latter electrode is much more
smooth and compact, with smaller cracks and pores than
those of the former electrode. Thus, the result of Fig. 2
cannot be explained simply on the basis of an increase of
effective surface area in the usual way (8). The increased
smoothness and compactness of the electrode surface are
considered to lead to the prolonged service life because
they depress the penetration of electrolyte through cracks
or pores in the active layer and thereby the formation of a
resistive TiO, film on the Ti substrate (3).

The coloring of the solution straw-yellow during the life
tests indicates clearly the occurrence of the anodic disso-
lution of the active layer, which can also lead to the for-
mation of a resistive TiO, film on the Ti substrate (3). So,
the dissolution rate of the active layer during anodization
was determined by fluorescent x-ray analysis for both
the Ti/RuO, and Ti/Sn0,(70)-Ru0,(30) electrodes. Many
test electrodes were used in the measurements, so that
one electrode corresponds to each point in Fig. 5 as well
as in Fig. 2. Figure 5 shows the variation of the normal-
ized residual amounts of Ru and Sn species with the
anodization time. In either case, the Ru species dissolve
fast at the first stage, quite slowly in the middle period,
and again rapidly at the final stage. From a detailed com-
parison of these data with the data shown in Fig. 1, one
can notice that the potential change is almost paralleled
by the dissolution of RuO,. In addition, the charges, de-

5 }lm
a b

Fig. 4. Microphotographs taken by SEM of the surfaces of Ti/RuO,
(a) and Ti/Sn0,(70)-Ru0,(30) (b) electrodes.
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Fig. 5. Variation of normalized residual amounts of Ru (circle) and
Sn (square) species with anodization time for Ti/RuO, (a) and
Ti/Sn0,(70)-Ru0,(30) (b) electrodes.
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Fig. 6. X-ray diffraction patterns of Sn0,(70)-Ru0,(30) mixed pow-

ders (a), Ti/SnO, (b), Ti/Sn0O,(90)-Ru0.{10) (c), Ti/SnO,(70)-
Ru0,(30) (d), Ti/Sn0,(50)-Ru0,(50) (e), and Ti/RuO, (f) electrodes.

28.5
Ru02
28.0 QOOOOO O
9
g 2.5 O OO
3
2 0
27.0
<15 $no,
| LT i N (AR
0 20 40 60 80 100

Ru0, content (mol %)

Fig. 7. Plot of x-ray diffraction angle against RuO, content for
Ti/Sn0,-RuO, electrodes.

termined by cyclic voltammetry between 0.1 and 0.3V vs.
Hg/Hg,SO,, was also found to change correspondingly
with the anodization time; i.e., it increased and decreased
at the first and final stages, respectively. Though the rea-
son why a period of constancy in overpotential, as well as
charges, with no dissolution exists is unclear at the pres-
ent stage, it is evident from Fig. 5 that the RuO, dissolu-
tion is depressed to a great extent by the coexistence of
SnO, and RuO, and that not only RuO, but also SnO, dis-
solve anodically, as was already confirmed by means of
SIMS (14). Besides these facts, it is worth noting that both
RuO, and SnO, dissolve almost in the same manner, sug-
gesting the interaction between them.

The x-ray diffraction measurement was carried out for
different electrode samples under the following condi-
tions: a counterelectrode of Cu; tube voltage of 30 kV;
tube current of 10 mA, time constant of 4s, scan rate of
0.5°(20)/min; and a slit width of 0.3 mm. Figure 6 shows
the x-ray diffraction patterns of some Ti/SnO.,-RuO, elec-
trodes together with the mixed powders of SnO,(70) and
Ru0,(30). In this figure, only the patterns for each main
peak in a (110) plane are shown since the patterns for the
subpeaks in the other planes such as (101) and (211) were
quite similar to those for the main peaks. As shown typi-
cally for the Ti/Sn0,(50)-Ru0,(50) electrode, the peaks of
the electrodes with relatively high RuO, contents coin-
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Fig. 8. Probable triple-rutile structure of RuSn,0,. Small filled cir-
cles: Ru. Large filled circles: Sn. Open circles: O.

cided in diffraction angle with the peak of the T¥RuO,
electrode though they were somewhat broader, probably
because of the replacement of Ru site by Sn species with-
out change of the RuO, crystal structure. However, the
T/Sn0,(70)-Ru0,(30) electrode exhibits a specific diffrac-
tion peak which lies between the two peaks of SnO, and
RuO,. The change of the diffraction angle of the main
peak with the composition is more clearly shown in Fig.
7. No diffraction peak was observed for the Ti/Sn0,(95)-
RuO,(5) electrode, indicating the destruction of the SnO,
crystal structure. The alternative broad diffraction peaks
appeared at the Ti/Sn0,(90)-Ru0,(10) electrode, and they
became sharp gradually with increasing RuO, content up
to 30 m/o. These suggest strongly that a new, somewhat
distorted, crystalline structure, probably RuSn,O,, is
formed at the electrode with the composition of around
Sn0,(70)-Ru0,(30) during the electrode preparation. From
the analogy to triple-rutile structure of mossite FeNb,O,
(16), the new crystal may be represented by the structure
shown in Fig. 8, though further detailed studies are
necessary.
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In conclusion, the service life of the Ti/RuO, electrode
can be prolonged by the presence of SnO, in the active
layer with the optimal composition of around 70 m/o SnO,
and 30 m/o RuO,. This is probably due to the formation of
a new crystalline but somewhat disordered RuSn,O,,
which leads to the depression of the anodic dissolution of
the active layer, in addition to the increased smoothness
and compactness of the active layer.
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Application of Electrochemical Fluorination to the Synthesis of

Perfluoroalkane Sulfonic Acid Electrolytes
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Perfluorinated alkane sulfonic acids have been receiv-
ing attention in the last few years as potential fuel cell
electrolytes (1, 2). However, except for trifluoromethane
sulfonic acid, acids of this class are not widely available,
particularly the multifunctional compounds. Conse-
quently, progress in the evaluation of the electrolyte
properties of these acids has been impeded. Effective
methods for the synthesis of attractive perfluorinated
sulfonic acids are therefore needed which can generate
appreciable quantities of these acids in a highly pure
form.

Synthetic routes based on electrochemical fluorination
(ECF) (3-7) in anhydrous hydrogen fluoride (AHF) are at-
tractive for the preparation of perfluoroalkane sulfonic
acids. Although the fluorination of alkane sulfonic acids
cannot be carried out directly by ECF (3), Brice and Trott
(8) and Gramstad and Haszeldine (9) showed that alkane
sulfonyl halides (chlorides and fluorides) could be suc-
cessfully fluorinated by this method to give perfluoroal-
kane sulfonyl fluoride products in fairly high yields. The
perfluorinated sulfonyl fluoride products were con-
verted to the corresponding acid salt by alkaline hydroly-
sis, the free acid then being obtained either by distillation
from a solution of concentrated sulfuric acid and sulfonic
acid salt, or by ion exchanging solutions of the salt (10).

In this paper, the electrochemical fluorination of
methanedisulfonyl fluoride, H,C(SO,F),, to produce di-
fluoromethanedisulfonyl fluoride, F,C(SO,F),, in high
yields is described, along with the conversion of the latter
compound to the disulfonic acid form. The formation of
F,C(SO,F), from H,C(SO,F), via ECF has been reported
previously (11). Methanedisulfonyl fluoride was selected
as a substrate for ECF rather than the corresponding di-
sulfonyl chloride since it has been established (9) that
substrates containing the —SO,F group rather than the
-S0,Cl group give higher yields of the perfluoroalkane
sulfonyl fluoride compounds. Also, in the case of sub-
strates containing a high ratio of —SO,Cl groups to C-H
bonds there is the possibility of formation of undesirable
C-Cl bonds in the course of electrolysis.

Experimental

The methanedisulfonyl fluoride reactant used in the
electrochemical fluorination reaction was synthesized via
a two-step process. In the first step, methanedisulfonyl
chloride, H,C(SO,Cl),, was synthesized by a reaction
involving acetic acid (Fisher, Reagent), chlorosulfonic
acid (Pfaltz and Bauer, 99%), and phosphorous oxychlo-
ride (Fisher, Purified) as described by Fild and Rieck
(12). In the second step, the H,C(SO,Cl), was converted to
H,C(SO,F), by the action of potassium bifluoride
(Harshaw, 97%) in acetonitrile (Fisher, 99%). Following re-
moval of the precipitated KCl product by filtration, the
H,C(SO,F), was recovered by vacuum distillation. Typi-
cally, chemical yields of 70-75% were obtained by each of

*Electrochemical Society Active Member.

**Electrochemical Society Student Member.

1Present address: IBM Thomas J. Watson Research Center,
Yorktown Heights, New York 10598.

these two reactions. Elemental analysis and proton and
fluorine NMR confirmed the identification of
H,C(SO,F),. This material was purified by further vac-
uum distillation, and its purity was found to be in excess
of 98% by gas chromatography. The major impurities in
the H,C(SO,F), were H,C(SO,Cl), and H,C(SO,C))SO.F.

The electrochemical fluorination reaction was con-
ducted in a Simon-type reactor (3) with a volume of 500
ml. The details of the cell design and support system have
been reported previously (13). In a typical experiment, the
reactor temperature was maintained at 10° + 1°C with the
condenser kept at —50° to —60°C. A 20 ml/min flow rate of
nitrogen was maintained throughout the experiment in
order to sweep away hazardous gascous products. Typi-
cally, 450 ml of anhydrous hydrogen fluoride (AHF) was
added directly to the cell and purified by pre-electrolysis
at a constant cell voltage at 5.5V until the current decayed
to a constant base-line value of ~0.2 A/dm?®. The purpose
of this pre-electrolysis step, which was typically con-
ducted for 12-18h, was to form the anodic nickel fluoride
film and remove any water present in the AHF.

After the pre-electrolysis of the AHF, approximately
30g of H,C(SO,F), was added to the cell, bringing the
reactant concentration to 5% by weight. The cell was op-
erated at a constant cell voltage of 5.5V with an average
current density of ~0.5 A/dm?. The electrolysis current re-
mained relatively constant as long as the reactant was
present and rapidly decayed when the last amount of
reactant was consumed. New reactant was then added
when the current decayed to the base-line value. A typical
run duration was 150h. The fluorination product formed
a separate heavy phase, which could be observed along
with some solid corrosion products, at the bottom of the
reactor when the agitation was turned off. A greenish-
white corrosion product, presumably nickel difluoride
(9), could also be observed loosely coating the anodes.

One of the methods employed for carrying out salt-to-
acid conversions in the present work was electrodialysis.
A three-compartment PTFE cell was employed which
used Nafion 117 membranes as separators. The Nafion
membranes (proton version, 1100 eq weight, 0.007 in.
thick) were cleaned in hot water, which was frequently
changed, for at least two weeks prior to use. A solution of
the sulfonate salt, F,C(SO,Li), rather than the Ba salt, was
placed in the central compartment. Solutions of LiOH
(0.5M) and trifluoromethane sulfonic acid (1.0M) were
placed in the cathode and anode compartments, respec-
tively. Platinum gauze was used for the anode and cath-
ode. Current densities of 10 A/dm? with respect to the
Nafion membranes were employed. In view of the rather
high electric fields present across the membrane at such
high current densities, diffusion of the bulky F,CSO,- ion
from the anode compartment should be negligible. Simi-
larly, back-diffusion of Li‘ ion from the cathode compart-
ment should also be minimal.

Results and Discussion

At the completion of the electrolysis experiment, the
cell and cell condenser were warmed to room tempera-

2424



Vol. 132, No. 10

ture. To facilitate recovery of volatile products from the
cell, which included the F,C(SO,F),, a cold trap consisting
of coiled Monel tubing immersed in a Dry Ice/isopropanol
mixture (temperature ~ —73°C) was incorporated in the
outlet gas stream from the condenser. HF and product
material were simultaneously carried over from the
warmed cell and condenser in a stream of N, gas and
were collected in a flask of ice water placed at the outlet
of the cold trap. The HF dissolved in the water, while the
F,C(SO,F), product was insoluble, forming a second,
transparent layer at the bottom of the flask. Only a trace
quantity of organic material remained with the corrosion
products in the cell. The product recovered in the ice
water trap was separated from the aqueous phase and
washed further with water to remove traces of HF. No
traces of color were exhibited by this product at any time.

Fractional distillation of the ECF product initiated at
56.5°C and rose rapidly to a steady temperature of 57.2°C.
A 250 ml round-bottom glass distillation flask was em-
ployed and operated at ambient pressure. In order to
avoid any introduction of contaminants, no stopcock
grease was used for the glass joints. Thermometers with
ground glass joints were placed in both the still flask and
at the entrance of the condenser. Only the product recov-
ered at 57.2°C was employed for the conversion to
F,C(SO,H),. Fluorine NMR confirmed the structure of
F,C(SO,F), showing two triplets, one centered at —36.6
ppm relative to CFCIl, and the other at 96.8 ppm. Proton
NMR confirmed the absence of C-H bonds in the prod-
uct, indicating the maximum C-H material presented was
less than 5%.

The chemical yield of the ECF step was approximately
70%, with a product-recovered-based current efficiency
averaging 44%.

Preparation of F,C(SO.H), from F,C(SO.F),—Various
methods were explored for converting F,C(SO,F), to the
acid form. In general, perfluorinated alkane sulfonyl
fluorides are readily hydrolyzed under alkaline condi-
tions only (9). The hydrolysis of F,C(SO.F), was found to
be most effectively carried out using concentrated aque-
ous solutions of either Ba(OH), or LiOH since the rela-
tively insoluble fluoride salt by-products, BaF, and LiF,
respectively, could be separated from the hydrolysis mix-
tures by filtration. The stoichiometric equation for the
Ba(OH), hydrolysis reaction, for example, may be written
as follows

F.C(SO,F), + 2Ba(OH), = F,C(SO,).Ba + BaF, + 2H,0
[1]

The hydrolysis reactions were conducted at room temper-
ature over periods of 1-2 days. In this step, the F,C(SO,F),
was added in a batchwise manner to the alkali solutions
in FEP bottles. The additions were carried out in such a
manner that the reaction temperature did not exceed
35°C. A slight excess of alkali was employed in order to
insure complete conversion of sulfonyl fluoride func-
tional groups to sulfonate groups. At the completion of
the reaction, the insoluble fluoride salts were removed
by filtration. The Ba or Li disulfonic acid salts were re-
covered from the filtrate after removal of the water using
an aspirator.

Sulfate anion was detected in the hydrolysis solutions
utilizing LiOH as the hydrolyzing base. The odor of sulfur
dioxide from the hydrolysis solutions has also been de-
tected at the completion of the hydrolysis reaction. The
sulfate was removed as BaSO, by the addition of barium
hydroxide. The amount of sulfate formed during the hy-
drolysis reaction has been found to be 0.001-0.002 mol per
mole of F,C(SO,F),. Sulfate was not present in the original
F,C(SO,F), and only to a very minor extent as an impurity
in the LiOH. The sulfate is evidently generated by hydrol-
ysis of the F,C(SO, "), anion.

Fabes and Swaddl (14) have reported that F,CSO,-
oxidatively hydrolyzes quantitatively in alkaline solutions
at 297°C, and suggested the following equation for the
process
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F,CSO,~ + 6 OH- = 3F- + SO, + CO; + H, + 2H,0 [2]

Perhaps a process similar to reaction [2] leads to the insta-
bility of the difluoromethane disulfonate even though
the temperature did not exceed 35°C. A more likely pro-
cess, however, is the oxidation of the disulfonate in alka-
line solution by O, from the air. The disulfonate may be
more susceptable to oxidative hydrolysis than the mono-
sulfonate because the presence of two —SO,~ groups on
one carbon leads to lower stability.

Various methods were explored for converting the
disulfonic acid salts to the acid form, principally ion ex-
change and electrodialysis. A disadvantage of the electro-
dialysis method is the relatively long periods required
(several days) to reduce the Li' content to very low levels
(e.g., 2-3%) in the disulfonic acid material. Furthermore,
despite extensive cleaning of the Nafion 117 membranes
employed in the cell, cyclic voltammograms of smooth Pt
electrodes recorded in F,C(SO,H), solutions (e.g., 1.0M)
prepared by this method indicated the presence of impu-
rities, particularly in the hydrogen adsorption/desorption
region. These impurities were also found to interfere se-
verely with rotating ring-disk electrode measurements of
0, reduction in these electrolytes. These impurities were
not removed by pre-electrolysis methods or by treatment
with hydrogen peroxide. Since the F,C(SO,F), was highly
purified prior to hydrolysis by multiple fractional distil-
lations, it seems likely that a major portion of these impu-
rities were generated during the further hydrolysis of
F,C(S0,7),. The F,C(SO,Li), salt cannot be purified read-
ily by recrystallization from aqueous solutions prior to be-
ing submitted to electrodialysis owing to its extremely
high solubility. In general, the most effective method for
purifying the newly prepared F,C(SO,H), was found to be
distillation of its dihydrate under reduced pressure (~0.3
torr air). Distillation also served to remove traces of salt
remaining after electrodialysis.

Ion exchange was also investigated as a convenient
method for converting F,C(SO,Li), to the acid form.
Amberlite IR 120 resin was employed after being washed
extensively with ultrapure water. The ion exchange resin
did not appear to degrade while it was in contact with the
disulfonic acid, and essentially quantitative conversion of
the salt to the acid was achieved. The disulfonic acid pre-
pared by ion exchange was also subsequently purified by
vacuum distillation of its dihydrate, and its composition
was confirmed by elemental analysis. In the case of
perfluoroalkane sulfonic acid salts, which can be
purified by recrystallization, e.g., the potassium salts of
tetrafluoroethane-1,2- and hexafluoropropane-1,3-disul-
fonic acids, the method of electrodialysis would be one of
the methods which should produce purer acid than ion
exchange methods (15), since the resin is a potential
source of organic impurities.

Voltammetry of platinum.—Linear potential sweep
voltammetry of smooth Pt in a N, (Matheson, 99.9995%)
saturated solution provides a convenient qualitative
check of electrolyte purity. Cyclic voltammograms of
0.5M F,C(SO,H), and 1.0M H,PO, are shown in Fig. 1. The
disulfonic acid was purified by twice distilling the
dihydrate under reduce pressure, while the phosphoric
acid was carefully purified as described elsewhere (16).
The voltammogram of the F,C(SO,H), exhibits reasonably
well-defined hydrogen and oxide film regions. The mi-
nor peak present at ~0.75V vs. RHE (1 atm) in the anodic
sweep increases slightly with sweep rate and becomes
less pronounced at lower concentrations. It is probably an
impurity peak. Overall, however, the voltammogram of
F,C(SO,H), indicates that this acid is reasonably pure.

There are some differences between the hydrogen and
oxide regions of the voltammetric profiles of Pt recorded
in the 0.5M F,C(SO,H), and H,PO, electrolytes. The onset
of oxide formation in the anodic sweep occurs at ~70 mV
more negative in the case of the sulfonic acid electrolyte
relative to phosphoric acid. This is an indication of
weaker adsorption on Pt by the sulfonic acid electrolyte
relative to phosphoric acid. Also, as observed in the case
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Fig. 1. Yoltammograms of platinum in purified 0.5M F,C(SO,H),
(solid line) 1.0M H.PO, (dashed line) at 25°C, N, saturated, sweep
rate = 25 mV/s.

of weakly adsorbing acids (17), e.g., HCIO,, the peak cur-
rent for the strongly adsorbed form of hydrogen on Pt at
ca. 0.25V is lower for the F,C(SO,H), than for the H,PO,.
The absence of significant adsorption behavior on elec-
trode surfaces such as platinum is a desirable property for
acid fuel cell electrolytes.

Conclusions and Future Works

Electrochemical fluorination of methanedisulfonyl
fluoride in AHF is a viable route for the production of
difluoromethanedisulfonyl fluoride. High yields are ob-
tained by this method, and it is anticipated that a variety
of other perfluoroalkane sulfonyl fluorides may be pre-
pared in this manner. We have recently constructed a new
electrochemical reactor system with a three-electrode
configuration, improved agitation, and a more uniform
current density distribution. We believe these improve-
ments will increase the yield and permit use of higher
current densities.

The physicochemical properties of F,C(SO,H),, eg.,
conductivity and vapor pressure, are being characterized.
The dihydrate does not wet Teflon above its melting
point (~70°C). Studies of O, electroreduction on platinum
using rotating ring-disk and gas-diffusion electrode tech-
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niques are also in progress and will be reported. The sta-
bility of F,C(SO,H), will also be checked, particularly at
elevated temperatures.
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In Situ Spectra of Intermediate Species Recorded during
Electrochemical Reduction of p-Benzoquinone

Chong-Hong Pyun* and Su-Moon Park* *

Department of Chemistry, University of New Mexico, Albuquerque, NM 87131

p-Benzoquinone has been studied extensively photo-
chemically and/or electrochemically due to its importance
as an electron acceptor in many chemical as well as bio-
logical reactions. It is generally recognized to undergo an
electrochemical-chemical-electrochemical (ECE) reaction
when reduced in nonaqueous media (1-6), i.e.

BQ + e~ > BQe 8]
BQ¢ + H' — BQHe [2]
BQH¢® + e~ — BQH- [3]
BQH- + H' - BQH, [4]

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

where BQ represents p-benzoquinone. Rates of chemical
steps, i.e., reactions [2] and [4] have not been reported in
nonaqueous solutions, but are slow enough for a nearly
complete reoxidation peak for the anion radical to be ob-
served on cyclic voltammetric scales. The apparent decay
rate of BQe was reported by Fukuzumi et al. (7) to be 5.7
x 10~* min~' in neutral water at room temperature with
first-order kinetics. The second-order disproportionation
rate of BQe, i.e.

2BQe + 2H' - BQ + BQH,

is, however, reported to be 1.7 x 10% and 1.1 x 10 M~'-s~!
at pH = 7.2 and 2, respectively, in water by Adams and
Michael (8). This disparity indicates the complexity of the
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chemistry of p-benzoquinone anion radicals. We believed
that a half-life of about 2h for BQe in water as reported
by Fujuzumi et al. (7) was excessively long.

Spectra of intermediate species including BQe® and
BQHe have been studied using either pulse radiolysis
(8-12) or by oxidation of hydroquinone (BQH,) with solid
oxidants such as MnO, in water (7). The medium was ei-
ther water (pure or buffered) or a water-isopropylalcohol
(up to 3M) mixture. These media are often saturated with
N,O to scavenge radical species produced upon pulse
radiolysis, which may lead to some unknown side reac-
tions. Iso-propylalcohol was used to remove any interme-
diate radical species other than OHe. Attempts at record-
ing transient spectra in situ in an electrochemical cell
under well-controlled conditions have been made (5, 6),
but to the best of our knowledge no such spectra have
been recorded using spectroelectrochemical methods
with controlled amounts of proton donors.

In this communication, we report the spectra of inter-
mediate species electrogenerated in dimethylsulfoxide
(DMSO) solution using near-normal incidence reflect-
ance spectroelectrochemistry (NMIRS). We believe we re-
corded spectra for all the intermediate species, i.e., BQe,
BQHe, and BQH-.

Eastman Organic’s reagent-grade p-benzoquinone was
used after recrystallization from water. Mallinckrodt’s
reagent-grade DMSO was used after fractional distillation
with a reflux ratio of 5:1 under the reduced pressure.
Tetra-n-butylammonium perchlorate (TBAP; Southwest-
ern Analytical, Incorporated, Austin, Texas) was used as a
supporting electrolyte after drying for 24h at about 100°C.
The spectra were recorded at a reflective platinum disk
electrode (Sargent Welch S-30101-20A) using a bifurcated
optical fiber probe. The spectroelectrochemical system
was controlled by an Apple II+ microcomputer. Details
of the instrumentation are described elsewhere (13). Cy-
clic voltammograms were recorded with a Princeton Ap-
plied Research (PAR) Model 173 potentiostat-galvanostat
along with a PAR Model 175 universal programmer.

Cyclic voltammograms (CV’s) shown in Fig. 1 indicate
that the anion radical produced upon negative potential
sweep is very stable. When water is added to this electro-
chemical system, practically the same reversible CV is ob-
tained with a prewave due to the enhanced adsorption at
the electrode surface. The adsorbed species is stripped off
with one scan, leaving the following electron transfer
practically reversible (Fig. 1b). This illustrates that the
electrogenerated anion radical is fairly stable, even at a
reasonably high concentration of the proton donor. Simi-
larly, one can conclude from the CV’s shown that the rate
of protonation is fairly slow even in solutions containing
water.

The spectrum of the anion radical, BQe, recorded
after 11 min of electrolysis in “dry” DMSO, is shown in
Fig. 2a. This spectrum was recorded while electrolysis
was proceeding. To compensate the amount of the BQe
building up in the probe path, the wavelengths were
scanned up and down, and the average value of the two
was used. The data acquisition time was approximately 5
min.

The spectrum shown in Fig. 2a has exactly the same
features as in those recorded in water (7-12), except that
the absorption bands are red shifted by about 30 nm in
DMSO. We believe that the spectral blue shift observed in
the aqueous medium is due to the hydrogen bonding to
the benzoquinone carbonyl groups, as was observed in
the 9,10-anthraquinone system (14). To confirm this, we
ran an experiment in water with 0.20M NaClO, as a sup-
porting electrolyte; exactly the same spectrum as shown
in Fig. 2a was observed. The spectrum in water, however,
showed about 32 nm of blue shifts. Furthermore, the an-
ion radical was reasonably stable. To our surprise, the an-
ion radical spectra were observed even after more than 30
min after its generation by controlled potential electroly-
sis. The absorption maxima are believed to arise from the
m-m* transition, and spectral features are due to the C—O
stretching vibration in the excited state (15).

REDUCTION OF p-BENZOQUINONE
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POTENTIAL, V vs. Ag wire
Fig. 1a: Cyclic voltammogram (CV) recorded in a solution containing
1.87 mM p-benzoquinone and 0.10M TBAP in “dry” DMSO. b: CV re-
corded in a solution ¢ ining 1.21 mM p-b i 0.10M TBAP,
and 10.0% H,0 in DMSO. The reference electrode was a Ag wire, and
the scan rate was 100 mV/s for both experiments.

When further electrolysis is performed under the same
condition, the spectrum shown in Fig. 2b is obtained. One
can notice in this spectrum that the absorption bands at
427 nm and at about 670 nm are growing. This effect is
more pronounced when the electrolysis is carried out in
DMSO containing 10.0% H,O even at a much shorter elec-
trolysis time. Note also that the spectral bands show 4 ~ 5
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Fig. 2a: Absorption spectrum recorded after 11 min of electrolysis for
the solution containing 1.87 mM p-benzoquinone at —0.68V vs. Ag wire
electrode. b: Absorption spectrum recorded after 36 min of electrolysis
for the same solution as in a. c: Absorption spectrum recorded after 3 min

of electrolysis for the solution containing 1.21 mM p-benzoquinone and
10.0% H,O at —0.62V.
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Fig. 3a: Difference spectrum obtained from those shown in Flg 2band
2a. b: Difference spectrum ob! d from the soluti
mM p-benzoquinone and 10.0% H,O for electrolysis times of 8 nnd 19
min, respectively. c: Spectrum recorded with the circuit open after 30
min of electrolysis for the solution used in Fig. 3b.

nm blue shifts in Fig. 2c compared to those shown in Fig.
2a due to the addition of water. When the difference be-
tween the spectra shown in Fig. 2b and 2a is taken, a
spectrum shown in Fig. 3a is obtained. The same spectra
as in Fig. 3a are also obtained when differences are calcu-
lated from those shown in Fig. 2¢ and 2a. This indicates
that the process producing a species responsible for the
spectrum in Fig. 3a is facilitated by the presence of water.
Note that this process is already occurring in “dry”
DMSO but the rate is much slower. Thus, we attribute the
spectrum in Fig. 3a to the free radical generated upon
protonation of the anion radical, which is formed at the
top of the diffusion layer. We believe that the broad band
at about 670 nm is perhaps also from the free radical. For
several spectra that we obtained, almost constant ratios of
the absorbance at 410 nm to that at 670 nm were ob-
served, indicating that both absorption peaks came from
the same source. One may speculate, however, that the
absorption band at 670 nm may have resulted from the in-
termediate dimer formed from the free radical. The pres-
ence of such a dimer was speculated by Eggins and
Chambers from their cyclic voltammetric studies (5).

The absorption spectrum of the free radical, BQHe,
was reported by Adams and Michael (8). They produced
this species by generating anion radicals in water of pH =
2.0. The assumption was that anion radicals produced
protonate quickly to produce free radicals at low pH’s.
The spectrum recorded at pH = 2.0 had similar spectral
features to the one recorded at a neutral pH, but had its
absorption maximum at about 410 nm. In our spectrum,
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the blue shift of the free radical with respect to that of the
anion radical is more extensive than in Adams and Mi-
chael’s observation. This could perhaps be due to the
solvent/supporting electrolyte effects. The transition of
the benzoquinone anion radical should be affected by the
solvent polarity more than that of the free radical, which
does not carry any charges on it.

Also noticed in this spectrum (Fig. 3a) is the presence of
an absorption band at about 500 nm. This band grows
significantly enough to give a band broadening as shown
in Fig. 3b, when the water content becomes high. When
the electrical circuit is open, we notice that the absorption
peak at about 500 nm grows at the expense of the one at
410 nm, as shown in Fig. 3c. Eventually, all the transient
absorption peaks disappear, and the final solution is
dominated by the absorption peaks attributable to the
final product, hydroquinone (BQH,). Of course, this hap-
pens only when the exhaustive electrolysis is performed.
This series of spectroscopic observations indicate that
there are no final products detectable other than hydro-
quinone. Thus, we believe that the absorption band ob-
served at about 500 nm is due to the protonated anion
(BQH~") in reaction [3]. An attempt to obtain the spectrum
of BQH- by deprotonating BQH, in strong alkaline me-
dium was not successful; the deprotonation reaction was
accompanied by the oxidation of BQH, as well. Although
the spectra of intermediate species were assigned mostly
from the sequence of reactions summarized by [1]-[4],
they are in good agreement with those reported for BQe
and BQHe obtained under quite different experimental
conditions. The spectrum for BQH- has not been re-
ported to the best of our knowledge.

We conclude from the current spectroelectrochemical
study that we observed transient spectra corresponding
to the anion radical (BQe), protonated free radical
(BQHe®), and protonated anion (BQH-) species. Surpris-
ingly, as already pointed out, the electrogenerated BQe® is
reasonably stable even in neutral water as was originally
observed by Fukuzumi et al. (7). Perhaps the
benzoquinone anion radical generated by pulse radiolysis
(8-12) may not be stable due to the host of other reactive
intermediate species produced along with the desired
product. Particles of very high energies are employed in
pulse radiolysis. Further work on the solvent effect on the
spectra, effect of water, and the rate of decay of each in-
termediate species is in progress in our laboratory.

Manuscript submitted March 11, 1985; revised manu-
script received May 8, 1985.
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Investigation of Photoelectrode Redox Polymer Junctions

Ronald L. Cook* and Anthony F. Sammells*

Eltron Research, Incorporated, Aurora, Illinois 60505

There are several incentives for the characterization of
semiconductor junctions with redox containing solid
polymer electrolytes (SPE). An understanding of such
junctions can be expected to have important implications
on the design of solid-state photoelectrochemically re-
chargeable galvanic devices possessing charge capacity.
In addition, the presence of polymer-incorporated redox
species in close proximity to the semiconductor surface
may act as an antenna probe for measuring perturbations
in interbandgap surface states when the junction is ex-
posed to selected chemical species.

We have previously shown the viability of such junc-
tions for the storage of photogenerated electrochemical
energy (1, 2). Here, solid-state cells based upon both
poly(ethylene oxide) and Nafion' as SPE’s have been
shown to be potentially attractive for energy storage. A
recent example discussed by us is the two photoelectrode
cell

p/InP/Fe* porphine/Nafion 117/Ru?*' (bpy),/n-CdS

which has been shown to generate photopotentials in ex-
cess of 1V upon simultaneous AMI1 illumination of both
photoelectrodes, using the above electrochemically re-
versible redox couples (2). In addition, semiconductor
films deposited onto appropriate substrates have been
found promising, via the use of impedance techniques,
for the detection of gases such as CO (3-5).

For electrochemical energy storage, the redox polymer
phase should, in principal, possess the following proper-
ties: (i) the redox species must be fixed into a relatively
immobile polymer site so that any self-diffusion resulting
in spontaneous self-discharge would be eliminated; (ii)
the immobilized redox species must retain some electro-
chemical reversibility; and (iii) an excess concentration of
mobile conducting species should be present in the vicin-
ity of the redox couple, over and above that normally nec-
essary for ionic conduction, to preserve electroneutrality
in the proximity of the immobilized redox species during
redox electrochemistry. The perfluorinated cation ex-
change material Nafion was selected as a candidate SPE
material whose properties may address these criteria (6-9).

Photoelectrochemical (PEC) cells using n-CdS as a
photoanode and Nafion 117 as the SPE were prepared
and doped with a variety of transition metal complexes of
varying redox potentials and overall molecular charge
(+2, 0, —1). The role of such introduced redox species for
perturbing photoelectrode properties was of interest both
for understanding conditions which promote electron
transfer for charge (or discharge) in solid-state PEC stor-
age devices, and also for understanding their role in
changing semiconductor properties which might facili-
tate the use of this junction for various detector
applications.

Experimental

n-CdS single crystals were obtained from Cleveland
Crystals, Incorporated, and were initially polished with
600 grit emery paper, followed by 5 um alumina on a
Texmet polishing cloth and finally with 0.3 um alumina
on a Microcloth polishing cloth. The ohmic contact area
was initially etched with a solution of HNO,H,SO,:
HOAc:HC1 (30:20:10:0.1) for 20s. Ohmic contact was
achieved by introduction of a gallium-indium eutectic
onto the etched CdS face. Current collection was
achieved via a Nichrome wire using a silver epoxy, which
was cured at 150°C for 1h. Immediately prior to fabrica-

* Electrochemical Society Active Member.

' Nafion is the registered trademark for a family of perfluor-

sulfonic acid ion-exchange membranes manufactured by E. 1.
du Pont de Nemours and Company.

tion of the cell, the front face was polished with 5 and 0.3
pum alumina, rinsed, and the face etched with
HNO,:H,SO,;HOAc:HCI solution as above.

Electrochemical measurements were performed using
potentiostatic control provided by either a Stonehart As-
sociates BC 1200 or a Wenking LT 78 potentiostat. Differ-
ential capacitance measurements for Mott-Schottky plots
were performed using a H-P 4276A digital LCZ meter at
1000 and 10,000 Hz. Thin film coatings of gold and silver
were vacuum-deposited on glass slides with an Edwards
306A evaporator. Photoelectrode illumination was
achieved via a Sylvania 300W ELH bulb. Light intensities
were measured with an Eppley 8-48 pyranometer. Cyclic
voltammograms on the redox couples were run in aceto-
nitrile (Burdick and Jackson) with tetrabutylammonium
hexafluorophosphate (Southwestern Analytical Chemi-
cals, Incorporated) as supporting electrolyte. A three-
electrode configuration consisting of a platinum working
electrode, a platinum counterelectrode, and a Ag/Ag' ref-
erence electrode was used for the cyclic voltammetry
scans.

Results and Discussion

Cell preparation.—Solid-state PEC cells were fabri-
cated by introducing 0.05 ml of a solution containing 50
mg/ml of Nafion 117 and 0.5 mg/ml of the appropriate
redox couple in a solution of lower aliphatic alcohols onto
the surface of a n-CdS photoanode and a glass slide pos-
sessing both an evaporated gold counterelectrode and
silver quasi-reference electrode. The Nafion was allowed
to dry partially for 15 min on each of these surfaces, after
which the two half-cells were pressed together and al-
lowed to dry for an additional 2h. The cell configuration
used in this work is shown in Fig. 1. The transition metal
complexes selected for introduction into the Nafion poly-
mer included FeCp,, Ru(bpy),*', Fe(bpy),*', Fe(CN),*-, and
Fe(acac),. These complexes were selected to provide for
both a variation in overall molecular charge and chemical
potential at localized sites within the Nafion polymer.
Several films were initially cast onto Teflon substrates
and allowed to dry. Upon removal and visual examination
of these films (40x magnification), the polymer con-

n-CdS Working Electrode

[¢—Glass Slide

Ag Reference
Electrode
(on Glass Slide)

Au Counter Electrode
(on Glass Slide)

ToP_VIEW

@/ .,_:‘ hu Bouricer
B
U l

SPE

SIDE VIEW

Fig. 1. Schematic diagram of cell configuration used in this work
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taining Ru(bpy),** was yellow and homogeneous. For con-
centrations of Ru(bpy),** up to 20 mg/ml SPE, the poly-
mer remained homogeneous in appearance. Similar
observations were made when Fe(bpy),*' was introduced
into the polymer.

In comparison, ferrocene, was in fact insoluble at con-
centrations greater than 1 mg/ml of the SPE, as mani-
fested by its appearance as microcrystalline needles upon
solvent removal from the polymer. Similar observations
were made when Fe(acac), was introduced into the poly-
mer. The anionic complex Fe(CN)y*- remained homoge-
neous at concentrations up to 2 mg/ml SPE.

Photoelectrochemical measurements.—To gain some
preliminary insight into the respective PEC characteris-
tics of the SPE cell when the redox species FeCp,,
Ru(bpy),*", Fe(CN),'-, and Fe(acac), are present in the
proximity of semiconductor/SPE junctions, cells pos-
sessing the general configuration n-CdS/SPE + redox
species/Au were prepared using the procedures discussed
above. The initial photopotentials realized from these
cells under simulated AMI1 illumination conditions are
compared in Table I. As can be seen, these photopoten-
tials (which are mainly around 200 mV) appear to be rela-
tively invariant when compared to, for example, E,,
values for the same redox species in acetonitrile using a
platinum electrode, e.g., FeCp, (0.285V wvs. Ag/Ag'),
Ru(bpy),*>'#* (1.25V vs. Ag/Ag').

Although this was initially thought explainable by the
presence of Fermi level pinning by the n-CdS, it was later
observed that photopotentials for Ru(bpy)*'-modified
SPE-PEC cells were in the —500 to —600 mV range when
SnO, conducting glass was used as the counterelectrode.
This result suggests that the photopotentials observed in
the CdS/Nafion + redox couple/Au system may have
been limited by inadequate interfacial contact between
the Nafion polymer and the gold counterelectrode. Such
interfacial contact limitations have previously been re-
ported using Nafion/WO,-based SPE electrochromic de-
vices (10). SnO,, however, shows significant adhesive
strength attributable to covalent bonding between the
sulfonic acid groups in the SPE and receptive functional
groups on the SnO, substrate electrode (11). Thus, the in-
creased photopotentials observed for n-CdS/SPE cells
using SnO, conducting glass counterelectrodes can, in
part, be explained by improved interfacial contact with
the Nafion polymer at the counterelectrode.

In order to determine the dependency of the SPE-
incorporated redox species concentration on the photopo-
tential of n-CdS/Nafion + Ru(bpy),*'/conducting glass,
SPE cells, Ru(bpy),* concentrations were varied between
0.0004g and 0.006 g/mV/SPE and their photopotentials un-
der 100 mW/cm? illumination compared. As can be seen
from Table II, the photopotentials for this system were
not dependent on the concentration of the incorporated
redox species over the concentration range studied,
thereby indicating that the double layer present at the
semiconductor/SPE junction was invariant under these
experimental conditions. If significant perturbation of
the double-layer region were to have occurred, however,
this might have influenced the photopotential observed
by changing the space charge region width and the corre-
sponding barrier height.

For cells based upon the proton conducting SPE, gen-
erally low currents were observed which were attributed

Table |. Photopotential values for the PEC cells
CdS/Nafion + redox species/Au

Redox species
introduced into H'
conducting Nafion 117

Photopotential under
AM]1 illumination
at n-CdS (mV)

Ru(bpy),*" -200
Fe(bpy),*' -190
Fe(CN),*~ —-220
FeCp, =270
H' conducting Nafion -200
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Table Il. Photopotential measurements on n-CdS/Nafion 117 +
Ru(bpy).*'/conducting glass as a function of Ru(bpy).*' concentration

Ru(bpy),*' Photopotential
(mg/ml/SPE®) (mV)
0.375 —485
0.75 —488
1.5 —490
3.0 —480
6.3 -500

*1 ml SPE solution contains 50 mg/ml Nafion 117.

to the poor conductivity of this polymer when used in
solid-state cells. However, substitution of Na' for H' con-
ductivity in the SPE/alcohol mixture before polymer for-
mation on the semiconductor substrate was found to en-
hance overall ionic conductivity of the final solid-state
cell. Figure 2 shows a current-voltage PEC curve for the
cell n-CdS/SPE:FeCp,:NaCl/Au. Overall cell resistance
was found to be 14 k), and a current density of 25 pA/cm?
could be obtained by applying a 300 mV anodic
overpotential to the photoanode.

Capacitance measurements.—For cells prepared in this
work, differential capacitance measurements were per-
formed on n-CdS/redox SPE junctions, to determine if
there was any sensitivity of the measured n-CdS flatband
potential to the redox species introduced into the Nafion
polymer. Figure 3 compares differential capacitance mea-
surements performed on n-CdS junctions with the proton
conducting SPE, (i.e., no introduced redox species) and
the SPE’s containing Ru(bpy),* and Ru(bpy)* + FeCp.,
performed at 1000 Hz. These C,.~* vs. V plots show good
linearity even though some of the cells possessed a rela-
tively high resistance. Some frequency dispersion was
noted at higher frequencies. Deviations from linearity for
such plots might be expected if there is a high electrolyte
resistance in series with the semiconductor space charge
region or if a high population of surface states is present
at the semiconductor/electrolyte interface (12). Results
obtained from both current-voltage curves and the appli-
cation of an ac signal to the cell suggested that some de-
gree of rectification may be present at the semiconduc-
tor/SPE interface. Here, the ac signal from a signal
generator was introduced through the cell and a
measuring resistor. The output current as measured
across the resistor was fed into an oscilloscope. The nega-
tive half of the sine wave was only two thirds the height
of the positive half of the sine wave. This suggested that

LIGHT

I]uA/cm’

CURRENT TE

HVJ/*,-JJ R

T T T T T v
-200 - 100 0 100 200 300
+

ELECTRODE POTENTTAL, nV vs Ag/Ag

Fig. 2. Current-voltage relationship for the cell n-CdS/
Nafion:FeCp,:NaCl/Au
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POTENTTAL vs Ag Reference Electrode, mV

Fig. 3. Mott-Schottky plots for CdS/SPE/Au (crosses), CdS/SPE +
Ru(bpy)*'/Au (circles), and CdS/SPE + Ru(bpy)> + FeCp,/Au
(triangles).

about 30% rectification was present in the cell. It should
be noted that for semiconductor/metal oxide solid-state
junctions where current rectification is seen, linear Mott-
Schottky plots have been obtained (12).

Since good linearity and reproducibility were obtained
from C,.~* vs. V plots in work reported here, it was of in-
terest to compare measured n-CdS flatband potentials
(V) as a function of the introduced redox species. For
the undoped proton, conducting SPE, V,,, was —0.43V vs.
the silver reference electrode. Upon the introduction of
Ru(bpy),*' or FeCp, into the SPE, the n-CdS flatband po-
tential was shifted progressively in a cathodic direction
[Vig = 0151V, Ru(bpy)?', Vs = 0.097V, (FeCp).]. This
cathodic shift is consistent with that for the oxidation po-
tentials seen for Ru(bpy)' (E,, = 1.25V vs. SCE) and
FeCp, (0.285V vs. SCE) in acetonitrile. Similar cathodic
shifts have also been observed in the cells n-TiO,/Nafion
+ redox couple/SnO, conducting glass and n-TiO,/poly-
amps® + redox couple/SnO, conducting glass.

Such changes in V,; may be due to modifications at
the electrode surface induced either by direct adsorption
of the redox couple or to variations in the capacitance as-
sociated with the polymer itself upon changing the redox
species. Currently experiments are being performed by
us to identify the origin of such observed V, shifts upon
varying the introduced redox couple. If, in fact, the shift
in Vyy is directly dependent in part on the redox potential
of the introduced redox couple, then such semiconduc-
tor/SPE junctions might form the basis of a detector tech-
nology. For example, an introduced gas or chemical spe-
cies might be expected to modify the immediate chemical
environment of the SPE-incorporated redox couple and
thus give detectable parametric changes (e.g., V,;) at the
semiconductor surface.

For the n-CdS/redox SPE solid-state junctions consid-
ered here, changes occurring in the Helmholtz double-
layer voltage V,, as a result of varying redox species can
result in perturbation of the semiconductor bandedge en-

*Polyamps is poly(2-acrylamido-2-methyl-propane sulfonic
acid).
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ergy. This can be expected by consideration of the
relationship

Vis=E., —p+Vy

where u is the difference in energy between the bulk con-
duction bandedge and the Fermi level, and V, is the
Helmholtz double-layer voltage. When a redox-containing
surface is introduced onto a semiconductor, three possi-
bilities can be envisioned for perturbing V: (@) the pres-
ence of interface states at the junction may induce a volt-
age drop across the polymer that may be indistinguish-
able from a Helmholtz voltage; (ii) if the polymer is
insulating, the point of zero charge (PZC) will be different
than that for the bare semiconductor resulting in pertur-
bation of V; and (iii) if electron exchange can occur be-
tween semiconductor surface states and polymer-
incorporated redox species, then the former will define
V, and thus V.

Donor surface states are expected near the valence
band and acceptor states near the conduction band. If the
E.. for a redox species is below the donor state, or
above the acceptor state, then the energetics will promote
charging of surface states and thus change V,;. Work is
currently being performed directed towards clarifying
which of these effects influences V,, at n-CdS/SPE inter-
face. It is not clear at this time, however, which of these
mechanisms is responsible for the observed shift in the
n-CdS flatband potential.

In conclusion, (i) it has been observed that the mea-
sured flatband potential in the described cells can be
modified by introduction of selected redox species into
the SPE, (ii) photopotentials in the range 500-600 mV can
be obtained if good interfacial contact is maintained at
both the working and counterelectrode, and (iii) the pho-
topotentials obtained in the n-CdS/Nafion 117 +
Ru(bpy),** conducting glass SPE cells are not dependent
on the concentration of the incorporated redox species.
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ABSTRACT

This paper presents results on rapid isothermal fusion (RIF) characteristics of phosphosilicate glass (PSG) obtained
using an incoherent lamp annealer in a N, ambient. The effects of varying the temperature (1000°-1200°C), the cycle dura-
tion (10-60s), and the phosphorus concentration in the glass (2.5-8.0 w/o) were investigated. The out-diffusion of phos-
phorus from the PSG films during RIF cycles were also studied. In conjunction with these experiments, dopant redis-
tribution induced by typical RIF cycles in a boron-implanted silicon substrate was measured to assess the practicality of
the RIF technique for VLSI applications and to identify a process window. The results for the boron profile redistribu-
tion were used as a basis of comparison between RIF and conventional furnace treatments. Although restricted to VLSI
applications where a relatively high phosphorus content of approximately 8 w/o is acceptable in PSG films, it is con-
cluded that RIF in a N, ambient is nevertheless much more effective for the fusion of PSG films than conventional fur-
nace processing and thus much more compatible with VLSI processing.

As a part of the fabrication sequence for integrated cir-
cuits, a layer of phosphosilicate glass (PSG) is deposited
to provide passivation and electrical insulation between
metal interconnects and underlying structures. Before the
subsequent deposition of metal takes place, it is neces-
sary to smooth the surface topography to ensure continu-
ity of the overlying metallization. At present, this treat-
ment is typically a furnace glass fusion cycle at 1000°C for
30 min or more (1-5) and is the last high temperature pro-
cess step in the fabrication of LSIC’s. This heavy thermal
load will be unacceptable for processing new generations
of VLSI circuits because it will induce appreciative lat-
eral and vertical dopant redistribution in small geometry
devices.

Thermal processing requirements can be eased by
using different materials or ambients during the fusion
cycle. Although increasing the phosphorus concentration
does lead to a lower fusion temperature for PSG films,
excessive concentrations eventually promote the forma-
tion of phosphoric acid in the presence of moisture (2, 4),
thereby causing reliability problems due to corrosion of
overlying aluminum interconnect lines. As an alternative
solution, rapid isothermal fusion (RIF) has been shown in
limited studies to improve PSG step coverage, while
causing less junction diffusion than conventional furnace
processing cycles because of its lower time-temperature
product (6-9).

In this work, we have studied the effect of RIF on PSG
films having a practical range of phosphorus concentra-
tions, namely, 2.5, 4.0, 6.6, and 8.0 w/o. The RIF experi-
ments were performed in a N, ambient using a tungsten
halogen lamp system.* In addition, the out-diffusion of
phosphorus from the PSG films during RIF was
examined.

The amount of dopant diffusion induced by RIF in un-
derlying device junction areas will largely determine its
range of usefulness for VLSI applications (6-12). There-

* Electrochemical Society Active Member.

! Present address: Department of Electrical Engineering, Uni-
versity of Waterloo, Waterloo, Ontario, Canada N2L 3G1.

? Present address: Fairchild Camera and Instrument Corpora-
tion, Mountain View, California 94039.

3 A Heatpulse 210T® tungsten halogen lamp annealing system
was used. It was manufactured by A. G. Associates, Palo Alto,
California.

fore, boron-implanted silicon wafers were also processed
separately and junction depths were measured after un-
dergoing typical RIF cycles. Finally, fusion and dopant
redistribution experiments were carried out in a conven-
tional furnace and the results were compared with the
RIF data to assess the relative applicability of each tech-
nique to VLSI processing.

Experimental Procedures

Sample preparation.—The test structure used to ob-
serve PSG fusion is illustrated in Fig. 1. A thermal SiO,
layer was first grown on a Si(100) substrate to a thickness
of 100 nm, at a temperature of 1000°C. A 1.0 um LPCVD
polysilicon film was deposited at 625°C and phosphorus-
doped with a POCI, cycle at 900°C. The polysilicon was
then patterned into sharp steps using a dry etching tech-
nique. Finally, 1.0 um thick PSG films were deposited in
a horizontal, hot-wall LPCVD system at a temperature of
410°C using the silane and phosphine oxidation process.

Samples for studying dopant redistribution in silicon
were formed by first growing a 40 nm thermal oxide on
(100) n-type Si substrates. Boron was then implanted
through this oxide layer with a dose of 3 x 10'* B'/cm?® at
an energy of 25 keV.

Rapid isothermal fusion.—The fusion cycles were
carried out in a commercially available tungsten halogen
lamp systems. Cycle durations were varied from 10 to 60s
and temperatures from 1000° to 1200°C. The RIF experi-

PSG

¢ Thermal i0; l Foly:Si ‘

si <100 >
A

/7

Fig. 1. Test structure for RIF studies, showing the step c ge an-
gle 6. The PSG film is 1.0 um thick, the polysilicon step is 1.0 um
high, and the thermal oxide thickness is 100 nm.
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ments were performed in a N, ambient. The temperature
was controlled using feedback from a Chromel-Alumel
thermocouple attached to a silicon test piece situated to
the side of the wafer.

Junction dopant redistribution.—Boron-implanted sili-
con wafers were subjected separately to rapid isothermal
annealing (RIA) cycles identical to some of those used in
the RIF experiments. Other implanted samples were sub-
jected to an 80 min, 900°C annealing cycle in 1 atm of N,,
performed in a conventional furnace.

Analysis.—To quantify the extent of the fusion, SEM
cross-sectional micrographs were used to measure the
change in the PSG step coverage angle 6, with an accu-
racy of £5° In order to measure the angle 6 with the SEM,
the samples were cleaved and given a decorative etch for
1 min in 50:1 buffered HF to delineate the underlying
polysilicon/PSG interface. The phosphorus concentration
of the PSG films was determined with energy dispersive
x-ray (EDX) electron microprobe analysis to within +0.2
w/o.* For an electron-beam energy of 6 keV, a value of 600
(+60) nm was calculated for the probing depth.

The dopant redistribution in the implanted silicon
samples was evaluated using secondary ion mass spec-
troscopy (SIMS) and a “bevel-and-etch” (B&E) technique.
The B&E method relies on the larger etch rate of doped
silicon relative to undoped silicon in certain etchants. By
using this property on a beveled (~1°-2°) implanted silicon
substrate, the junction area can be delineated interfero-
metrically and related back to the actual junction depth.
SIMS measures both active and inactive impurity concen-
trations, i.e., the metallurgical junction depth, while the
B&E technique yields a measure of the depth of active
dopants, i.e., the electrical junction depth.

Results and Discussions

Rapid isothermal fusion.—A summary of the complete
RIF results is given in Table I. For all phosphorus con-
centrations investigated, the control (i.e., as-deposited)
PSG samples showed a typical step coverage angle 6 of
approximately 80°. Representative results obtained after
RIF for a range of initial phosphorus concentrations [P],
are shown in the SEM micrographs of Fig. 2. For all but
the 8.0 w/o PSG films, a temperature of 1200°C and/or a
60s cycle duration is needed to obtain substantial PSG fu-
sion (i.e., 6 = 110°).

Results for 8.0 and 6.6 w/o PSG films are shown in Fig.
3 and 4, respectively. For these films, an 1100°C/10s RIF
cycle is sufficient to obtain a value of 113° for 8 (Fig. 3c).
It would seem quite plausible that by increasing either
the RIF cycle duration to 60s or the temperature to
1200°C, further fusion will be obtained. Unfortunately, the
SEM micrograph of Fig. 3d shows that large voids form
on each side of the step as a consequence of these ex-
treme RIF treatments. For the 6.6 w/o films, the SEM mi-
crographs of Fig. 4 show similar results, except under
more severe RIF conditions.

The formation of voids has been observed previously,
although their presence was largely attributed to the use

! Calibration was obtained using colorometric analysis per-
formed at Balazs Laboratory, Mountain View, California.

Table I. Summary of RIF results listing, for given temperatures,
the minimum cycle duration for which fusion occurs and
eventually voids form

Onset of fusion
Void formation

P content 6 > 90°C) _—
(w/o) T (°C) t(s) T (°C) t(s)
2.5 1200 = 40 — —
3.9 1150 = 60 = =
3.9 1200 =20 — —
6.6 1100 =20 = —
6.6 1150 =10 1200 =40
8.0 1050 =60 1100 = 60
8.0 1100 =10 1200 =10
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Fig. 2. SEM micrographs showing the best RIF results obtained at
four different phosphorus concentrations. [P], and [P]; are the initial
and the final phosphorus concentrations, respectively.
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Fig. 3. SEM micrographs showing [P], and [P]; fusion results for 8.0
w/o PSG films are the initial and final phosphorus concentrations, re-
spectively.

/
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Fig. 4. SEM micrographs showing fusion results for 6.6 w/o PSG
films. The phosphorus concentrations given under micrographs 3b to
3d were measured after the RIF cycles.

of a H, ambient (13). In that study, it is argued that the
presence of phosphorus in the glass, in the form of phos-
phorus pentoxide (P,0,), is also directly responsible for
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the formation of voids. This conclusion is supported by
our findings, since an enhancement in void formation
was observed with an increase in the phosphorus content
of the PSG films.

Because P,0, sublimes at a temperature of about 300°C,
a sufficient local concentration of P,O; could, under the
right conditions, lead to the formation of cavities in the
glass. In the case of RIF, accelerated sublimation of the
P,O, may result from the rapid heat-treatment which
would not allow sufficient time for the P,O, to diffuse
slowly out of the film without creating a permanent de-
formation of the softened PSG. The reasons for which the
conditions favoring the formation of voids are found only
on the sides of steps are not clear. To our knowledge, the
only experimental evidence suggesting different glass
properties in these regions comes from the faster etch
rate observed on each side of steps for as-deposited oxide
films, after the cross-sectional decorative etch of cleaved
samples has been performed for the SEM examination.
As a result, diagonal etch lines, visible in the SEM micro-
graph of Fig. 3a, are formed in the glass on each side of
the polysilicon steps. RIF inhibit the occurrence of these
etch lines, as seen in the micrographs of Fig. 3. Although
the severity of these etch lines is observed to decrease
proportionally with the nominal phosphorus content in
the layer, they still remain for undoped glass films.
Therefore, a localized structural property which does not
depend entirely on the presence of phosphorus, such as a
different glass density or stress level, could also be in-
volved in the formation of voids. More work is needed to
understand the mechanisms of such localized void forma-
tion.

Phosphorus out-diffusion.—Some loss of phosphorus
from the PSG films occurs during RIF treatments, as can
be inferred from the initial phosphorus concentrations
[P], and the final concentrations [P]; detailed in Fig. 2 and
3. Since only the top half of each PSG film was probed
with EDX during the phosphorus analysis, it can be con-
cluded that the observed changes in phosphorus concen-
tration were likely caused by out-diffusion to the ambi-
ent. These results can be plotted to extract useful
information on the diffusion of phosphorus in PSG dur-
ing RIF.

If we assume that the probing depth d, (600 + 60 nm)
for the EDX electron microprobe analysis of phosphorus
in the PSG films is much larger than the diffusion length
(Dt)"?, the reduction in phosphorus concentration A[P],
lost to the ambient out of the original concentration [P],,
is given by (14)

A[PY[P], = (2/d XDt/m)"* 1

where D is the diffusion coefficient for phosphorus in
SiO, and t is the time. In Fig. 5, we plot the expression
A[P)[P]t'* against 1/T, which should also vary with D'?,
to find an Arrhenius relationship, described by D = D,
exp (—E,/kT). Only data for [P], = 6.6 and 8.0 w/o were
used, since for these cases alone was the loss A[P] suf-
ficiently greater than the experimental error. An activa-
tion energy E,, = 2.24 = 0.28 eV, which is twice the slope
of the line fit in the plot shown in Fig. 5, was determined.
For example, a value of D = 8.5 = 2.3 x 10~'"* cm?¥s is cal-
culated at 1100°C. These values obtained for both E;, and
D are comparable to results reported elsewhere (15, 16) for
studies performed in a conventional furnace at similar
phosphorus concentrations (~10*' cm~—*). Values for D
which are several orders of magnitude lower than the
above result have also been published, although lower
phosphorus concentrations were involved (15, 17).

Dopant redistribution.—Figure 6 shows the effect of
various RIA cycles on the diffusion of boron in im-
planted silicon test samples, as determined by SIMS
(closed symbols) and by the B&E techniques (open sym-
bols). The as-implanted values of junction depth mea-
sured with these two techniques were 0.35 and 0.2 um, re-
spectively. It must be noted that, although the absolute
results obtained from the two measurement techniques
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Fig. 5. Arrhenius plot for the out-diffusion of phosphorus during RIF
treatments, for two conc ions and various RIF conditions. A[P] =
[P]; — [P], is the amount of phosphorus lost to the ambient during RIF.
The slope of the linear fit yields E,,/2, where E,, is the activation en-
ergy for phosphorus diffusion in glass.

are different, the measurements of the junction depth in-
creases Ax; agree quite closely. The SIMS results from the
900°C, 80 min furnace annealing cycle in N, are also in-
cluded in Fig. 6.

Example of VLSI process window for RIF.—In order to
establish the upper bound of a process window for the ap-
plication of RIF of PSG films to VLSI processing, the is-
sue of dopant redistribution induced by rapid isothermal
processing in underlying device shallow junctions must
be addressed (7-12). For VLSI applications, a somewhat
arbitrary upper limit of 0.1 um could be placed on the ac-
ceptable junction depth increase resulting from a fusion
cycle. This would correspond to, for example, a 50% dis-
placement of a typical 0.2 um shallow junction. As a con-
sequence, the results from Fig. 6 indicate upper limits to
RIF conditions of 1000°C/60s or 1100°C/10s.

The dopant redistribution results also show that any
1200°C RIF cycle would be too extreme. Also, on the basis
of the RIF results alone (Table I), a 1200°C cycle should be

~.'0.5 T T T T
E
2
@ 0.4 Furnace (80 min) E
3
g 0.3
£03F (]
= RIF (60 s)
)
a 0.2} -
c
L
Soal \ J
3 RIF (10 s)

0.0 =& 1 L !

800 900 1000 1100 1200 1300

Temperature (°C)

Fig. 6. Graph showing the temperature dependence of the junction
depth increase in a boron-implanted Si substrate induced by various
heating cycles. The results shown were obtained with both the B&E
method (open symbols) and SIMS (closed symbols). The impl ion
conditions are given in the text. The junction depth for the as-
implanted Si samples was 0.20 um, os measured with the B&E
method, and 0.35 um, as measured with SIMS. The result for the
60s/1200°C was Ax; = 1.4 um (B&E) and thus was not included in
the figure.
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avoided in any case since undesirable fusion characteris-
tics are observed, namely, void formation in high phos-
phorus content PSG and insufficient fusion in low phos-
phorus content PSG. In addition, the use of a long fusion
period (> 20s) could be economically impractical in a se-
rial processing system.

It must be emphasized that the discussion for the given
example applies to silicon substrates implanted with bo-
ron, which is one of the fastest diffusing species of the
commonly used dopants in IC fabrication (18). If a slower
diffusing species is used, such as arsenic, larger and/or
hotter RIF cycles could be acceptable. However, if even
shallower junctions are required, more stringent restric-
tions would be imposed on the RIF conditions.

The RIF results summarized in Table I can be used to
determine the lower bound for the process window which
is defined as the point when the reentrant profile is elim-
inated (i.e., 8§ > 90°. From Table I, it is clear that the
1100°C/10s RIF cycle can only induce acceptable fusion in
8.0 w/o PSG films. It has also been reported that an
1100°C/10s RIA cycle would be sufficient for the dopant
activation of shallow junctions (10). Furthermore, experi-
ments conducted in our laboratories and elsewhere (19)
have shown that wafer warpage induced by RIA cycles of
up to 1100°C is negligible; in some cases, wafer flatness is
even improved. For the 1000°C/60s case, which is really
too long for practical applications, as discussed above,
satisfactory fusion was not obtained for any of the phos-
phorus concentrations investigated.

RIF vs. conventional furnace processing.—A compari-
son between RIF results and conventional furnace fusion
(FF) results in a N, ambient is shown in Table IIL. In this
experiment, the same boron implant used above to
define a process window was the basis of comparison be-
tween RIF and FF. The results for the optimum 1100°C/
10s RIF cycle (Ax; = 0.1 um and ¢ = 113°) are compared
with FF results obtained with the 900°C, 80 min furnace
annealing cycle. The dopant redistribution result for the
boron-implanted silicon substrate during the FF cycle
(Ax; = 0.3 wm) is much larger than for the RIF result (Ax;
= 0.1 um), as also shown in Fig. 6. Nevertheless, abso-
lutely no fusion was obtained during the FF cycle, for all
phosphorus concentrations investigated. Similar fusion
results were also obtained elsewhere (1). This comparison
demonstrates quite convincingly that, for equivalent re-
distribution of a typical boron dopant profile in silicon,
RIF is much more effective than FF for the fusion of PSG
films.

Table Il. Comparison of rapid isothermal processing and conventional
furnace processing, giving the increase in junction depth Ax; in an
implanted silicon substrate, for a dose of 3 X 10'> B'/cm” implanted at
25 keV through a 40 nm thermal SiO, layer, and the change in step
coverage angle 6 (initially at 80°) of a reflowed PSG film

Process Ax; Fusion for
(N, ambient) Heating cycle (um) 8 w/o PSG
Furnace 80 min at 900°C 0.3 None
RIF 10s at 1100°C 0.1 6 =113°

RAPID ISOTHERMAL FUSION OF PSG FILMS

2435

Conclusion

We have proved that, for equivalent dopant redistribu-
tion of junction profiles in silicon, rapid isothermal pro-
cessing in a N, ambient is much more effective than con-
ventional furnace processing for the fusion of PSG films.

A process window has been identified for typical VLSI
applications. It consists of an 1100°C/10s RIF treatment of
PSG films containing approximately 8 w/o phosphorus.
These conditions increased an initial reentrant step cover-
age angle of 80° to a final value of more than 110°. A typi-
cal boron profile implanted in a silicon substrate and
subjected to the same conditions underwent only a 0.1
um increase in junction depth, making RIF compatible
with VLSI applications where a relatively high phospho-
rus content is acceptable in PSG films.
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Effects of Wet Cleaning on Si Contaminated with Heavy Metals
during Reactive lon Etching

Tetsuo Hosoya, Yoshiharu Ozaki, and Kazuo Hirata

Nippon Telegraph and Telephone Corporation, Atsugi Electrical Communication Laboratory, 1839, Ono,
Atsugi-shi, Kanagawa Prefecture 243-01, Japan

ABSTRACT

Heavy metal removal from Si wafers contaminated during reactive ion etching (RIE) is studied using wet cleaning
techniques. Si wafers are intentionally contaminated during RIE with Fe, Cr, or Ni, which are atomic components of
stainless steel, the material used in dry etching apparatus. The Si wafers are washed with several reagents, and heavy
metal removal results are estimated using secondary ion mass spectrometry and stacking fault observation. The results
show that Fe and Cr are removed by wet etching the Si wafers to approximately a 30 nm depth but that Ni cannot be re-
moved. The results indicate that to protect Si wafers against heavy metal contamination during RIE, Ni-free materials

should be used for fixtures in the dry etching chamber.

In fabrication processes for high density LSI’s, dry
etching techniques are essential in producing fine pat-
terns with high accuracy. Reactive ion etching (RIE) is es-
pecially useful in etching fine patterns because of its an-
isotropic etching features. However, RIE results in more
contamination and damage to etched Si wafers than
plasma etching. This is due to the sputtering and bom-
bardment action of energetic ions generated during RIE.
Many studies have been done on relationships between
RIE conditions and device characteristics (1-3). It has
been found that heavy metal contamination in a reactor
during RIE causes a decrease in Si wafer minority carrier
lifetime in silicon wafers subsequently subjected to high
temperature heat-treatment.

To avoid heavy metal contamination in Si wafers, RIE
reactor design improvement is required to prevent stain-
less steel used in the etching chamber from coming into
contact with the plasma, or materials containing heavy
metals should not be used in the etching chamber. An-
other approach, to eliminate the influence of heavy metal
contamination, is to develop effective methods for re-
moving the contaminated layer in the LSI fabrication pro-
cess. This paper concerns Si wafer heavy metal-
contaminated layer removal by wet cleaning methods,
focusing on the behavior of Fe, Cr, and Ni, stainless
steel’s constituent elements.

In this study, Si wafers were intentionally contami-
nated with heavy metals during RIE. Pure metals, Fe, Cr,
and Ni, are used as contamination sources, and wet clean-
ing procedures are developed so as to be applicable to
LSI processes. The Fe and Cr removal and Ni nonre-
moval results are obtained through examination using
secondary ion mass spectrometry (SIMS) and stacking
fault (SF) observation.

The following sections describe the experimental pro-
cedures and results, the reason for Ni nonremoval, and
application of findings to RIE apparatus design.

Experimental

Si wafer heavy metal contamination was carried out
using RIE. The RIE reactor used in this work is shown
schematically in Fig. 1. The RF power (13.56 MHz) was
applied to the cathode electrode. Si wafers , which were 3
Q-cm boron-doped (100) slices with a diameter of 3 in.,
were loaded on a stainless steel cathode electrode (Fe
74%, Cr 18%, Ni 18%). CF, was used as the etching gas at a
pressure of 2 Pa. The RF power density and the etching
time were set to 0.18 W/cm? and 30 min, respectively.
Etching rates for Si were 9 ~ 13 nm/min. The wafers were
contaminated with heavy metals sputtered from the cath-
ode electrode. When using pure metals as a source of con-
tamination, metal plates with a high purity (99.9%), i.e.,
Fe, Cr, and Ni, were set on the cathode electrode. The wa-
fers were then placed on the plates. A 50 um thick Teflon
sheet was placed between the plates and the cathode elec-
trode. This sheet was replaced with a new sheet after ev-

ery plate change to avoid Si wafer contamination from
other plate metals which may have adhered to the sheet.

Cleaning procedures following the contamination step
in RIE consisted of the following steps: (i) ashing in O,
glow discharge, (it) washing in H,SO, + H,O, solution and
rinsing in deionized water, (iii) cleaning by RCA treat-
ment (4) (washing in NH,OH + H,0, and HC1 + H,0, solu-
tion) followed by diluted HF washing after each step. The
reagents used were IC-grade EL-class reagents. In this pa-
per, the authors call these three treatment steps the basic
cleaning procedure. Steps i and ii are for removal of the
plasma polymerized film and resists after dry etching,
and step iii is for final Si wafer cleaning. As a result, the
Si surface was etched off to an 8 nm depth in the basic
cleaning procedure. When heavy metal contamination
was not sufficiently removed from the Si wafers by the
basic cleaning procedure, additional cleaning treatments
using various liquid reagents were tried between steps ii
and iii.

SIMS and SF observation were used to evaluate the de-
gree of heavy metal removal. SIMS analysis was carried
out using both Hitachi IMA-2 for estimating the heavy
metal amounts remaining on the Si surface and Cameca
ims-3f for the depth profile analysis. Hitachi IMA-2 was
used under 10 kV Ar' ion beam acceleration voltage con-
ditions with a 1300 um spot diameter. Cameca ims-3 was
used under 15 kV O,’ ion beam acceleration voltage con-
ditions with a 150 um spot diameter. Evaluation was car-
ried out using the peak height ratio of each secondary ion
spectrum intensity to that of 2#Si'. It is desirable to detect
isotopes with the highest existence ratio for each metal in
order to detect the secondary ions in high sensitivities. In
this work, *Fe', *Cr', and “Ni' were picked to detect each
heavy metal. This was done to avoid an S/N ratio reduc-
tion due to the secondary ion settling on Si. The SF oc-
currence was observed as follows. Contaminated Si wa-
fers were treated using the above-mentioned cleaning
procedure. Next, they were oxidized at 1100°C in a wet O,
atmosphere for 2h. After the SiO, was etched off with an
HF solution, SF was visualized by etching the wafers to a
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Fig. 1. RIE reactor diagram
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cleaning steps, using stainless steel as the contamination source, ex-
pressed by SIMS spectrum intensity ratios, M'/2*Si'. SIMS measure-
ment was done at A and B steps.

1 um depth by Wright etching (5) and observed with a
microscope.

Results

Removal of heavy metal contamination originating
from stainless steel.—SIMS analysis was carried out on
stainless steel-contaminated samples and cleaned using
the basic cleaning procedure. Fe, Cr, and Ni, which com-
pose stainless steel, were detected on the Si surface, as
shown in Fig. 2. Heavy metal mass peak intensities on the
Si surface after the basic cleaning procedure were high
for Ni, Fe, and Cr in descending order. Cr was removed to
the SIMS detection limit level after cleaning. These re-
sults indicate that Ni is the most difficult material to re-
move from Si.

Removal of heavy metal contamination originating
JSfrom pure metals.—Si wafers contaminated with Fe, Cr, or
Ni pure metals were prepared using RIE and SF observa-
tion. After applying the basic cleaning procedure, SF’s
were not observed on the Cr-contaminated Si wafers but
were observed on those contaminated with Fe and Ni, as
shown in Fig. 3. No SF’s were observed on the Fe-con-
taminated Si wafers when the wafers were etched to a 20
nm depth with an HNO, + HF + CH,COOH solution be-
fore RCA treatment as shown in Fig. 4A. However, on the
Ni-contaminated wafers, SF’s were observed, as shown in
Fig. 4B. In the wet etching process, used in Fig. 4, Si was
etched off to an 8 nm depth using the basic cleaning pro-
cedure and to 20 nm depth with the mixed solution. Con-
sequently, the Si etched depth was estimated to be about
30 nm.

The relation between remaining Fe, Cr, or Ni amounts
and the cleaning steps was investigated by SIMS, using
the ratio of mass intensities to *Si’. Remaining amounts
of the three elements decreased with each step in the
cleaning procedure, as shown in Fig. 5. The amount of Cr
was below the SIMS detection limit level after the basic
cleaning steps with no Si wet etching. For Fe, the amount
was the same as for Cr if the Si wet etch procedure was
employed before RCA treatment. However, Ni remained

Si CONTAMINATED WITH HEAVY METALS
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Fig. 3. SF observation results after basic cleaning procedure. SF’s
were made visible by Wright etching method.
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Fig. 4. SF observation results after adding 20 nm Si wet etching to
basic cleaning procedure. SF's were made visible by Wright etching
method.
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Fig. 5. Relation between remaining Fe, Cr, and Ni amounts and
cleaning steps, using pure metals as the contamination source, ex-
pressed by SIMS spectrum intensity ratios, M'/**Si’. SIMS measure-
ment was done at A, B, C, and D steps.

high even after all cleaning steps were carried out. These
results support the SF observation.

Metal plate wet etching rates were investigated using
the solutions employed in the basic cleaning procedure.
Ni was etched in considerable quantity, as much as Fe,
with the HC1 + H,0, solution, as shown in Table I.

Thus, the etching of metals in Si is different from that
of metal itself. The chemical state of the Ni atom added to
Si wafers during RIE was of concern and was investi-
gated by XPS analysis.

XPS analysis of the Ni-contaminated wafer.—Possible
Ni atom chemical states were considered to be either of a
metallic state, a compound with Si, or a compound with
the etching gas element. The compound with Si, nickel
silicide, is known to be formed at 200° ~ 300°C (6) and to
be insoluble in acids except for hydrofluoric acid (7).
XPS analysis was carried out on the Si surface immedi-
ately after Ni contamination. A Ni and a nickel oxide
were detected, while nickel silicide was not, as shown in
Fig. 6. Nickel oxide formation is considered to be caused
by the Ni oxidation during ashing treatment.

On the basis of XPS analysis results mentioned above,
nickel removal investigations were carried out using wet
cleaning methods.

Ni-contaminated layer removal.—Several kinds of wet
etching solutions were applied before the RCA treatment
in the basic cleaning procedure. These are summarized in
Table II. The treatments were aimed at accomplishing the
following: treatments a, b, and ¢ were for Ni removal.
Treatment d was to remove nickel oxide with HCI and
nickel with HNO,. Treatment e was for Ni removal and
was carried out in diluted HCI using a 5 mA dc current
between the Ni-contaminated sample and a Si cathode

Table I. Etching rates for heavy metals by the solutions used
in the basic cleaning procedure

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

Etching rates for metals
_ (at/cm®-min)

Solutions Ni Fe

H,SO, + H,0, 2 x 10" 1x 10"
Diluted HF 2 x 10" 2 x 10"
NH,OH + H,0, 1 x 10% 1 x 10"

HCI + H,0, 5 x 10* 5 x 10*

October 1985
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Fig. 6. Si wafer XPS analysis i diately after Ni ination

electrode. The results obtained indicate SF occurrence in
all the samples and that Ni was impossible to remove
from the Si surface.

Discussion

The experimental results are summarized as follows: (i)
Cr is removed using the basic cleaning procedure; (ii) Fe
is removed by adding 20 nm Si wet etching to the clean-
ing procedure; and (iit) Ni is not removed despite the ap-
plication of several cleaning procedures. The reason Ni
cannot be removed is discussed below.

Consider a simple model in which metal atoms sput-
tered from metal plates are ionized in glow discharge and
impinge on the Si wafer surface with an acceleration en-
ergy equivalent to the cathode fall potential. Metal ions
such as Fe', Cr', and Ni' are implanted at a finite depth
from the Si surface. Here, the metal atom depth profiles
become important in interpreting wet cleaning character-
istics.

The Ni depth profile in Si wafers was measured using
SIMS profile analysis. It is found that Fe and Ni were in-
troduced to 50 and 60 nm depths, respectively, as shown
in Fig. 7. The SIMS profile analysis generally presents a
deeper profile due to a tailing phenomenon in highly
concentrated impurity analysis (8). Thus, the impurity
profile depth shown in Fig. 7 must be slightly exaggera-
ted. For example, as already mentioned, Fe was removed
by etching the Si to approximately a 30 nm depth, while
Fig. 7 shows that Fe exists to 50 nm. The Fe depth in the
wafer is shown to be 20 nm larger using SIMS profile
analysis than that found in actual wet etching. Consider-
ing the Fe case, Ni is inferred to etch at most 40 nm in the
Si wafer. This inference also comes from Ni ion’s small
acceleration energy of 700 eV for the 0.2 W/ecm? power
condition. It thus follows that Ni could be removed by
etching the Si to approximately 40 nm.

Fe and Ni profiles were estimated using the “step etch”
method. Namely, metal-contaminated Si wafers were

Table II. Tr ts for Ni r | applied before
RCA treatment in the basic cleaning procedure

Treatment
a Stir in a (NH,),S,0, 200g, HCI 10 cm* and H,O 1000 cm*
solution at 70°C

b Stirina K,Cr,0, 13g, H,SO, 50 cm* and H.O 100 cm* solu-
tion at 70°C

c Stir in an HC1 300 cm* and HNO, 100 cm? (aqua regia) so-
lution at 70°C

d Stir in HNO, after stirrred in HCI at 70°C
e Electrolytic etching in 12% HCI
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Fig. 7. Ni and Fe depth profiles in Si wafers estimated by SIMS pro-
file analysis, expressed by counts of each metal isotope detected by
SIMS.

etched to a certain depth using a HNO, + HF +
CH,COOH solution after ashing followed by diluted HF
etching. SIMS analysis was performed after these steps.
Results are the same as if Ni is penetrated to a depth of
150 nm, while they show that Fe was below the SIMS de-
tection limit level at 30 nm. This is shown in Fig. 8. Etch-
ing of the Ni-contaminated Si wafer using the mixed solu-
tion stopped at 150 nm depth. It was necessary to dip the
Ni-contaminated wafer into an HF solution to restart
etching. Some layer seemed to prevent the etching.

Thus, the fact that Ni in Ni-contaminated Si wafers,
contaminated during RIE, cannot be removed is believed
to be caused by Ni redeposition onto the Si wafers in the
wet cleaning procedure. High Ni metal etching rates, and
discrepancy in Ni depth profiles between the SIMS pro-
file analysis and step etching, would be explained by this
readhesion concept.

These results indicate that one means of protecting Si
wafers against heavy metal contamination during RIE is
to select Ni-free materials for the fixtures in the dry etch-
ing chamber.

Conclusion

Wet cleaning effects on Si wafers have been investi-
gated for removing heavy metal-contaminated layers in-
troduced during RIE. Si wafers were intentionally con-
taminated with stainless steel constituent elements, i.e.,
Fe, Cr, and Ni, during RIE. Wet cleaning procedures were
designed to combine washing in NH,OH + H,O, solution
and HCI + H,O, solution with etching employing a HNO,
+ HF + CH,COOH solution. The amount of heavy metal
removed was estimated by SIMS and SF observation in
the Si wafers after wet cleaning. The results show that Fe
and Cr are removed by etching the Si wafers to approxi-
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mately 30 nm using wet cleaning procedures. However,
Ni cannot be removed, even though Ni-contaminated Si
wafers were etched to 150 nm. This failure to remove Ni is
probably due to Ni redeposition to the Si surface during
wet etching. Usage of Ni-free materials for fixtures in the
dry etching chamber will be one way to avoid heavy met-
als contamination in Si wafers.
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Deep-UV Contact Lithography Using a Trilevel Resist System for
Magnetic Bubble Devices with Submicron Minimum Feature
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Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan

ABSTRACT

Deep UV lithography using a trilevel resist system has been developed to delineate submicron patterns for magnetic
bubble memory devices. The trilevel resist system consists of PIQ® as a bottom polymer layer, spin-coated TiO, as an in-
termediate layer, and MRS as a top imaging resist. All these layers can be spun and baked sequentially. MRS resist pat-
terns are defined by deep-UV contact printing and transferred to TiO, layer and PIQ layer sequentially using reactive
ion etching with CF, gas for TiO, and O, gas for PIQ. Using this trilevel resist process, 0.4 um lines and spaces were fab-
ricated and contiguous disk patterns of 2 um bit period for bubble memory devices of 16 Mb/cm* were also fabricated

successfully.

Magnetic bubble memory devices with the bit capacity
of 1 and 4 Mb are now in volume production(l). These de-
vices are all Permalloy devices in which track patterns for
bubbles consist of Permalloy patterns. These patterns
have gaps between neighboring bits. The minimum fea-
ture of these patterns is 1 um, and the patterns are fabri-
cated using contact printer or 10x projection printer with
conventional UV light. High density ion-implanted bub-
ble memory devices of 4-16 Mb in memory capacity are
now under development (2, 3). Bubble propagation tracks
of these devices are fabricated by implanting H, or Ne
ions into bubble garnet through mask patterns. Since the
mask patterns, named contiguous disks, have no gaps be-
tween neighboring bits, the requirement for lithography
can be relaxed compared with Permalloy devices. How-
ever, for higher density devices of 4-16 Mb/cm?, the delin-
eation of patterns with the minimum feature of 0.5-1.0 um
is required even using this approach to fabricate 4-16
Mb/cm? devices.

Conventional UV lithography, however, is insufficient
for this purpose because of its lack of practical resolution.
Deep-UV lithography is known to be superior to UV li-
thography and has the high resolution capability in sub-
micron range (4). Deep-UV contact lithography uses the
same technique as the conventional UV lithography, ex-
cept for light source and resist. A Xe-Hg lamp is well
known to be the deep UV-light source. As deep-UV resist,
we employ the negative-type MRS' resist, which is com-
posed of poly(p-vinylphenol) and 3,3'-diazidodiphenyl
sulfone (5, 6,7). The MRS resist has properties of high
sensitivity to 200-300 nm radiation, high resolution, and
good resistance to dry etching.

The mask patterns for ion-implanted bubble devices
should satisfy the following requirements: (i) the thick-
ness is large enough to stop incident ions; (ii) the material
is highly heat resistant not to be deformed during implan-
tation; and (iii) the edge profile is steep and smooth to
obtain a clearly defined propagation track. To satisfy
these requirements, we employ the polyimide resin
PIQ(8)? with the thickness of 1.5 um as a mask material
and transfer MRS patterns to PIQ layer using trilevel re-
sist technique (9).

In this paper, the characteristics of MRS resist such as
resolution capability and process latitude in resist profile
control and linewidth control are reported. The trilevel re-
sist process using the MRS resist as top imaging resist,
the spin-coated TiO, as an intermediate layer, and the
PIQ as a bottom polymer layer is presented. Experimen-
tal results demonstrating the performance of the process
are also included.

Experimental

The MRS resist films were spin-coated on substrates to
thickness of 0.3-0.6 um and prebaked at 80°C for 20 min.

IMRS stands for micro resist for shorter wavelength, and is
commercially available from Hitachi Chemical Company Lim-
ited under the trade name RD2000N.

2PIQ stands for Polyimide Iso-indroguinazolinedione, and is a
trade name of Hitachi Chemical Company Limited.

The thickness was changed for the purpose of the experi-
ment and adjusted by diluting the resist solution with cy-
clohexanone. Exposure was carried out using the contact
aligner Cobilt CA800 equipped with a 500W Xe-Hg lamp
(Ushio Electric, Incorporated) and an aluminum mirror.
Since the spectral photosensitivity of the MRS resist is re-
stricted to 200-300 nm wavelength, a cold mirror is not
necessary to expose the MRS resist. The photomask used
in the experiment consisted of a quartz substrate and a
thin layer of chromium patterns which were delineated
by electron-beam writing. The thickness of the quartz
substrate was 2.4 mm. After exposure, the MRS resist was
developed in MF312 developer (Shipley) diluted with
water at 1:4 and rinsed in deionized water.

In order to compare the resolution capability of MRS
with conventional UV resist, the resolution of AZ1350J
(Shipley) was also investigated. To perform the experi-
ment under the same condition, the same photomask and
the same aligner were used, except for a light source, i.e.,
a Xe-Hg lamp for MRS and a Hg lamp for AZ1350J. The
AZ1350J resist was developed in the AZ developer (Ship-
ley), diluted with water at 1:1, and rinsed in deionized
water.

The trilevel resist system studied here consists of
MRS/TiO,/PIQ. A schematic diagram of the process is
shown in Fig. 1. A substrate was coated successively with
the thick polymer layer of PIQ (1.5 pm), the thin layer of
spin-coated TiO, (0.1 um), and the thin MRS resist layer
(0.3 um). The TiO, film was obtained by spin-coating and
baking an organotitanium solution which will be de-
scribed in detail later. The top imaging resist MRS was
defined by the deep-UV contact printing. Transfer of the
resist patterns to TiO, layer was performed by reactive
ion etching (RIE) in CF, plasma. The patterns in TiO,
layer were then replicated in thick PIQ layer by RIE in
pure O, plasma.

Results and Discussion

Characteristics of MRS.—The resolution of MRS was
compared with the conventional UV resist AZ1350J. The
results are shown in Fig. 2. Both resist patterns were de-
fined by the same contact aligner using the same photo-
mask patterns of lines and spaces. The thicknesses of
these two types of resist were both 0.6 um. It can be seen
from the figure that the resolution of AZ1350J is about
0.5 um and that of MRS is less than 0.4 um. The resolu-
tion of MRS is thus superior to that of AZ1350J. As for
AZ-type resist, Smith et al. demonstrated the linewidth of
0.4 um using a contact printer and conformable photo-
mask (10). In our experiment, however, the resolution is
about 0.5 um. This is presumably due to the difference of
photomask structures. In our experiment, a hard mask
plate was used and this should cause the degradation of
resolution.

The MRS resist thus exhibits a high resolution. But this
resist is also known to have such a property that the
cross-sectional profile varies sensitively according to de-
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velopment conditions (5). Examples of this phenomenon
are shown in Fig. 3. The resist thickness is 0.6 um for the
left-hand samples and 0.25 um for the right-hand samples.
A development time was changed by 15s from the mini-
mum time required to delineate a pattern. In the case of
0.6 um thick resist, the profile changes with increasing a
development time and results in the undercut profile. On
the other hand, for the resist with the thickness of 0.25
um, the profile does not change and is always steep in all
development conditions.

The undercut profile shown here is caused by a strong
absorption of deep-UV light by MRS resist (5). In the case
of 0.6 um thick resist, the deep-UV light cannot reach at
the lower layer, owing to a strong absorption, and the re-
sists at the lower part are removed by prolonged develop-
ment. In the case of 0.25 um thick resist, however, the
thickness is so small that the deep-UV light can penetrate
all through the resist. Therefore, the resist profile is al-
ways steep at every development condition. This prop-
erty is desirable, since the steep profile ensures that the
good linewidth control and the restriction on develop-
ment condition can be relaxed compared with the case of
thick MRS resist.

Line/Space  MRS(DeepUV) AZ13501(UV)

0.5 um

0.4 um

Fig. 2. Comparison of the resolution of MRS resist (deep UV) and
AZ1350J resist (UV) delineated by contact printing.
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Fig. 3. MRS resist profiles as a function of development time. The
thicknesses are 0.6 um for the left-hand samples and 0.25 um for the
right-hand samples.

Figure 4 shows the linewidth variation of thin MRS re-
sist patterns as functions of exposure and development
time. The results of UV resist AZ1350J are also shown in
the figure. The thicknesses of MRS and AZ1350J are 0.27
and 0.26 um, respectively. The test patterns used in the
experiment were lines and spaces with the widths of 1.0,
0.75, and 0.5 pm, respectively. The patterns on the
photomask were transferred to the resists with each expo-
sure and development condition. The exposure time was
changed from the minimum time to delineate a pattern to
about eight times the minimum time. The development
time was changed from 5 to 160s. Under these exposure
and development conditions, linewidth for MRS resist
and spacewidth for AZ1350J resist were measured by
scanning electron microscope (SEM) observation.?

The contour lines shown in the figure were obtained
from the values of measurement points and indicate the
exposure and development conditions where the same
linewidth is obtained. Therefore, as the density of contour
lines is small, the latitude of exposure and development
condition becomes large. It can be seen that the density
of contour lines for MRS resist is smaller than that for
AZ1350J resist. That is, the linewidth variation of MRS
caused by a fluctuation of exposure or development con-
dition is smaller than that of AZ1350J resist. The rectan-
gular regions in the figure correspond to the latitude of
linewidth control +20%, that is, 1 + 0.2, 0.75 + 0.15, and
0.5 = 1 um, respectively. As shown in the figure, the rec-
tangular region of MRS resist is larger than that of
AZ1350J resist for each linewidth. The rectangular region
of 0.75 um patterns for MRS resist is almost the same as
that of 1.0 um patterns for AZ1350J resist. This indicates
that the 0.75 um pattern can be fabricated with the same

3Since the types of these two resists are different, i.e., MRS is
the negative-type resist and AZ1350J is the positive-type resist,

the line pattern for MRS resist corresponds to the space pattern
for AZ resist when the same photomask pattern is used.

Resist/ Thickness. 1um line/space 0.75um line/space 05um linesspace
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Fig. 4. Linewidth variations of MRS resist and AZ1350J resist pat-
terns as functions of exposure and development times.
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tolerance as that for 1 um pattern of AZ1350J resist. As
for 0.5 um pattern, the MRS pattern can be obtained at ev-
ery exposure and development condition. The condition
for AZ1350J resist is restricted, as can be seen in the
figure.

Here it should be noticed that the thin resist cannot be
used in itself as a mask pattern for etching or ion implan-
tation. Therefore, we introduced the trilevel resist process
where thin MRS resist was used as the top imaging resist.

Trilevel resist process.—The present trilevel resist sys-
tem is composed of PIQ, TiO,, and MRS as already indi-
cated in Fig. 1. An intermediate layer TiO, was obtained
from the organometal solution of tetra(acetyl-isopro-
penato)titanium (Atolon NTi®; Nippon Soda Company
Limited). Figure 5 shows the Fourier transform infrared
spectra for Atolon NTi films which were baked at tem-
peratures from 100° to 300°C. The baking treatment was
performed in the air atmosphere for 30 min in all cases.
The strong absorptions due to organic compounds are ob-
served for the samples baked at less than 250°C, but they
disappear when the baking temperature is greater than
280°C. From these results, it can be said that the inorganic
TiO, is obtained by baking Atolon NTi at temperature
higher than 280°C.

The TiO, films thus obtained have some advantages
compared with spin-on glass (SOG) (11) or SiO, films de-
posited by plasma enhanced chemical vapor deposition
(PECVD) (9). These materials are widely used as an inter-
mediate layer for trilevel resist process. Table I shows the
comparison of these materials. A deposition process of
TiO, and SOG is simple because there is no need of evac-
uation process, which is necessary for PECVD. The adhe-
sion of MRS or AZ resist to the TiO, film is excellent,
and the adhesion promoter such as hexamethyl disilazane
(HMDS) is not needed here. On the other hand, the adhe-
sion promoter is necessary for SOG and SiO,. The stabil-
ity of Atolon NTi solution is good compared with the
SOG solution. In the case of SOG solution, proper storage
is required since the silicate material can easily be hydro-
lyzed by moisture in the air to form SiO,-like crystals.
These crystals cause defects in a spin-on film. The TiO,
films obtained from Atolon NTi solution pose no such
problem, because the hydrolysis in this case hardly oc-
curs and defects in the films are few. The defects in
PECVD SiO, film are usually caused by particles which
eventually flake off from the surrounding wall of PECVD
chamber. Therefore, careful cleaning procedures are re-
quired to decrease defects in a film,

Table I. Comparison of intermediate layers for trilevel resist process.
Material TiOx SOG Si02
ateria (Spin-On)  (Spin-On)  (PlasmaCvD)
Process Simplicity (@) O X
Adhesion of
MRS or AZ o L .
Defect O A PAN
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Linewidth control.—Linewidth control of the patterns
delineated by the trilevel resist process depends on three
factors, i.e., image transfers of photomask patterns to re-
sist layer, resist patterns to intermediate layer, and inter-
mediate patterns to bottom layer. As described previ-
ously, the accuracy of image transfer to MRS resist is
superior to that of AZ resist. In the present case, the MRS
patterns are transferred to TiO, and PIQ layer succes-
sively. Therefore, these etching processes must be con-
trolled precisely. The TiO, etching process is especially
critical since the thin (0.3 um thick) MRS resist must be
used to etch TiO, layer using reactive ion etching. To con-
trol a linewidth precisely in TiO, etching, therefore, the
sufficient etching selectivity is required. For this pur-
pose, we investigated etching conditions, that is, an etch-
ing gas and RF power. The results are shown in Fig. 6.
The etching gases studied here were CF,, CF/O,, CHF,,
and CHF/Ar, and the RF power was changed from 100 to
400W. The vacuum pressure was 5 Pa in every case. It can
be seen that the etching rate of TiO, in CF, plasma is rela-
tively high and the etching rate ratio of TiO, to MRS is
also high. When O, gas is mixed in CF, gas, the etching
rate of TiO, increases. However, the etching rate of MRS
also increases and the ratio becomes smaller. In the case
of CHF, plasma, a deposition process occurs when an RF
power is small (100-200W). At high RF power (400W), the
etching becomes possible and the etching rate ratio is
high. CHF,/Ar plasma etching behavior is almost the
same as the case of CHF, plasma.

In order to obtain the high etching rate ratio, the CHF,
or CHF,/Ar plasma with 400W RF power is most favora-
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pressure was 5 Pa, and RF power was 100W.

ble. However, the plasma discharge is unstable at that
condition and the reproducibility of etching becomes
poor. The stability of plasma discharge was improved
when the vacuum pressure was increased (to 10 Pa). But,
at the high vacuum pressure, the deposition process again
occurred.

From these results, we selected the CF, as an etching
gas and the RF power to be 100W. Under these condi-
tions, the linewidth variation was measured as a function
of etching time. The results are shown in Fig. 7. The line-
width decreases linearly with increasing the etching time,
and the decreasing rate is 0.005 um/min. The rate is so
small that the linewidth can be controlled precisely. The
linewidth variation is only +0.025 um when the etching
time was changed from the standard time (for example at
15 min) by *5 min.

Figure 8 shows the etching rates of PIQ, MRS, and Ato-
lon NTi films in O, RIE. The Atolon NTi film was baked
at 200° or 300°C. The RF power was 100W, and the vac-
uum pressure was 0.27 Pa. It can be seen that the etching
rates of PIQ and MRS are almost the same: 23 nm/min.
The Atolon NTi baked at 200°C is etched slightly, and the
etching rate is 0.7 nm/min. However, the Atolon NTi
baked at 300°C is not etched in this measurement time. As
mentioned previously, the Atolon NTi baked at 200°C still
contains organic contents and is, therefore, slightly
etched by O, RIE. On the other hand, the Atolon NTi
baked at 300°C changes to the inorganic material TiO,
and remains intact during O, RIE. From these results, it
can be concluded that the Atolon NTi film baked at
300°C serves as a good mask material for an etching of
PIQ by O, RIE.

o:PIQ
9 MRS
o : Atolon NTi (Baked at 200°C)
T A: + ( : 300 °C)
3 1.5F
< /
a
s ¢
o 10 23 nm/min
c
v
i
05
© 0.7nm/min
e o
0F 2.4 A—
L 1 il
0 20 40 60

Etching Time (min)

Fig. 8. Etching rates of PIQ, MRS, and Atolon NTi by O, reactive
ion etching. Atolon NTi films were baked at 200° and 300°C. RF
power was 100W, and vacuum pressure was 0.27 Pa.
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The vacuum pressure in O, RIE is a key parameter for
linewidth control (12). When the vacuum pressure is too
high, an undercut profile occurs. On the other hand, the
plasma discharge becomes unstable as the vacuum pres-
sure is too low. To obtain the practical condition, we in-
vestigated the amount of undercut of the PIQ pattern un-
der the protective TiO, layer as a function of vacuum
pressure. The results are shown in Fig. 9. The vacuum
pressure was changed from 0.27 to 1.3 Pa. The amounts of
undercut were measured by an SEM observation. When
the pressure is 1.3 Pa, the amount of undercut increases
rapidly with increasing the etching time and reaches 0.2
pm at the etching time of 90 min, which is about twice the
time required to eliminate 1.5 um thick PIQ layer. The
amount of undercut decreases when the vacuum pressure
is low. At the pressure of 0.27 Pa, the undercut becomes
very small and the amount is 0.06 um even at the etching
time of 90 min, which is about 50% greater than the time
required to eliminate PIQ layer. With our RIE apparatus,
the lowest pressure above which the plasma discharge is
stable is about 0.13 Pa. Therefore, the vacuum pressure of
0.27 Pa was selected.

Applications.—Figure 10 is an SEM photograph of lines
and spaces patterns delineated by the trilevel resist pro-
cess with the deep UV contact printing. Linewidths are
0.75 and 0.4 um, respectively. The patterns consist of 1.5
mm thick PIQ with 0.1 um thick TiO, on the top surface.

(a)

(b)

Fig. 10. SEM photographs of lines and spaces patterns delineated
by the trilevel resist process with a deep-UV contact printing. Line-
widths are 0.75 (a) and 0.4 (b) um.
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devices delineated by the trilevel resist process with deep-UV contact
printing.

As can be seen in the figure, the undercut of PIQ layer is
very small and submicron patterns of 0.75 and 0.4 um are
delineated successfully.

Figure 11 shows the contiguous disk patterns for ion-
implanted bubble memory devices. Bit periods of these
patterns are 3, 2, and 1.5 um and the minimum features
are designed to be 0.75, 0.6, and 0.5 um, respectively. The
thicknesses of PIQ are 1.5 um thick for 3 and 2 um period
patterns and 1.0 um thick for a 1.5 um period pattern.
These thicknesses are necessary to stop accelerated ions
used in each ion implantation. It can be seen that the
edge profiles of these patterns are steep and smooth,
which are the characteristics necessary for the mask pat-
tern against an ion implantation, as mentioned previ-
ously. Patterns of 0.75 um minimum feature for 3 um pe-
riod pattern are defined precisely, and that for 2 um
period pattern is also allowable. However, the discrep-
ancy between a design and measurement value becomes
large in the case of 1.5 um bit period pattern. Therefore,
the practical resolution limit of deep-UV contact printing
is seen to be about 0.6 um, and the minimum bit period is
about 2 um. The result is different from that for lines and
spaces test patterns. The difference is caused by a diffrac-
tion effect. Since a contiguous disk pattern contains a
cusp shape at the minimum feature part, the corner of the
cusp is rounded by a diffraction effect and the width of
the neck, which is the minimum feature, becomes large.
That is, a diffraction in practical pattern is not so simple
as in lines and spaces pattern and causes a degradation of
resolution limit.
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From the results obtained here, it can be said that
deep-UV contact lithography can be applicable to 2 um
period ion-implanted bubble devices of 16 Mb/cm? in stor-
age density.

Conclusion

Deep-UV contact lithography using trilevel resist sys-
tem has been developed for magnetic bubble devices
with submicron minimum feature. The trilevel resist sys-
tem consists of MRS resist, TiO,, and PIQ. The MRS re-
sist patterns were delineated by deep-UV contact printing
and the patterns were then transferred into TiO, and PIQ
sequentially using reactive ion etching in CF, plasma and
in O, plasma, respectively. The thickness of MRS is 0.3
pum. The thin MRS resist like this can provide a sub-
micron pattern with a greater process latitude than that of
UV printing with AZ resist. The TiO, film was obtained
by spin coating and baking an organotitanium solution.
Therefore, the three layers of the present process can all
be formed by spin coating method. The adhesion of MRS
resist to TiO, film is good and etching selectivities of
TiO, to MRS (CF, RIE) and PIQ to TiO, (O, RIE) are also
good. Using the present trilevel resist process, 0.4 um
lines and spaces were delineated and the 2 um period
contiguous disk patterns with the minimum feature of 0.6
um for bubble memory devices of 16 Mb/cm?® were also
fabricated successfully.
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Lateral Growth Process of GaAs over Tungsten Gratings by

Metalorganic Chemical Vapor Deposition
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Tokyo 180, Japan

ABSTRACT

Lateral epitaxial growth of GaAs over tungsten gratings with 5 wum wide lines and spaces on (001) GaAs substrates is
performed using metalorganic chemical vapor deposition. A study is made of the dependence of facet shapes and
growth rates of the overgrown layers on grating direction, growth temperature, and arsine (AsH,) and trimethylgallium
(TMG) flow rates. From the perspective of crystall_ggraphy_, all the facets observed in the overgrown layers were found
to be classified into four individual groups: {110}, {111}As, {112}As, and {113}Ga faces. The GaAs opening direction on the
(001) substrate surface is found to be the most essential parameter for determining the crystallographic planes of the fac-
ets. Other important controlling parameters for the facet formation are the growth temperature and partial pressure of
AsH,. The partial pressure of TMG has no influence on the faceting growth. On the other hand, the overall growth rate
of the overgrown layer is limited only by the TMG flow rate. These results can be qualitatively explained by the

Langmuir-Rideal model.

Lateral epitaxial growth over oxide or metal mask
films formed on crystal substrates has recently devel-
oped into an attractive technique for fabricating such new
devices as permeable base transistors (PBT’s) (1-3) and
optical wave guides (4). To date, many reports on the lat-
eral growth of GaAs (1-9), Si (10, 11), and InP (12) over
metal or oxide mask films have been published.

Halide vapor phase epitaxy (VPE) has been employed
as the most general method for overgrowth purposes, be-
cause it has several advantages for successfully accom-
plishing the overgrowth as will be mentioned below. In
the VPE growth, there is a thermal equilibrium between
the solid and vapor phases. The dependence of surface ki-
netics on substrate orientation makes an important con-
tribution to the large ratio of lateral to vertical growth
rates. In addition, polycrystalline solids, which prevent
the lateral overgrowth, do not deposit over large areas of
the mask films, because of the desorption or etching pro-
cesses of source species. In this case, HCl, which is pro-
duced or introduced intentionally during the VPE
growth, plays an important role in the etching process. In
fact, Jastrzebski et al. (11) added HCI vapor etching steps
intentionally to the Si overgrowth procedure using
SiH,Cl,, reporting that the nucleation of poly-Si over SiO,
was eliminated. However, there are serious problems with
the HCI introduction. For example, some kinds of chlo-
ride reactants generated during the deposition process re-
act with a quartz reactor or substrates, and, consequently,
cause unintentional doping, the so-called “autodoping.”
Additionally, abrupt interfaces in composition and
doping or epitaxial layers containing Al cannot be readily
obtained by this method.

For metalorganic chemical vapor deposition (MOCVD),
on the other hand, such problems do not exist because of
the growth system, which excludes HCl. Moreover,
MOCVD is well known to have such advantages as al-
lowing precise control of composition and doping in
multicomponent structures. However, lateral overgrowth
has been difficult to successfully accomplish using
MOCVD, because polycrystalline GaAs can be readily de-
posited over mask films (13) due to the lack of etching
process in this growth mechanism.

Recently, Gale et al. (14) and Asai et al. (3) demon-
strated that the MOCVD lateral GaAs growth can be ac-
complished without polycrystalline deposits over mask
films by optimizing the growth conditions. Lateral over-
growth using MOCVD has developed into an applicable
technique for fabricating PBT’s. However, the details re-
garding the GaAs overgrowth process in MOCVD have
not yet been made clear.

In this paper, we report on the lateral GaAs growth over
a tungsten grating with 5 um wide lines and spaces on a
(001) GaAs substrate using MOCVD. To study the over-

growth process, our attention has been focused on the
facet shapes formed at GaAs overgrown film edges and
the vertical growth rates of the overgrown films. The de-
pendencies of geometrical shapes of the facets and
growth rates on the tungsten grating direction, growth
temperature, and source gas flow rates are examined.
The tungsten grating direction on the (001) substrate sur-
face is found to be the most essential parameter to deter-
mine the geometrical shape of the overgrowth layer. The
other controlling parameters are the growth temperature
and the partial pressure of arsine (AsH,). However, the
partial pressure of trimethylgallium (TMG) has no
influence on the facet formation, though an overall
growth rate of the overgrown layer is controlled by mass
transport. On the basis of the obtained results, the
MOCVD overgrowth mechanism is discussed.

Experimental Procedure

The MOCVD system used for GaAs overgrowth in this
work was a conventional horizontal quartz reactor with
an RF induction heater. The upper surface of a graphite
susceptor was tilted about 7° from the gas flow. The
growth temperature was monitored by a thermocouple in-
serted into the susceptor. An electronic-grade, 10% mix-
ture of AsH, in hydrogen was used as an arsenic source.
TMG vapor was provided by bubbling hydrogen through
this liquid, which was held at 0°C in a stainless steel bub-
bler. A main impurity in the TMG was Si, whose concen-
tration was nominally 1 ppm. A purified H, carrier gas
having a 4 liter/min flow rate was introduced with the
TMG and AsH, into the reactor. The overgrowth was per-
formed under atmospheric pressure.

In order to examine the overgrowth processes, we used
the patterned substrates having tungsten gratings, as
shown in Fig. 1. After etching Si-doped (2 x 10" cm~?),
GaAs (001) + 0.5° wafers with a 3H,S0,-1H,0,-1H,0 solu-
tion, a 400A sputter tungsten grating of 5 um wide lines
and spaces was made as a masking pattern on the wafer
with a conventional lift-off technique. A stripe direction
of the tungsten grating oriented on the substrate is a very
important factor for affecting facet shapes of the over-
grown layers, as will be described later.

In this paper, the grating direction is defined as an an-
gle from the <110> direction on the (001) GaAs surface
called the “grating angle.” The grating angle was varied
from 0° to 90° to examine the dependence of the over-
growth on the grating direction. Taking the crystallo-
graphic symmetry of a zinc blende structure into account,
this angle region can cover all grating directions on the
(001) surface. The determination of the <110> and <110>
directions on the (001) GaAs wafer was made by means of
the etching profile test with a 1H,S0,-1H,0,-1H,0 solu-
tion (15).
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Fig. 1. Schematic picture of a substrate used for overgrowth.

The growth procedure began with substrates having
tungsten gratings being loaded into the reactor, after be-
ing washed sequentially in trichloroethylene, acetone,
and methanol. To compare layer thicknesses, substrates
having no grating were also used. The reactor was purged
with a purified H, gas for about 2h. An AsH, gas was in-
troduced when the susceptor temperature reached 400°C
to protect the substrate from thermal damage. Typical
growth time was 2h. Growth conditions were varied
widely, as summarized in Table I. When one condition
was varied, the others were fixed at standard conditions
in order to clarify the effects of the varied condition. This
is indicated by the parentheses in Table I.

Our attention in this work focuses specifically on the
facet shapes and layer thicknesses formed during over-
growth. In order to determine the crystallographic planes
of the facets, (110) and (110) cleavage planes of the over-
grown layers were observed for 0°-45° and 45°-90° grating
directions, respectively, with an optical microscope. All
grown layers were stain etched with a 10H,0-1H,0.-1HF
solution for 15s. Consequently, buried tungsten stripes
could be clearly seen as dark lines in the cross-sectional
views. The thickness of a selectively grown layer was
measured from the step height between the top surface of
the layer and the tungsten grating in the cross-sectional
view of the sample.

Overgrowth on Various Directional Gratings

In this section, we describe the effects of grating direc-
tion on lateral overgrowth from three perspectives. First,
for typical grating directions, the relationship between
surface morphology and facet formation of overgrown
layers is examined. Second, the inclination of the facet
with respect to a (001) substrate surface is studied as a
function of the grating angle from <110>. Third, on the
basis of the results, a model for the overgrowth process is
discussed.

Cleaved cross sections of the GaAs layers simulta-
neously grown over tungsten gratings with various direc-
tions were observed by an optical microscope. Figures 2a,
2b, and 2c present the cross-sectional photographs of the
grown layers over the tungsten gratings oriented at 0°, 30°,
and 90° directions from the <110>, respectively. These
samples were grown under the conditions of 630°C and
[TMG] and [AsH,] mole fractions of 3.2 x 10~ and 1.7 x
10-%, respectively. Note that Fig. 2a and 2b indicate (110)
cleavage planes, while Fig. 2c represents a (110) cleavage
plane. It is clear from this figure that the lateral over-
growth strongly depends on the grating direction.

Table I. Growth conditions

Growth temperature (°C) 400-800 (630)"
[TMG] (mole fraction) 2.3-12.8 x 103 3.2 x 1079
[AsH,] (mole fraction) 0.2-7 x 10~ (1.7 x 10-%)
[AsH,J[TMG] 6-220 (53)

Total flow rate (liter/min) 4

Grating direction from 0-90

the <110> (°)

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY
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(a)

(b)

(c)

——
10um

Fig. 2. Photomicrographs of cleaved cross sections of grown layers
over tungsten gratings oriented at 0° (a), 30° (b), and 90° (c) from the
<110> direction. Note that the a and b show the (110) cleavage planes
and that the c represents the (110) plane.

For the 0° grating direction, which corresponds to the
<110> direction, the lateral overgrowth facets exhibited
planes shaped perpendicularly to the (001) surface (Fig.
2a). For the 30° gratings, the facets had reverse-mesa-
shaped planes at the initial overgrowth stage. As the over-
growth continued, the reverse-mesa-shaped GaAs stripes
laterally developed and finally joined at the reverse-mesa
top to form continuous, flat, specular layers. In the top
view of such a sample, one could not observe any
disturbance due to the presence of the 5 pm width-and-
space tungsten grating. In the cross-sectional view, how-
ever, triangular voids were seen near the centers of the
tungsten stripes as a result of reverse-mesa formation
during initial overgrowth (see Fig. 2b).

For the 90° grating direction, which corresponds to the
<110> direction, the overgrowth profile indicated ordi-
nary mesa-shaped planes (Fig. 2c). When the overgrowth
exhibiting this facet type continued, the top surface of the
ordinary mesa became narrower as growth proceeded un-
til the overgrown layer was finally composed of only in-
clined surfaces. The inclined plane was identified with
{112}As faces from the facet angle of 37° with respect to
the (001) surface. The overgrowth continued further, and
if the V-shaped grooves left on the layer surface were
filled up one could then expect to obtain an overgrown
layer free of voids near the center of the tungsten stripes.
In contrast to this expectation, anomalous faceting
growth took place actually as shown in Fig. 3. The facets
could not be characterized by specific planes.
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Fig. 3. Photomicrograph of a (110) cleaved plane of an overgrown
layer for the 90° tungsten stripe direction which corresponds to <110>.

Surface morphology of MOCVD layers is well known to
depend strongly on substrate orientation (16). The layer
surface on the (111)As substrate indicated very defective
morphology, including many poly-like hillocks (17). Since
(112)As and (111)As surfaces are composed of a relatively
large number of As atoms, the defective growth is consid-
ered to take place on the (112)As, similarly to that on the
(I11)As. Since the growing surface for the 90° grating di-
rection is only the inclined {112}As face, anomalous fac-
eting growth such as is shown in Fig. 3 is believed to
occur.

The overgrown layers are characterized by the facet
shapes, as shown in Fig. 2. To determine the crystallo-
graphic plane for the facet, the angle of the facet with re-
spect to the (001) surface was measured from cross-
sectional photographs of the layers. The facet angle for
the tungsten grating direction from 0° to 90° is presented
in Fig. 4. All the samples were simultaneously grown un-
der the conditions of 630°C and [TMG] and [AsH,] of 3.2 x
10-* and 1.7 x 10-* mole fraction, respectively. From this
figure, the facet angle can be clearly classified into three
regions.

In the 0°-10° grating direction region, the facet angle
was perpendicular to the substrate surface, which corre-
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Fig. 4. Facet angle (see inset) with respect to the (901) surface plane
as a function of the tungsten grating angle from <110>.
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sponds to the {110} crystallographic plane. For the sub-
strates with 10°-45° grating orientations, the sidewalls of
the overgrowth layers had an angle of 130° with respect to
the (001) surface. This angle coincided with the one of the
{111}As plane with respect to the (001) surface. For the
45°-90° GaAs opening directions from <110>, the over-
growth profile observed on a (110) cleavage plane indica-
ted the inclined plane forming an angle of 37°. The angle
coincided with the one of the {112}As face with respect to
the (001) surface.

In each region of the grating angle, the sidewalls of the
overgrown layers were found to retain the same angle
with respect to the (001) surface planes as mentioned
above. This suggests the following overgrowth process.
Lateral overgrowth is seeded from the edges of the
masking tungsten stripes by selective epitaxial deposits
initially formed only on the exposed regions. However,
the lateral growth fronts do not proceed perpendicularly
toward the stripe direction.

Microscopically, the lateral growth fronts are composed
of two small specific planes formed perpendicularly to
the cleavage planes, as shown in Fig. 5. The specific
plane can be determined by observation of the cleavage
plane. For example, for the 30° grating directions, a small
plane observed on the (110) cleavage plane corresponds to
the {111}As crystallographic plane forming an angle of
125.3°, in principle, with respect to (001) surface plane.

This overgrowth process is also supported by the obser-
vation of the overgrowth layer surface shown in Fig. 6. In
this figure, although almost all growth fronts are parallel
to the tungsten stripe, anomalous growth is observed in
some areas. The anomalous growth areas are very similar
to the zigzag growth process portrayed in Fig. 5. The
areas of the films with parallel growth fronts are also be-
lieved to be composed of a number of facets, as previ-
ously reported by Vohl et al. (11). This overgrowth pro-
cess, therefore, generally occurs in growth over the
misoriented masking stripes, whose direction is not paral-
lel to low indexes such as the <I10> and <110>
directions.

Dependency of Overgrowth on Growth Parameters

Growth parameters in MOCVD control facet formation
as well as layer quality, such as surface morphology and
electron mobility. In this section, we describe the depen-
dence of the overgrowth on growth temperature and AsH,
and TMG mole fractions. Since a smooth surface of an
overgrown film was found to be obtainable for the 30°
grating direction, as mentioned in the preceding section,
the main focus is on the dependency of the lateral growth
over the 30° tungsten grating.

Growth temperature.—Growth temperature affects
facet formation in overgrowth in conjunction with surface
morphology. For typical growth temperatures, we have
conducted a study on the relationship between the sur-
face morphology and the facet formation of the over-
grown layers. Figures 7a, Tb, 7c, and 7d present the over-
growth layers obtained at 710°, 630°, 600°, and 510°C,
respectively, with all other growth conditions being the
same, that is, [TMG] = 3.2 x 10~ mole fraction and [AsH,]
= 1.7 x 10-* mole fraction. All the specimens shown in

e

4
3070

30°

GaAs SUBSTRATE mo

Fig. 5. Schematic picture of overgrowth process onto 30° GaAs stripe
openings.
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{110)

4 (110)

Fig. 6. Photomicrograph of the surface of the overgrown layer just be-
fore joining lateral growth fronts seeded from the edges of tungsten
stripes.

these figures were grown over 30° gratings from the
<110> direction. Note that the cross-sectional views were
observed on the (110) cleavage planes.

The sidewall of an overgrown layer at the high tempera-
ture of 710°C consists of reverse-mesa- and ordinary mesa-
shaped planes as shown in Fig. 7a. At a growth tempera-
ture above this value, only the ordinary mesa-shaped
planes formed on the exposed GaAs stripes. The cross-
sectional views of the samples at 630° and 600°C indicate
the same reverse-mesa-shaped planes (see Fig. Tb and 7c).
Though the triangular voids are also seen in the layer at
600°C, they were slightly smaller in size than those at
630°C. Therefore, the ratio of lateral to vertical growth
rates tends to slightly increase with a decrease in the
growth temperature. This tendency demonstrated quali-
tative agreement with the results using (011) GaAs sub-
strates (12).

The surface of the films obtained at 630°C is flat and
smooth (Fig. 7b) On the other hand, the surface of the

(b)

@ —_—

10pm

10pm

Fig. 7. Photomicrographs of surfaces and (Mo) cleavage planes of lay-
ers grown over 30° tungsten gratings at 710°C (a), 630°C (b), 600°C (c),
and 510°C (d).
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film grown at 600°C represents defective morphology,
which exhibits a rough-patterned structure reflecting the
underlying tungsten grating, as shown in Fig. Tc.

At a growth temperature lower than 530°C, GaAs depo-
sition occurred not only on the exposed GaAs surface but
also on the masking tungsten stripes. The deposition of
polycrystalline GaAs on the tungsten stripes prevented
the lateral epitaxial growth from the edges of the tung-
sten stripes (see Fig. 7d). Consequently, the well-defined
facets cannot be observed for the overgrown layers at the
lower growth temperature.

The formation of polycrystalline GaAs over the mask
surface, as shown in Fig. 7d, is the major problem en-
countered during lateral overgrowth. In MOCVD growth
in particular, the poly-GaAs deposits readily over the
tungsten mask, because the sticking coefficient for Ga is
unity. For a growth temperature above 530°C, however,
GaAs growth is initiated only on the exposed area. This
suggests that Ga adatoms on the tungsten are transferred
to the growing GaAs surface. The driving force behind
transferring the Ga adatoms is produced by atomic sur-
face diffusion and by the difference between the nuclea-
tion probabilities for the GaAs and the tungsten. The
atomic surface diffusion length decreases with a decrease
in the growth temperature. Nucleation of polycrystalline
GaAs, therefore, takes place on the tungsten stripes at
low growth temperature.

In addition to the growth temperature, the polycrystal-
line deposit onto the tungsten surface is very sensitive to
the tungsten mask characteristics. For example, the poly-
GaAs nuclei form around the defects present on the tung-
sten surface such as pinholes, topological irregularities,
and contaminated regions. These defects considerably in-
crease the nucleation probability on the tungsten surface.
Furthermore, the intrinsic properties of a mask surface,
such as its surface free energy and number of free surface
sites where source species are incorporated (18, 19), also
have influence on the nucleation probability for the
mask.

The facets of films grown over 30° gratings are affected
by the growth temperature, as shown in Fig. 7. To exam-
ine the facet shapes in detail, the angle of the facet was
measured with respect to the (001) substrate surface. The
facet angle for the growth temperature from 550° to 810°C
is presented in Fig. 8. Other growth parameters remain
the same, that is, [TMG] = 3.2 x 10~ mole fraction and
[AsH,] = 1.7 x 10-* mole fraction. It is remarkable that the
growth temperature of 710°C represents the critical point
in change from the reverse mesa to the ordinary mesa ge-
ometric shape of the overgrowth layers. The sidewalls of
these geometric shapes indicate the facet forming angles
of 130° and 27°, respectively. From these angles, the faces
constituting the sidewalls of the overgrown layer are
identified with the {111}As and the {113}Ga crystallo-
graphic planes.

On the other hand, with the decrease in the growth tem-
perature, the sidewall inclination of the overgrowth layer
changed gradually from 130° to 105° with respect to the
(001) substrates. The gradual change is attributed to the
reduction in the surface diffusion length of source species
with the decrease in the growth temperature. A well-
defined facet is not formed due to the reduction of
atomic diffusion along the top and side surfaces of the
growing layers.

The temperature dependence of the facet formation
mentioned above was not observed for all of the grating
directions. For example, for the tungsten grating direc-
tions of 0° and 90°, which correspond to <110> and
<110>, respectively, the facet angle with respect to the
(001) surface plane is independent of the growth tempera-
ture, as shown in Fig. 9. For the 0° grating direction, the
sidewall of the layer observed on the (110) cleavage plane
indicates a plane perpendicular to the (001) surface, which
corresponds to the {110} crystallographic plane. For the
90° grating direction, the overgrowth profile on the (110)
cleavage planes exhibits the inclined plane forming an
angle of 37° with respect to the (001) surface plane. This
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angle coincides with that of the {T12}As crystallographic
plane. With respect to the facet formation, the relation-
ship between the grating angle and the growth tempera-
ture is more complex. The details of this will be described
below.

AsH, and TMG mole fractions.—AsH, and TMG mole
fractions ([AsH,] and [TMG]) are key parameters in
controlling the MOCVD film characteristics, such as p-n
conversion. One can expect that the faceting growth onto
the GaAs stripe openings is also affected by the [AsH,]
and [TMG] conditions. This represents our final experi-
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Fig. 9. Facet angle with respect to the (001) surface plane as a func-
tion of the growth temperature. Grating directions were 0° and 90°, cor-
responding to the <110> and < 110> directions, respectively.
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ment on facet dependence. In order to properly separate
the [AsH,] and [TMG] effects, the [AsH,] condition was
varied under a constant [TMG] and vice versa.

Figures 10a, 10b, and 10c are photomicrographs of the
(110) cleaved planes of films grown at 6.8 x 10—* 1.7 x
10-* and 0.4 x 10-* AsH, mole fractions, respectively. For
all of the specimens, the tungsten grating directions were
30° from the <110>, [TMG] was 3.2 x 10-* mole fraction,
and the growth temperature was 630°C. The geometrical
shape of the layer grown at [AsH,] = 1.7 x 10—* mole frac-
tion was the reverse mesa, as shown in Fig. 10b. This con-
dition of [AsH,] was optimal for obtaining the smooth
surface of the layer. Even though the AsH, mole fraction
was increased, the films exhibited the same reverse-
mesa-shaped planes. The layer surface, however, became
wavy and defective (see Fig. 10a). On the other hand,
when the AsH, mole fraction was decreased, the ordinary
mesa-shaped planes were formed in addition to the
reverse-mesa-shaped planes as the sidewalls of the over-
grown layer (Fig. 10c). This geometrical shape is very sim-
ilar to that of the 710°C growth temperature (cf. Fig. 7a).

From the cross-sectional photographs shown in Fig. 10,
the [AsH,] dependence of a facet angle with respect to the
(001) surface was examined. The facet-angle variation for
[AsH,] of 0.2-7 x 10—* mole fractions is represented in Fig.
11. The observed geometrical shapes of the overgrown
layers are shown in the two insets. Up to a mole fraction
of [AsH,] = 08 x 10-* which corresponds to
[AsH,J/[TMG] = 25, the sidewalls consisting of ordinary
mesa- and reverse-mesa-shaped planes were formed,

(a)

(b)

L |
10pm

Fig. 10. Photomicrographs of (110) cleavage plans of layers grown at
[AsH.] of 6.8 X 10" (a), 1.7 x 10~ (b), and 0.4 x 10— (c) mole frac-

tions. All the layers were grown on the tungsten gratings oriented 30°
from <110>.

(c)
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tion of [AsH,]. Growth temperature was 630°C.

whose angles with respect to the (001) surface were 130°
and 27° respectively (see the left inset of Fig. 11). From
these angles, the facets were found to correspond to the
{111}As and {113}Ga faces. Above a mole fraction of [AsH,]
= 0.8 x 10-* the sidewall indicated only the {111}As.
From this result only, however, one cannot know
whether the growth parameter causing the facet variation
is [AsH,] or [AsH,J[TMG]. Therefore, we studied the ef-
fects of the [TMG] variation on the overgrowth under
[AsH,] = 1.7 x 10~* mole fraction. The facet angle with re-
spect to the (001) surface as a function of [TMG] is pre-
sented in Fig. 12. Under the conditions of [TMG] =

2.3-128 x 10— mole fraction corresponding to
[AsH31/[TMG]
100 10
180 — — AR
5 I 0=30° ]
o I LASH31=17x10°m 1.
T 150 1
3> 38 o ]
[ []
W 120 ]
o
Q I ]
< ]
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Fig. 12. Facet angle with respect to the (001) surface plane as a func-
tion of [TMG]. Growth temperature was 630°C.
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[AsH,J[TMG] = 13-74, the sidewall of the overgrown layer
indicates only the facet forming an angle of 130° with re-
spect to the (001) surface. Even below [AsH,}[TMG] = 25,
no plane other than the {111}As face was formed regard-
ing the sidewalls of the overgrown layers. On the other
hand, when [AsH,)J[TMG] was reduced below 25 through
a decrease in [AsH,] with a constant [TMG], the {113}Ga
face was formed in additional to the {111}As face (see Fig.
11). Therefore, the facet formed during the selective
growth on the tungsten gratings is concluded to depend
on [AsH;] rather than [AsH,)[TMG].

Vertical Growth Rate of Overgrown Layer

Studies of growth rate provide us with basic informa-
tion on growth mechanisms. For selective growth without
poly-GaAs deposition over a tungsten surface, reacting
species which arrived from the gas phase to the tungsten
surface should be (i) released again into the gas phase, or
(i1) transferred to a growing GaAs surface. In case (i), the
vertical growth rate on the limited area can be predicted
as being essentially the same as the growth rate on the
substrate without the tungsten grating. On the other
hand, in case (ii), the vertical growth rate in the limited
region is apparently enhanced compared to that on the
surface without the tungsten grating.

The vertical growth rate was determined from the
height of a top side of the overgrown layer on the limited
GaAs area. The vertical growth thickness, t, vs. the grat-
ing angle is given as the closed circles in Fig. 13, where
the growth time was 2h. The layer thickness on the sub-
strate without the tungsten grating is also shown as an
open triangle. From this figure, the thickness of the over-
grown layer is found to strongly depend on the grating di-
rection. Moreover, the vertical growth rates of the over-
grown layers shown in Fig. 13 were larger than the layer
thickness on a substrate without the tungsten grating.
The vertical growth rate on a limited area is only appar-
ently enhanced. Therefore, the arrival species at the tung-
sten surface are not released again into the gas phase but
are transferred to the growing GaAs surface.

To clarify this situation further, let us consider an aver-
age layer thickness, t, which is calibrated by filling up
the V grooves or the triangular voids as shown in the in-
set of Fig. 13. The calibrated layer thicknesses are repre-
sented as open circles in the figure. The average layer
thickness was found to coincide with the layer thickness
on the substrate without the tungsten pattern in all the
grating directions. Therefore, an amount of the reacting
species which lead to the GaAs growth is basically the
same. The difference in the heights of the top sides of the
layers on the limited areas is only apparent.

6 —“f‘ '\:——--. =
EPL : it [t
BT,
€ 4f |
2 t
it WITH e o~
) GRATING ®
(V2]
w L4 1
Z 2fa o0 lo gl e o .c B o SN
Q o
T WITHOUT
= | GraTiNG :
L .
0 30 60 90

GRATING ANGLE 6 (degq.)

Fig. 13. Layer thicknesses for 2h growth time as a function of grating
direction.
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Fig. 14. Layer thicknesses for 2h growth time as functions of growth temperature (a) and [AsH,] (b). The layers were grown over the 30° tungsten

gratings at 630°C.

Vertical growth rates on the limited area are also stud-
ied with respect to growth temperature and [AsH,]. Fig-
ures 14a and 14b plot film thickness at a growth time of
2h as functions of the growth temperature and [AsH,], re-
spectively. All of the films were grown over the 30° tung-
sten gratings. The apparent and average thicknesses of
the selectively grown layers are indicated as the closed
and open circles, respectively. The layer thickness on the
substrate without the grating is also represented as open
triangles. Though the apparent thickness on the GaAs
opening varied with the growth temperature and [AsH,],
the average thickness was independent of the growth
conditions. This was similar to the layer thickness on the
substrate without the grating.

Moreover, the average thickness coincided with the
thickness on the substrate without the grating. From the
results of the average thickness, it can be concluded that
the overall growth rate under this range of growth condi-
tions is essentially limited by mass transport through the
stagnant layer in the gas phase. However, surface kinetics
cannot be ruled out as an MOCVD growth mechanism,
because the various crystallographic faces form with a de-
pendence on the tungsten stripe direction, the growth
temperature, and [AsH,].

Crystallographic Aspect and Overgrowth Mechanism

In this section, we discuss the facets of the overgrown
layers on the tungsten gratings demonstrated in Fig. 2, 7,
and 10 from a crystallographic aspect. With respect to the
crystallograhic planes of the formed facets, the relation-
ship between the grating direction and growth condition
is studied. On the basis of these discussions, the over-
growth mechanism is examined.

Facet identification.—The facets of the overgrown lay-
ers on the tungsten gratings are studied from the crystal-
lographic point of view. From the facet angle of the over-
grown layers, the geometric shapes of the layers can be
classified into four individual groups, as shown in Fig.
15.

The overgrown facet forming an angle of 90° with re-
spect to the (001) surface plane was observed on (110)
cleavage planes for the near <110> grating directions.
This result was independent of the growth conditions.
From this facet angle, these formed planes correspond to
the {110} crystallographic planes (see Fig. 15I). In the re-
gion of 10°-45° tungsten opening directions, two types of
facet shapes were observed on the (110) cleavage planes.
One is represented by the inclined planes forming an an-
gle of 130° with respect to the (001) surface, which corre-
sponds to the {111}As planes (Fig. 15II). The other is rep-
resented by the planes forming an angle of 27° with
respect to the (001) surface planes, which corresponds to
the {113}Ga (Fig. 15III).

The {I11}As and {113})Ga planes, in principle, form an-
gles of 125.3° and 25.2° respectively, with respect to the
(001) surface planes. One of these types was changed into
the other by the growth temperature or [AsH,] conditions.
For the 45°-90° tungsten grating directions from <110>,
only the plane forming an angle of 37° with respect to the
(001) surface was observed on the (110) cleavage plane in-
dependent of the growth conditions (Fig. 15IV). From the
angle of the inclined plane observed on the (110) cleaved
plane, the facet corresponds to the {112}As, which, in prin-
ciple, forms an angle of 35.3° with respect to the (001) sur-
face plane.

These facet types shown in Fig. 15 are summarized with
respect to the grating direction and growth conditions.
The classification of these facet types is plotted out for
the growth temperature and grating angle in Fig. 16. Be-
low the growth temperature of 440°C, no GaAs nuclei are
deposited on the exposed GaAs regions nor on the tung-
sten surface. In the 530°-440°C region, poly-GaAs is depos-
ited on the tungsten surface. Though monocrystalline
GaAs was grown onto the exposed GaAs area, the facets
could not be observed, owing to the deposition of poly-
GaAs on the tungsten surface. Therefore, the temperature
range above 530°C is a subject of some discussion con-
cerning the facet types.

~37° N
<o

SuB.
(110) PLANE (110) PLANE

I N

-130"; 4

Fig. 15. Schematic diagrams of the overgrowth profiles produced on
the (001) GaAs plane under the various growth conditions (see text).
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A similar classification is also mapped for [AsH,] and
the grating angle in Fig. 17. Regions I, II, III, and IV in
Fig. 16 and 17 mean the extent of growth parameters and
grating direction, where the overgrowth profiles indicate
types I, II, III, and IV as presented in Fig. 15. In these
plots, for example, the region II+III means a conditional
extent which produces the side wall consisting of the
{I11}As and {113}Ga planes, as shown in Fig. 10c.

It is clear from these figures that the GaAs opening di-
rection on the (001) substrate surface is the most essential
parameter for the overgrowth. This is because the facet
shape is controlled by the grating direction, except in the
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Fig. 17. Classification of face types for [AsH,] and grating angle.
Growth temperature was 630°C.
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10°-45° region. This reason is not well understood at pres-
ent, but it is considered to relate to the atomic arrange-
ments, atomic bond directions, and crystallographic po-
larity on the defined stripe opening of the (001)GaAs
substrate surface. The other limitations for the faceting
growth are growth temperature and [AsH,].

It is noteworthy that the {111}As sidewall plane of the
selectively grown layer changes to the {113}Ga at the
growth temperature of more than 710°C. Additionally im-
portant is the fact that the {113}Ga side plane is formed to-
gether with the {111}As plane at less than a 0.8 x 10-*
mole fraction of [AsH,]. In short, an increase in the
growth temperature and a decrease in [AsH,] have a simi-
lar influence on facet formation.

Overgrowth mechanism.—We will now discuss our ex-
perimental results in terms of the Langmuir-Rideal mech-
anism, where gas phase gallium species react with
surface-adsorbed arsenic (20). Although the reacting spe-
cies are written as Ga and As for the sake of simplicity,
the actual surface species which lead to GaAs growth are
considerably more complex in MOCVD (21).

In the Langmuir-Rideal model, the growth rate, R, is
given by

R = KO, .P.., [1]

where K is a rate constant, P, is the initial partial pres-
sure of the Ga species in the gas phase, and 0, is the sur-
face coverage of the As species. The 0, is written as

ﬂ.\\P.\\

= =
1+ BxPas

(2]

where P,, is the partial pressure of the As species in the
gas phase and 8,, is the Langmuir adsorption constant for
the As species, that is, the ratio of the rate constant for the
adsorption of the As species to the rate constant for
desorption.

Assuming that TMG is completely decomposed by the
homogenous reaction in the gas phase (22), P, = Py,
where P, is the inlet partial pressure of TMG in the gas
phase, such that Eq. [1] can be rewritten into

R = KO Py [3]

From this equation, one can expect that the slight differ-
ence in growth rate is caused by the 6,, dependence on
the surface orientation. However, the dependence of the
growth rate on the orientation is not measurable by an ex-
periment using individual substrates with various orien-
tations because 0,, = 1, ie., B\P,, >> 1, in almost all
cases (20). Consequently, Eq. [3] is reduced to

R = KPyy, (4]

Therefore, the predicted growth rate demonstrates a lin-
ear dependence on the partial pressure of TMG, and is in-
dependent of the AsH, overpressure.

Let us consider the case where various crystallographic
faces are arranged within the surface diffusion length of
the reacting species. The growth rate dependence on the
orientation predicted from Eq. [3] is enhanced by the dif-
fusion of the reacting species from the face where the
growth rate is relatively low to the face with the relatively
high growth rate. As a consequence, the growth rate is
considered to depend significantly on the surface orien-
tation. The faceting growth is also dominated by this
mechanism.

The planes where the growth rate is relatively small are
believed to be formed as facets of the overgrowth layer.
The 6,, is dependent on the growth temperature and the
AsH, partial pressure while being independent of the
TMG partial pressure. Therefore, the faceting growth is
strongly dependent on the temperature and the partial
pressure of AsH,, while being independent of the partial
pressure of TMG. However, the overall average growth
rate of the overgrown layer depends only on the partial
pressure of TMG.
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ABSTRACT

An alternative approach to the calculation of the four-probe resistance of nonuniform resistivity structures is pre-
sented. This approach is based upon two simplifications in the form of the four-probe resistance integral. The first
arises from the integral’s being independent of the probe current density as well as the probe radius. The second simpli-
fication involves the rewriting of the integral as one involving only the kernel (without any Bessel functions) and with
finite limits which depend only upon the probe spacing. The form of these limits is determined by the analytic calcula-
tion of the four-probe resistance for the case of a semi-infinite slab. For the case of a uniform layer over an insulating or
conducting boundary, the simplified integral leads to analytic expressions for the four-probe resistance which are com-
pared with the more extensive technique and are also investigated as a function of the probe spacing. For nonuniform
resistivity structures, the simplified integral can be easily evaluated by means of the Newton-Cotes numerical proce-
dure. For general multilayer cases, the results obtained from the Newton-Cotes method are compared with those ob-
tained from more extensive numerical techniques and are shown to be in excellent agreement. This allows for a vastly
simplified implementation of the previously proposed spreading resistance calibration technique.

Recently, a multilayer expression for the in-line four- related to the resistivity structure, I,(Aa) is the Hankel
probe resistance, Z(x, S), has been derived in the form (1) transform of the generalized probe-current density nor-
malized to unit current (2), v is an index which refers to
the specific form of the current density, a is the probe ra-
dius, and A is the integration variable. It was shown that
the four-probe resistance could always be obtained from
where p(x) is the resistivity, J(AS) is the first-order  the two-probe spreading resistance, R(x, S), from the gen-
Bessel function, A(x, A) is the kernel of the integral and is eral expression

Zx, S) = 2{‘(1)] A, M{JAS) = J,CASH (Aa) dX [1]

*Electrochemical Society Active Member. Z(x, S) = R(x, 2S) — R(x, S) [2]
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The four-probe resistance was also numerically shown to
be (i) independent of the probe radius and the probe-
current density, and (ii) simply related to the sheet resist-
ance, M(x), when the distance to an insulating boundary is
small compared with the probe spacing. The former ob-
servation provided the basis for a calibration procedure
for determining the value of the probe radius to be used
in spreading resistance profile analysis. The use of the
four-probe resistance in the calibration procedure re-
quires the evaluation of the integral in Eq. [1]. This evalu-
ation can be greatly simplified, and it is the purpose of
the present work to derive a simplified expression for
Z(x, S) and hence greatly facilitate the use of the calibra-
tion procedure.

Derivation
As the four-probe resistance is independent of the

probe current density and the probe radius, Eq. [1] may
be rewritten as

”‘:) f Az, MLAS) - @S dh (3]

Z(x, S) =

This particular simplification of the integral has been
numerically verified for a range of structures. The thrust
of the present work is to further simplify the integral by
finding a function, f(1/S), such that Eq. [3] can be written
as

A1S)
28 Az, ) dA [4]

T 51128

Z(x, S) =

In going from Eq. [3] to Eq. [4], the Bessel functions
have been removed from the integrand and their effect on
the integral has been preserved by the replacement of the
limits in Eq. [3] by finite limits which depend only upon
S. This particular choice for the limits of the integral is
not arbitrary but was motivated by the substitution of the
Berkowitz-Lux (3) form of the spreading resistance in
both terms in the right-hand side of Eq. [2]. The resulting
expression contains the integral of A(x, A\) where the
lower limit depends upon 1/2S and the upper limit de-
pends upon 1/S. The particular form obtained from this
substitution does not adequately represent the results for
a wide class of structures. However, this observation pro-
vided the insight into the general form which the simpli-
fication of the integral would take.

The search for the function, f(1/S), is aided by the calcu-
lation of Eq. [3] and [4] for the case of a semi-infinite slab.
In this case, A(x, A) = 1, and the integral in Eq. [3] can be
evaluated analytically (4) to give

p (" p
z = JAS) = J, 2\ b =
(x, S) = j.” {JuAS) — J,(2AS)} d. oS 15]

This indicates that f(1/S) = 1/S, as can be verified by di-
rect substitution into Eq. [4]. If this choice is generally
correct, then the four-probe resistance will be represented
by the equation

s
Zx, S) = % f A, N) dA (6]
128

which is far simpler to evaluate and analyze than Eq. [1].
The validity of Eq. [6] was investigated for uniform layers
over insulating or conducting boundaries, for a wide class
of two-layer structures, and for general nonuniform
multilayer structures. The results of these investigations
are contained in the next three sections.

Uniform Resistivity Layers over Perfectly Insulating or
Conducting Boundaries
The kernel for a uniform resistivity layer over an insu-
lating or a conducting boundary, i.e., coth (Ax), tanh (Ax),
may be used to analytically evaluate the integral in Eq. [6]
for these cases. Specifically
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Zx, S) =

S
Pl f coth (Az) dA
"

m™

_r n{ sinh (x/S) }
T sinh (x/2S)

for an insulating boundary and

1S
Z, §) = 22 f tanh (\x) dA
™ 128

-2 { cosh (x/S) } (8]

T cosh (x/2S)

for a conducting boundary. It is important to note in
both cases that the probe spacing and the distance to the
boundary appear as the ratio x/S. It is this ratio which de-
termines the behavior of the functions.

For the situation where the distance to the boundary is
small compared to the probe spacing, i.e., x/S < 1, the
sinh function may be replaced by its argument whereas
the cosh function approaches unity. By making use of
these limiting values for small x/S, it is straightforward to
show that

In (2
fim: 2, 8= L. 19]
S T
for an insulating boundary and
lim Zx, S) =0 [10]

FISE )

for a conducting boundary. From Eq. [9], it is clear that
the idea of a “thin” isolated layer must be phrased in
terms of the ratio of the thickness of the layer and the
probe spacing. As the probe spacing becomes large com-
pared to the distance to the boundary, the uniform layer
may be considered to be “thin.” This is important as it
places an objective criterion on the use of the idea of thin
layers. Equation [10] states for the case of a uniform layer
over a conducting boundary that the four-probe resist-
ance approaches zero as the probe separation becomes
large compared to the distance to the conducting bound-
ary.

For the situation where x/S > 1, the hyperbolic func-
tions contained in Eq. [7] and [8] may be replaced by ex-
ponentials of the same argument. Then

== P
278 (11]

lim Zx, S)

s > 1
for both the insulating and conducting boundary condi-
tions. Hence, for x/S > 1, the results for both the
insulating and conducting boundaries approach the semi-
infinite slab result given by Eq. [5]. These results are
summarized in Fig. 1, where the scaled four-probe func-
tion, (wx/p)Z(x, S), is plotted for a wide range of x/S for
each of the three boundary conditions. For x/S < 1, the
three functions appear as three separate curves. The con-
ducting boundary result decreases rapidly to zero, while
the semi-infinite slab result decreases slowly to zero. In
this same region, the insulating boundary result has
reached its asymptotic value of In (2). When x/S is ap-
proximately 0.5, the insulating boundary and conducting
boundary results begin curving toward the semi-infinite
slab results. This curving and merging is finally com-
plete once x/S is approximately 2-3. Beyond this point, all
three curves lie on top of each other, as indicated by Eq.
[11]. These indicate, once x/S is approximately 2 or
greater, that the effects of any boundary (especially an
insulating boundary) have been completely removed.
This would mean that four-probe resistance measure-
ments made on thick layers, x/S > 1, should not be asso-
ciated with a sheet resistance interpreted in terms of a
parallel conduction model, i.e., in terms of a sheet resist-
ance R(x), defined by
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spectively.

1
Ra) = ——— [12]

/.rrr(x') dx’

Having established the analytical results from the
cases of semi-infinite slabs, uniform layers over
insulating, or conducting, boundary conditions, what re-
mains to be shown in this section is how well these re-
sults agree with the “exact” results obtained from Eq. [1].
Figure 2 contains the results of this comparison for a uni-
form layer over an insulator. In general, the agreement is
very good. In the middle region of x/S values (from about
0.5 up to about 2.0), the maximum difference between the
two results is about 10%.

A Two-Layer Structure
A particular example where the equations can be
worked out exactly is the two-layer case where the top
layer has a larger resistivity than the bottom layer. The
resistivities of the bottom and top layers are p, and p.,, re-
spectively. The form of the kernel of the integral is given
by

mA, + p, tanh (\x)

Al W= T oA ek )

[13]
where x is the position of the surface of the top layer and
A, is the kernel evaluated at the surface of the bottom
layer. Introducing the variable q defined as q = p/p, and
expanding the right-hand side of Eq. [13] to terms of or-
der g, leads to the expression

A,(x, \) = (qA, + tanh (Ax))(1 — qA, tanh (Ax))

Ay(x, \) = tanh (A\x) + gA,(1 — tanh (\x)) + ...
[14]
Substituting this form for the kernel into Eq. [6] and
evaluating the integral leads to the following expression

of the four-probe resistance for this particular two-layer
structure

Z(x, S) = L™ { cosh (z/S) } g D1
.

cosh (x/2S)
In {tanh (2/S) — tanh (x/2S)} [15]

™

Equation [15] represents the four-probe resistance of a
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Fig. 2. The four-probe resistance scaled by (/p), (7/p)Z(x, S), cal-
culated from Eq. [1] and [7], are presented for the case of a uniform
resistivity layer over an insulating boundary condition.

two-layer structure and reduces to Eq. [9] and [11] under
the appropriate conditions.

Numerical Evaluation of Z(x, S)

A numerical integration scheme is required for the eval-
uation of the Z(x, S) integral in Eq. [6] for the case of a
general nonuniform resistivity structure. Two general
techniques were used in the evaluation of the integral in
Eq. [6]. The first makes use of the trapezoidal-Romberg
technique with a 0.005% convergence criterion on the
evaluation of the integral. This integration technique was
the one which was used previously (5) to evaluate the
spreading resistance correction factor integral. The sec-
ond technique makes use of the nine-point Newton-Cotes
method (6) in the evaluation of the integral. In particular,
the logarithmic spacing used in Eq. [12] of Ref. (3) was
employed. The purpose of using the first technique was
to provide for an “exact” evaluation of the Z(x, S) integral
in Eq. [6]. The Newton-Cotes technique was investigated
as a faster, more efficient, method. For the Newton-Cotes
method of evaluation, the four-probe resistance was cal-
culated using the expression

zx, 8 = D 10 ) é W NA @A) (16]
™ o
where
A= 2" (0=i=8) [17]
28
wy,; = Ci/8, and where C; are the Newton-Cotes weighting

factors (6). A comparison of the results of the integration
performed with the trapezoidal-Romberg technique and
with the nine-point Newton-Cotes method indicates that
the latter method gives an excellent representation of the
integral of Eq. [6]. Hence, for all subsequent analysis, the
Newton-Cotes method will be used. The remaining item
to be considered focuses upon the comparison of the
four-probe resistances as calculated by Eq. [1] and by Eq.
[6] (using the Newton-Cotes method).

The purpose of this section is to present the salient fea-
tures of the calculation of the function Z(x, S) for both
“thin” and “thick” layers. As indicated previously, the
concepts of “thin” and “thick” do not refer to the abso-
lute layer thicknesses, but depend rather upon the ratio of
the layer thickness (or distance to the insulating bound-
ary) to the probe separation. Obviously, for almost all
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practical applications, an isolated layer of up to approxi-
mately 10 um may always be considered to be thin. How-
ever, the distinction between thin and thick becomes im-
portant for the case of a nonuniformly doped layer over a
substrate of the same conductivity type. Here, the total
thickness of the wafer must be considered to be the depth
to the insulating boundary, i.e., the back of the wafer.
Typically, this thickness can be several hundred microns
and here the ratio x/S may be on the order of or greater
than unity.

A number of implant-type resistivity structures were
used with an insulating boundary placed up to several mi-
crons below the implanted region. This situation was
used to simulate the implant into a junction isolating sub-
strate. In these cases, x/S is always much less than unity
and the junction-isolated layer formed by the implant is
clearly thin in the sense described above. These struc-
tures were used to calculate Z(x, S) using Eq. [1] and [6].
The probe spacings used ranged from 25 up to 1000 um.
In all cases, the results of the two techniques were found
to be in agreement to within less than 1%. Also, direct
evaluation of the sheet resistance showed that the relation
between Z(x, S) and the sheet resistance, N(x), i.e.

In (2) W

m

Z(x, S) = x) [18]
was satisfied. This would indicate that the Newton-
Cotes technique for the evaluation of Z(x, S) as given by
Eq. [6] yields the correct result for a thin, ie., x/S < 1,
layer.

The same gaussian-type implant structures were used
with the insulating boundary placed at 350 um below the
end of the implant structure. This was meant to simulate
the situation which would arise from an implant structure
into a substrate of the same conductivity type. As dis-
cussed above, the back surface of the wafer is now the
insulating boundary condition. For the total thicknesses
involved, the calculation should probe the results from
the region where x/S > 1 down to the region where x/S <
1. In addition, the substrate resistivity was changed to
emulate the approach to junction-type isolation at the end
of the implant distribution. When the Newton-Cotes eval-
uation of Z(x, S) was used and compared with the results
of Ref. (1), the maximum deviation was found to be on the
order of 10%. However, deviations of this magnitude were
not typical of all structures, nor were they typical of any
one structure. In general, deviations of about 1-2% were
typical. In particular, deviations of this size were found in
the surface region of nearly all the structures considered.
Typical comparisons of the four-probe resistance inte-
grals are contained in Fig. 3 for illustrative purposes. The
overall quality of the Newton-Cotes results indicates that
this computationally simpler form of Z(x, S) presented in
Eq. [16] and [17] can be used with confidence and at a
substantial reduction in computation time. To illustrate
the reduction in computation time, the calculations per-
formed in Ref. (1) (using Eq. [1]) usually took several CPU
minutes on a minicomputer (equivalent to at least an hour
on a microcomputer). The same calculations using the
Newton-Cotes method (Eq. [16] and [17]) take several
CPU seconds on a minicomputer and on the order of
15-30s on a microcomputer. In addition, the calibration
procedure proposed in Ref. (1) is now accessible as a sim-
ple add-on to any spreading resistance correction factor
algorithm. This calibration procedure is described in de-
tail in Ref. (1) and is implemented exactly as described
there. The important difference resulting from the pres-
ent work is that the calculation of the four-probe resist-
ance for each value of the probe radius (used in the
multilayer analysis of the spreading resistance data) can
be performed very quickly even on a microcomputer
system.
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Fig. 3. The four-probe resistance integral as evaluated by the
trapezoidal-Romberg method (Eq. [1]) and as evaluated by means of
the Newton-Cotes evaluation (Eq. [16]) are plotted against each other
in this figure. The data represent a wide range of structures. The data
at the lower end represent deviations due to shorting substrates where
the four-probe resistance does not provide any useful information.

A listing of the Newton-Cotes evaluation of Z(x, S), writ-
ten in FORTRAN (but easily translated to other lan-
guages), may be obtained from the authors upon request.

Results and Conclusions

A simplified method for evaluating the four-probe re-
sistance has been presented and discussed. The resulting
equation for the four-probe resistance involves an integral
of A(x, ) over a small interval dictated by the probe spac-
ing. In particular, the larger the value of the probe spac-
ing, the closer the interval is to the origin. In a sense, this
signals the importance of the substrate resistivity and the
boundary condition as the small A behavior of the kernel
function is dominated by the ratio of the substrate resis-
tivity and the resistivity of the point in question. Analytic
expressions have been derived for the cases of a uniform
layer over an insulating boundary or a conducting bound-
ary. These expressions have been investigated as a func-
tion of x/S. For small values of x/S, the sheet resistance
of a uniform layer has been shown to arise for the case of
an insulating boundary. For large values of x/S, all three
cases have been shown to merge together and provide a
caveat in the interpretation of four-probe resistance mea-
surements in terms of a sheet resistance obtained from a
laminar conduction model.

A nine-point Newton-Cotes integration scheme has
been presented and discussed for the evaluation of the
simplified four-probe resistance integral and have been
compared with the more complicated methods presented
in Ref. (1). Typical differences between the two methods
are in the 1-2% range with maximum values on the order
of 10%. However, the Newton-Cotes method produces a
reduction in computation time down into the region of
seconds for both minicomputers and microcomputers.
Consequently, the Newton-Cotes technique for evaluating
the four-probe resistance can now be readily used in the
calibration procedure which was proposed in Ref. (1).
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ABSTRACT

A new one-dimensional process simulator, ASPREM or advanced SUPREM, has been developed. ASPREM features
the capability for multilayer structures and the incorporation of many up-to-date models. In this paper, general features
of ASPREM are first described. Then details of many up-to-date models, such as oxidation-enhanced diffusion with or
without polysilicon, impurity diffusion in polysilicon and SiO,, and stress effects to phosphorus diffusion after high
dose ion implantation are reported with experimental results. Finally, applications to base-emitter self-aligned technol-
ogy (BEST) transistors are described, followed by brief concluding remarks.

More than half a decade has already passed since the
first process simulators, SUPREM and its extended ver-
sion, SUPREM-II, were introduced from Stanford Uni-
versity (1, 2). Several process simulators have since been
developed from different organizations (3-6). Most of
them are designed for simulating two-dimensional impu-
rity profiles, since the lateral diffusion is becoming more
important with shrinking minimum pattern size. How-
ever, because of mathematical complexities of moving
boundary problems, major efforts have been made to
solve efficiently the diffusion equation for simplified
structures. No great efforts have been made to develop
more accurate physical models for multilayer structures.
We currently need process simulators for mulitlayer
structures which always appear in VLSI devices.

The authors introduced the prototype of multilayer pro-
cess simulator as early as 1981 (7). Many process models
have since been developed and incorporated in this simu-
lator which is currently called advanced SUPREM or
ASPREM. Some of the newly developed models are
oxidation-enhanced diffusion models of impurities under
high concentration or with polysilicon on top of the sub-
strate, diffusion models within silicon dioxide and
polysilicon, and stress effects to phosphorus diffusion un-
der various ambients.

Recently, SUPREM-III has been developed by Stanford
University as a one-dimensional process simulator to
handle multilayer structures (8).Though basic features of
ASPREM are similar to those of SUPREM-III, ASPREM
excels in such models as impurity diffusion within
polysilicon and SiO,.

In this article, general features of ASPREM are first de-
scribed. Then, some of the up-to-date process models are
reported in detail. Finally, applications to base-emitter
self-aligned technology (BEST) transistors (9) are de-
scribed.

Process Models in ASPREM

General features.—ASPREM can handle multilayer
structures including SiO,, Si,N,, and polysilicon. Thick-
ness, dopant profiles, and, in the case of the silicon sub-
strate and polysilicon, sheet resistances can be calculated
after each process step. In the case of MOS transistors,
threshold voltage can also be calculated with varying
back bias voltages.

Basic models for impurity diffusion are based on a va-
cancy mechanism formulation (10), except that impurities
can diffuse by interstitialcy mechansim during oxidation.
According to this model, increased charged vacancies ac-
count for enhanced diffusion under high concentration of
impurities. In the case of phosphorus diffusion, the model
developed by Fair et al. (11) is used with some modifica-
tion on the evaluation of stress, which is described later.
Recent developments on high concentration diffusion of
phosphorus have shown that not vacancies, but self-
interstitials or both, account for enhanced diffusion (12,
13). At this stage, however, Fair and co-workers’ model is
still the only quantitative model which can handle high
concentration diffusion of phosphorus.

The oxidation process uses the Deal-Grove model (14).
For the heavily doped silicon substrate, the model devel-

oped by Ho et al. (15, 16) has been implemented in
ASPREM to account for the enhanced oxidation rate. Ho
and co-workers’ model is also used for the oxidation of
heavily doped polysilicon, where carrier concentration is
replaced by impurity concentration within grains. The
ambient-pressure dependence of the oxidation rate is also
included. The parabolic growth rate depends linearly on
the ambient pressure, whereas the linear growth rate de-
pends on the power of ambient pressure, with the power
being less than unity (17). The possible explanation for
the nonlinear relationship of the linear growth rate on am-
bient pressure may exist in atomic-level reaction of
oxidants with silicon atoms in the substrate. Details can
be found elsewhere (17).

As-implanted impurity profiles are assumed to be a
joint-half gaussian distribution for arsenic, phosphorus,
and antimony, and a modified Pearson IV distribution
for boron in all materials including SiO, and Si,N, (10). An
exponentially decaying tail is assumed only within the sil-
icon substrate because channeling could occur only
within the single cyrstal. In addition to basic elements,
ASPREM can handle implantation of compounds such as
BF and BF, which have gained increasing importance in
applications to the formation of a shallow junction in
CMOS devices. Here, we assumed that a resulting boron
profile is the same as the one in which boron ions are im-
planted with the artificial energy calculated by
mulitplying the mass ratio of boron in the compound to
the original implant energy (18). This is reasonable when
we assume that, upon entering the substrate, the im-
planted compound immediately decomposes into its
constituting elements, while conserving kinetic energy
and momentum.

In the following, some of the process models including
oxidation-enhanced diffusion, and impurity diffusion in
polysilicon and SiO,, are described in detail.

Oxidation-enhanced diffusion.—The impurities such as
boron and phosphorus diffuse faster in the silicon sub-
strate during oxidation. This phenomenon, called oxi-
dation-enhanced diffusion (OED), has been explained by
the excess silicon self-interstitials generated at the
oxidizing silicon surface, and depends on generation, re-
combination, and diffusion of interstitials. Taniguchi et
al. (19) already reported the practical model of OED in
which the increment of the diffusivity due to oxidation,
AD, is proportional to the power of oxidation rate and de-
creases exponentially with the depth from the silicon sur-
face. Some of the authors also reached the similar equa-
tion for AD, except that AD depends on the impurity
concentration at the oxidizing silicon surface (20), as seen
in Fig. 1. Thus, AD is expressed as follows

D g (— B ) exp (— i)
1+a Cjm ™ P\"™ %7 E,

(1]
where V,, is the oxidation rate, C, is the surface impurity
concentration, n; is the intrinsic carrier concentration, E,

is the activation energy, T is the temperature, k is the
Boltzmann constant, x is the depth from the silicon sur-

AD =
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Fig. 1. D vs. surface impurity concentration for boron and phosphorus

at 900°C.

face, L, is the characteristic length, D, is the fitting pa-
rameter which depends on impurity species, and a is also
a fitting parameter which is fixed to 1.8. When C, is
much lower than n,, Eq. [1] reduces to the one in
Taniguchi’'s model. On the other hand, when C, is much
higher than n;, AD in Eq. [1] becomes zero, indicating that
no oxidation-enhanced diffusion occurs.

Oxidation-enhanced diffusion with polysilicon.—When
there is a polysilicon layer on top of the silicon substrate,
we must take the effects characteristic of polysilicon into
account. Since the oxidation rate of polysilicon is similar
to that of the silicon substrate, except for the difference in
crystal orientation, we can expect that the amount of sili-
con self-interstitials generated by oxidation at the poly-
silicon surface is also similar to the one at the single-
crystalline silicon surface. However, when silicon
self-interstitials diffuse into the substrate through a poly-
silicon film, they may be easily trapped at polysilicon
grain boundaries.

Some of the authors already reported (20) that AD of bo-
ron and phosphorus in the silicon substrate during oxida-
tion of a polysilicon film on top of substrate is exponen-
tially dependent on the polysilicon thickness, as shown in
Fig. 2. Similar results were also obtained by Swamina-
than (21). Hence, the complete expression for the impu-
rity diffusion in the substrate during oxidation of
polysilicon on top of it can be written as

\ E,
Val®* Sp (_ KT

exp (- Li) exp (- Li) (2]

where z is the polysilicon thickness and L, is the charac-
teristic absorption length of interstitials in polysilicon.

Since the parameter, L,, depends on the annihilation of
silicon self-interstitials at grain boundaries, it depends on
the area of grain boundaries and, thus, on the grain size.
From Fig. 2, in which the grain size is about 0.1 um, the
obtained length for L, is 11004, independent of impurity
species. We note that this value is similar to Swamina-
than’s results (1000A). As for the L, dependence on the
grain size, g, the following equation is used

L,=('lg - (L™ - 1UL?* + 1UL}»)~"* [3]

D,

AP el
1+ a-Cyn;

where g’ is 0.1 um and L’ is the absorption length when g
= g’ and is 1100A as already stated. Usually, g is smaller
than 10 um. In that case, it is easy to check whether or not
L, is linearly dependent on g. Since g is linearly depen-
dent on the reciprocal of grain boundary area and L, is ex-
pressed as VD, where D,, is interstitial diffusivity and
7 is a lifetime, linear dependence of L, on Vg implies that
7 is linearly dependent on the reciprocal of grain bondary
area. When g approaches infinity, i.e., the polysilicon ap-
proaches single-crystalline silicon, L, reduces to L,.

POLYSILICON THICKNESS (micron)

Fig. 2. D vs. polysilicon thickness for boron and phosphorus at 1000°C.
The data are taken from Ref. (20).

This model has been implemented in ASPREM and has
contributed to accurately simulate impurity profiles for
polysilicon-source such as a base and an emitter region
with doped polysilicon in conventional bipolar devices
and BEST.

Stress effects on phosphorus diffuison.—Phosphorus
diffusivity usually increases with increasing phosphorus
concentration. However, when the phosphorus concentra-
tion exceeds several 10* cm~—*, the enhancement factor
decreases. Fair attributed this to the decrease of vacancy
concentration caused by reduced bandgap, AE,, due to
the strain (22). However, he did not try to measure the
values of strain experimentally, but rather obtained the
relationship between AE, and phosphorus concentration
by fitting the calculated results to the experimental junc-
tion depths.

Using his relationship for the simulation of implanted
phosphorus diffusion, we became aware that his esti-
mates of E, are too large. Sakamoto, one of the authors,
and Sasaki tried x-ray double-crystal diffractometry in or-
der to obtain the actual strain values in the phosphorus-
implanted wafers after annealing in nitrogen or oxygen
ambient (23). Figure 3 shows the actual maximum strain,
Sm, US. peak concentration of unprecipitated phosphorus.
Also shown is the strain calculated from Fair’s relation-
ship by using Wortmann and co-workers’ equation be-
tween AE, and stress (24) and also the well-established re-
lation of stress and strain. The strain calculated from Fair
is larger than actual strain, as expected. It should be
noted that the maximum strain depends on annealing am-
bients. As a best fit equation for s,, in the substrate and
peak concentration of unprecipitated phosphorus, Cis
after annealing in nitrogen, the following equation is ob
tained

Sm=19x10"*C, + 42 x 10" VC, — 1.3 x 10® (cm—¥)
[4]

The first term of the right-hand side alone is the strain
after annealing in oxygen. The second term is added
when the samples are annealed in nitrogen. More detailed
experiments have revealed that the second term de-
creases inversely proportional to oxygen partial pressure
when the samples are annealed in a mixture of nitrogen
and oxygen (23). It is beyond the scope of this paper to
discuss the difference in the strain after annealing in
various ambients. We only note that this could be due to
the difference in the type of residual lattice defects in im-
planted layers after annealing (25).

Equation [4] is used in ASPREM to calculate AE,, which
is used to obtain the reduced vacancy concentration and,
thus, phosphorus diffusivity. In Fig. 4, we show examples
of phosphorus diffusion in nitrogen or oxygen ambients.
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P

Si(100) wafers were implanted with phosphorus at 40 keV
with a dose of 1 x 10" em~* and were annealed at 900°C
for 20 min in nitrogen. After these wafers were subse-
quently annealed at 900°C for 100 min in nitrogen or oxy-
gen, phosphorus profiles were obtained by secondary ion
mass spectroscopy (SIMS). Phosphorus tails extend
deeper when annealed in oxygen, showing enhanced dif-
fusion. Oxidation-enhanced diffusion expressed by Egq.
[1] alone cannot account for this large enhancement, since
AD in Eq. [1] is much smaller than phosphorus diffusivity
in nitrogen when surface concentration is as high as that
shown in Fig. 4. On the other hand, simulation results
using ASPREM, which includes strain effects from phos-
phorus diffusion, are in good agreement with SIMS
profiles. Thus, it is concluded that enhanced diffusivity

Broken Line : Simulation
Solid Line : Experiment

PHOSPHORUS CONCENTRATION (cm3)

VLSI MULTILAYER STRUCTURES
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Flg 4. Experimental and simulated phosphorus profiles after ion im-
ion and subseq ling in nitrogen or oxygen.
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of high concentration phosphorus in oxygen is mainly
due to the smaller strain compared with that in nitrogen.

Diffusion model in polysilicon.—The polysilicon layer
has been found increasingly important in the fabrication
of VLSI. The polysilicon layer is used for interconnects,
gate electrodes, high valued resistance, and as a diffusion
source for shallow junctions. Although several papers
have been published for impurity diffusion in polysilicon,
there has not been an effective diffusion model (8, 26, 27).

Difficulties in dealing with impurity diffusion in
polysilicon arise from the fact that impurities can exist in
two regions: within grains and at grain boundaries (21,
26). Another multilayer simulator, SUPREM-III, does not
distinguish these two regions for diffusion analysis, al-
though it includes segregation effects for the calculation
of carrier concentration. In order to understand the diffu-
sion mechanism in polysilicon, however, it is essential to
include the effects of impurity segregation at grain
boundaries. We have tried to model impurity diffusion in
polysilicon including these effects.

Figure 5 shows a schematic cross section and impurity
concentration in polysilicon. In the proposed model, we
specify impurity concentration within grains and at grain
boundaries independently. The sum of these concentra-
tions gives the total impurity concentration. Impurities in
each region can diffuse independently along the X-axis
(depth direction). Diffusion along the Y-axis is also taken
into account for impurities within grain boundaries by
estimating the diffusion length within grains. Impurities
in the two regions transport to each other through the in-
terface of grains and their boundaries.

The model is summarized in the equations

C=C+0C, [5]
ac, 9 ci\ o, B
PR ree-w
i o
L2 b iwme,-cy M
at ox ox

where t is time, C is total impurity concentration, C,(C,) is
impurity concentration within grains (at grain bounda-
ries), Dy(D,) is impurity diffusivity within grains (at grain
boundaries), C;, is impurity concentration within grains
near boundaries, h' is the coefficient for impurity trans-
port through the interface of grains and their boundaries,
and m is the segregation coefficient in thermal equilib-
rium. The value for m is taken from Mei and co-workers
model (28) by taking the grain size into account. Equa-
tions [6] and [7] show impurity diffusion within grains
and at their boundaries, respectively. The impurities at
each region can diffuse independently except that they
transport each other at the interface of grains and their
boundaries. The amount of impurity transport is ex-
pressed by the second term of the right-hand side in Eq.
[6] and [7]. Since the magnitude of m, which depends on
the grain size, affects which of the impurities within

CONCENTRATION

~N Y
~

X

Fig. 5. Schematic model for impurity diffusion in polysilicon. F; (F,)
and C|(C,,) are impurity flow and impurity concentration within grains (at
grain boundaries), respectively.
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Table 1. Impurity diffusivities at polysilicon grain boundaries

Pre-exponential Activation

factor (cm?/s) energy (eV)
Boron 0.82 2.74
Phosphorus 5.1 291
Arsenic 1100 3.53

grains or at grain boundaries is dominant in polysilicon, it
is necessary to analyze impurity diffusion independently
at each region.

Because of slower diffusion within grains, C,, may be
different from C;, which is the average impurity concen-
tration within grains. We use d*C; for C;, where d is
g/minimum (g, V4Dit). d reflects the effects of impurity
diffusion within grains along the Y-axis and approaches
unity for longer annealing. As the value for h’, we usually
use a transport coefficient, h, which depends on tempera-
ture and impurity species. However, when C,, exceeds
solid solubility of impurities within grains, impurity flow
from grain boundaries into grain insides can be ne-
glected. This is accomplished by equating h' = 0 when C;,
is greater than solid solubility.

D; is taken as impurity diffusivity within the silicon
substrate, since grain insides are single crystalline. On the
other hand, we have obtained D, by fitting the simulated
results to the experimental profiles by SIMS. D, for bo-
ron, phosphorus, and arsenic through the temperature
range 800°-900°C is shown in Table I, and is three orders
of magnitude higher than D,.

Figure 6 shows simulated and experimental profiles of
boron and phosphorus. The samples are ion implanted
with a dose of 10'"* em~* to the 0.5 um thick polysilicon
with grain size of 0.1 um, grown on (100) silicon. They are
subsequently annealed at 800°C in nitrogen for 46 and 10
min for boron and phosphorus, respectively. In these
profiles, we can distinguish surface and tail regions. In
the surface region, impurities retain as-implanted pro-
files, indicating that no significant diffusion occurred.
This slower diffusion is limited by impurity diffusion
within grains. In the tail region, the profiles shows a gen-
tle slope indicating faster diffusion. This is due to very
fast impurity diffusion through grain boundaries. It is

1 022
Broken Line: Simulation

Solid Line: Experiment
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Fig. 6. Boron and phosphorus profiles in polysilicon after ion implanta-
tion and subsequent annealing in nitrogen.
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noted that impurities at grain boundaries cannot be trans-
ported into grain insides, since C|, in the tail region ex-
ceeds solid solubility. On the other hand, at the diffusion
front, the profile shows a relatively steep slope indicating
slower diffusion. This is caused by a significant amount
of impurities at grain boundaries transported into grain
insides. Good agreements between simulated profiles
and SIMS profiles show that the proposed model works
effectively for impurity diffusion in polysilicon.

It should be pointed out here that simulation of oxida-
tion of heavily doped polysilicon is also significantly im-
proved by employing the proposed model for impurity
diffusion in polysilicon. We use Ho and co-workers’ oxi-
dation model (15, 16) for polysilicon as well as for the sili-
con substrate. In their model, the oxidation rate depends
on the surface carrier concentration. By assuming that
surface carrier concentration is equal to surface impurity
concentration within grains, simulated SiO, thickness
after oxidation of polysilicon agrees well with the experi-
mental result, which also confirms the effectiveness of
the proposed model in polysilicon.

Phosphorus diffusion in Si0,.—While phosphorus diffu-
sion in SiO, is important for MOS gate region, its mecha-
nism has remained one of the least-known fields in VLSI
processes. There have been a few reports on phosphorus
diffusivity in SiO, (29, 30), but their values spread by sev-
eral orders of magnitude. We have extensively studied
phosphorus diffusion in SiO,, and obtained the diffusivity
in relation to local phosphorus concentration.

Phosphorus with different doses was implanted to a
thick oxide film thermally grown on (100) silicon. The
wafers were subsequently annealed in dry oxygen at
various temperatures. Figure 7 shows examples of phos-
phorus profiles measured by SIMS. A flat profile where
phosphorus concentration is higher than 10* ecm—* indi-
cates that very fast diffusion occurred in this region. On
the other hand, a steep slope in the lower phosphorus
concentration region indicates slower diffusion. An as-
sumption that phosphorus diffusivity, D,,, depends only
on the local phosphorus concentration has led to the fol-
lowing expression for the phosphorus diffusivity

Dyx = Diox + bCoy" [8]

where D, is phosphorus diffusivity in low concentra-
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tion, C,y is phosphorus concentration, and both b and n
are fitting parameters. Best fit values for Dy, b, and n
are

Diox = 3.22 x 10~ exp [—4.1 (eV)kT] cm?/s [9]
b = 1.13 X 10-* exp [-7.1 (€V)kT] ecm®¥/s  [10]
n=15 [11)

In Fig. 7, simulated results are also shown with experi-
mental profiles. We can see good agreement between
simulations and experiments.

The tendency of increasing phosphorus diffusivity with
phosphorus concentration in the high concentration re-
gion is similar to Ghoshtagore’s experiments (30) in
which phosphorus was diffused from PSG. The obtained
phosphorus diffusivity in thermal SiO, in our experi-
ments is also similar to his results. This may indicate that
Eq. [8] is generally applicable to phosphorus diffusion in
Si0,.

Examples

In order to demonstrate the capabilities of ASPREM,
we show here an example of simulated impurity profiles
from a bipolar process called BEST, which was first in-
troduced from OKI as a high performance bipolar tech-
nology with extensive use of polysilicon (9).

The schematic cross section of BEST transistors is
shown in Fig. 8. The simulated region is at a cross section
through emitter and active base region, which constitutes
an essential part of BEST transistors. Two different fabri-
cation processes, named A and B, were simulated. A de-
tailed description of process sequence A is as follows:
epitaxy, oxidation in oxygen at 900°C for 20 min, BF, ion
implantation with dose of 1 x 10'* cm -2 at 40 keV for base
formation, annealing in nitrogen at 900°C for 30 min, SiO,
etching, polysilicon deposition with thickness of 30004,
polysilicon oxidation in oxygen at 900°C for 30 min, Si,N,
deposition with thickness of 20004, annealing in nitrogen
at 900°C for 30 min and at 950°C for 50 min, Si,N, and SiO,
etching, oxidation in dry O, at 900°C for 30 min, arsenic
implantation for emitter with dose of 1.2 x 10" em~—* at 60
keV, oxidation in steam at 950°C for 40 min at 0.67 atm,
and annealing in nitrogen at 1000°C for 35 min.

Process B is intended to form shallower emitter and
base regions, and boron was implanted after polysilicon
was deposited. The process sequence is as follows:
epitaxy, polysilicon deposition with thickness of 30004,
oxidation in oxygen at 900°C for 30 min, Si,N, deposition
with thickness of 20004, annealing in nitrogen at 900°C for
30 min and at 950°C for 50 min, Si,N, and SiO, removal,

Collector Emitter Base
A o\
X OO Potebe %’ XX X
AL eerer
\ 3 R
TP+ Npoly S
Si02 AT A
P
N+ N~
P+ E l|\ l"' i P+
; N+ :|
p-

Fig. 8. Schematic cross section of a BEST transistor. Base/emitter re-
gion (indicated by a vertical line) is simulated by ASPREM as an example.
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polysilicon oxidation in steam at 950°C for 40 min at 0.67
atm, annealing in nitrogen at 1000°C for 15 min, boron im-
plantation with dose of 4.5 x 10" cm~* at 70 keV, SiO, re-
moval, oxidation in oxygen at 900°C for 30 min, annealing
in nitrogen at 950°C for 30 min, arsenic implantation with
dose of 1.2 x 10" cm~2 at 60 keV, followed by annealing in
nitrogen at 950°C for 60 min.

Figures 9a and b show simulated and experimental im-
purity profiles for processes A and B, respectively. First
of all, it should be pointed out that overall agreement be-
tween simulated and measured impurity profiles are sat-
isfactory for both the processes. A kink in the boron
profile around a base/emitter junction can be attributed
to the retarded diffusivity by the electric field generated
from a steep profile of high concentration arsenic and is
also simulated well. The electric field also affects the dif-
fusion of phosphorus, which piles up around the
base/emitter junction. This is caused by electric-field-
driven phosphorus flow against the gradient of phospho-
rus concentration. Although it is not clear from Fig. 9, we
note that the simulated SiO, thickness after oxidation of
heavily arsenic-doped polysilicon agrees well with the ac-
tual thickness, which is a by-product of distinguishing
impurities within grains from those at grain boundaries in
the polysilicon diffusion model as discussed.

Measured profiles show a pile-up of arsenic at the
polysilicon/Si interface. Although this phenomenon
needs more study, the effect on the overall arsenic profile
can be negligible. We can see a discontinuity of phospho-
rus profile at the polysilicon/Si interface. This is due to
the use of a relatively large segregation coefficient, which
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Fig. 9. Experimental and simulated impurity profiles at base/emitter
region of a BEST transistor for (a) process A and (b) process B.
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has been determined from another experiment on diffu-
sion from a heavily phosphorus-doped polysilicon. Since,
in ASPREM, the segregation coefficient is defined as the
ratio of impurity concentration in Si to that within grains
in polysilicon, interface discontinuity could appear for
different process conditions. Further study is necessary
for interface phenomena.

Conclusions

A multilayer simulator, ASPREM, has been developed.
ASPREM features many up-to-date process models,
which include an oxidation-enhanced model with or with-
out polysilicon, strain effects to high concentration phos-
phorus diffusion, a diffusion model in polysilicon, and a
phosphorus diffusion model in SiO,. The details of these
models have been discussed. As a multilayer simulator,
ASPREM can be applied to the complete VLSI processes
including bipolar and MOS transistors. The effectiveness
of ASPREM has been demonstrated by BEST transistors.
Especially, accurate simulation of diffusion and oxidation
for polysilicon source emitter is worth noting, since simi-
lar processes are important for MOS transistors as well.

In addition to being applicable to current processes,
ASPREM will serve as an effective tool in developing
new multilayer models. This is significant, since
multilayer structures are becoming more important,
while few established models for multilayers exist.
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Degradation Mechanism of Lightly Doped Drain (LDD) n-Channel
MOSFET's Studied by Ultraviolet Light Irradiation

M. Saitoh, H. Shibata, H. Momose, and J. Matsunaga

Toshiba Corporation, Semiconductor Device Engineering Laboratory, 1, Komukai Toshiba-cho, Saiwai-ku, Kawasaki
210, Japan

ABSTRACT

The degradation of lightly doped drain (LDD) n-channel MOSFET’s has been investigated in detail making use of
ultraviolet light irradiation, and the following results have been obtained. The degradation of the parasitic MOSFET
consisting of the gate, the LDD region, and the insulator in between, which dominates the deterioration of the total per-
formance, can be divided into two phases. In the initial phase, the degradation is rapid compared to that in the succeed-
ing phase. The initial phase degradation is due not to surface-state generation, but to electron capturing of the oxide
covering the LDD region which has a large number of traps. The quality of the insulator above the LDD region should
be carefully controlled in order to make highly reliable LDD MOSFET'’s.

As the device dimensions are reduced in VLSI's, hot
carrier-induced MOSFET degradation becomes a prob-
lem of more importance, and many efforts have been
made to solve it. Along with the studies on the degrada-
tion mechanism (1-15), explorations of highly reliable
MOSFET’s have also been made (16-22). Consequently,
lightly doped drain (LDD) MOSFET has been proposed
and widely believed to have high reliability.

Hsu et al. (21, 22), however, reported recently that when
the LDD MOSFET’s and the conventional MOSFET are
compared under the same substrate current during the
stress, the former shows two orders of magnitude faster
deterioration in transconductance (G,) than the latter.
This fact seems to suggest that the LDD MOSFET’s have
their own degradation mechanism which makes them of
little advantage to the conventional MOSFET.

Thus, in order to make highly reliable LDD MOSFET’s,
the degradation mechanism of the LDD structure should
be made clear. For this purpose, we tried to make use of
ultraviolet (UV) light irradiation, in which the energy dis-
tribution of generated hot carriers is almost independent
of the impurity concentration of the LDD region. This
fact makes experimental results easy to interpret.

Experimental

The MOSFET’s examined were fabricated in a conven-
tional poly-Si gate N MOS process with and without LDD
(N-) region (conventional MOSFET’s were cofabricated
as a reference).

After gate patterning, gate oxide over source/drain area
was etched off by wet chemical etchant. Phosphorus ions
were implanted to form N- diffusion, while no ion im-
plantation was made for the wafers of conventional
MOSFET’s. Then, so-called postoxidation was done.

A new type sidewall, self-defined polysilicon sidewall
(SEPOS), was used at the sidewall making step for LDD
Tr’s. The process flow for the SEPOS is shown in Fig. 1.
Onto the postoxide, LPCVD polysilicon was uniformly
deposited, and then the surface was slightly oxidized.
Si0, reactive ion etching (RIE) followed to leave oxide
frame only at the vertical sides of the polysilicon steps.
After subsequent polysilicon RIE, the oxide-framed poly-
silicon sidewall was completed. Then, arsenic ions were
implanted to make N' regions. The polysilicon sidewall
was removed by plasma etching, and CVD SiO, was de-
posited on it. Passivation was made by depositing BPSG
(boro-phosphosilicate glass) onto the CVD SiO, film.

Surface impurity concentration of channel (boron) and
N’ (arsenic) regions were 1.5 x 10'¢ and 2 x 10* cm—*, re-
spectively. That of N- (phosphorus) regions was varied
from 3.8 x 10'" to 3.2 x 10" cm 2 (ion dose from 5 x 10'* to
4 x 10" em~?). The effective channel length was 0.5-0.7
um, and gate oxide thickness 25 nm. The N- region
length ranged from 0.24 to 0.36 um, depending upon
phosphorus concentration.

Samples were irradiated with UV light of 4.63 eV, as
shown in Fig. 2, using a commercial EPROM eraser

which can erase EPROM data within 10 min. During the
irradiation, all the electrodes were connected to the
ground potential. All measurements were carried out at
room temperature (21°-25°C).

Results

The changes in the linear region of drain current vs.
gate voltage characteristics after 4h UV light irradiation
are shown in Fig. 3 for low (3.8 x 10'" em—*) and high (1.7
x 10" em~—*) N- LDD samples and, for comparison, for a
conventional sample. The low N~ one reveals a drastic in-
crease in threshold voltage and a certain amount of de-
crease in transconductance G,, while the high N- one
shows only a small decrease in G,,. No change can be ob-
served for the conventional one. Figure 4 compares their
subthreshold characteristics. It is found that the low N-
one shows smaller subthreshold slope than the others,
and the curve shows parallel shift in the positive direction
after irradiation, while no change is observed for the high
N- and the conventional samples.

Figure 5 shows the time dependencies of (i) the increase
in V, which is defined as V; giving rise to I,, of 10-7A for
V, = 0.1V and (ii) the decrease in I,, which is defined as
I, for V,; = Vy(initial) + 3.5V, for the low N- sample. Here,
errors coming from temperature fluctuation are cor-
rected. Two curves drawn in the same frame are the data

L
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Fig. 1. Process flow for self-defined polysilicon sidewall (SEPOS).
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Fig. 2. Ultraviolet (UV) light irradiation using an EPROM eraser
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Fig. 3. Changes in the linear region of I, vs. V,; characteristics
caused by 4h UV light irradiation for a 3.8 X 107 and a 1.7 x 10"
em—* N~ concentration LDD MOSFET, and a conventional MOSFET.
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threshold characteristics are compared.

for different samples under the same experimental condi-
tion. The threshold voltage V,, shows rapid increase
within 0.5h and comes to clear saturation thereafter, al-
though the saturation values are largely different from
sample to sample. On the other hand, I,, does not show
such clear saturation. Figure 6 shows the results corre-
sponding to Fig. 5 in the case of high N - sample. The sim-
ilar behavior is observed, though the V,, shift is very
small.

Electrical stress was also studied, where the stress con-
dition was V,, = V; = 6V. Transconductance change AG,,
and threshold voltage shift AV,, were measured in this
case as a function of stress time. Source and drain were
reversed during measurements. Samples of 6.9 x 10'7, 1.7
x 10", and 3.2 x 10" cm~* N~ concentrations showed a
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decrease in G, (which is revealed in Fig. 7) but a negligi-
bly small (< 10 mV) V,, shift. In contrast, in the case of 3.8
x 10'" em—* N- concentration samples, G,, shows a negli-
gibly small decrease (< 1%) and V, a fairly large increase,
as shown in Fig. 8.

In Fig. 9, AG,(Al,, for UV irradiation case) corresponds
to the phase 1; initial rapid degradation stages (see Dis-
cussion section) are shown as a function of N- concentra-
tion for both UV irradiation and electrical stress cases. In
the former case, AG,, decreases with N- concentration,
while in the latter case it seems almost independent of the
concentration.

Discussion
From the results shown in Fig. 3 and 4, we can derive a
model for the LDD MOSFET’s and the effect of UV light
irradiation (Fig. 10). The features of the model are (i) LDD
MOSFET’s consist of a main Tr (A in Fig. 10a) and para-
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bly small (10 mV) for all cases. Definition of V;, is the same as in Fig.
5.

sitic Tr’s (B in Fig. 10a) connected in series and (ii) UV ir-
radiation brings change only to the parasitic Tr’s. This is
known from the fact that the conventional sample does
not change. It is considered that in the low N~ concentra-
tion region (3.8 x 10'7 cm~*, for example) the threshold
voltage of the parasitic Tr’s is higher than that of the main
Tr and they dominate the total I,-V, characteristics.
Therefore, a drastic change including subthreshold curve
shift occurs for low N - sample. In the high N- concentra-
tion region (1.7 x 10" cm %, for example), the threshold
voltage of the parasitic Tr’s is lower than that of the main
Tr. So, the expected threshold voltage shift in the para-
sitic Tr’s results only in the transconductance decrease.
The relatively gentle subthreshold slope of the parasitic
Tr comes from its depletion-type operation, the process-
induced gate oxide thickening there, and/or the relatively
large amount of surface states (although the amount does
not increase by UV irradiation as shown by the parallel
shift of the subthreshold curve). The fact that the para-
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Fig. 8. Threshold voltage shift V,, and decrease in G,, as a function
of electrical stress time. Concentration of N~ region is 3.8 x 10'"
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sponding to phase 1 charge (see text).

sitic Tr of low N~ concentration before UV irradiation has
a threshold voltage higher than that of the main Tr sug-
gests that a certain amount of negative charge (or inter-
face states) exists above the N - regions when the fabrica-
tion process is finished.

As can be seen in Fig. 5, the change in the characteris-
tics of the parasitic Tr can be divided into two phases:
phase 1 is the part until the saturation in the V,, shift vs.
UV exposure time curve, and phase 2 is the one after the
saturation. Consequently, the total I,,-V,; characteristics of

log conductance

gate voltage

(b)

Fig. 10. A model for the LDD MOSFET’s and their own degradation
mechanism. LDD MOSFET's consist of a main Tr (A) and parasitic Tr's
(B). Degradation characteristics of LDD Tr arise from threshold volt-
age shift of the parasitic Tr('s).
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phase 2

L,
SOURCE /DRAIN

Fig. 11. A model for the location of fixed negative charge which
changes the characteristics of parasitic Tr('s).

the LDD Tr in triode operation can be expressed by

1 1 1
# 4
Gml(V(i - Vnn) sz(Vu = Vi) Gm:((V(: - Vm:x)

where V,,, Vi1,, and V,,, are the threshold voltages of the
main Tr, of the parasitic Tr which corresponds to the
phase 1 change, and of the parasitic Tr which corre-
sponds to the phase 2 change. By UV light irradiation, V,,,
does not shift, V,,, shifts rapidly and then becomes satura-
ted, and V,;,; shows relatively slow and long lasting shift.
The picture derived from the above discussion is illus-
trated in Fig. 11. The phase 1 charge may be due to
built-in traps in both the oxide grown from Si of N- re-
gion and that grown from phosphorus-doped gate poly-
silicon during the postoxidation step. On the other hand,
the phase 2 charge may be due to those in the LPCVD
SiO..

Because of the parallel shift of the subthreshold curve
(Fig. 4), it is concluded that the V. shift comes not from
surface-states generation, but from increase of trapped
negative charges. This is also true for the V,,, shift if the
barrier height for hot holes is not lowered by the trapped
electrons, because the energy of UV light-generated hot
holes, 3.51 eV, (4.63 eV photon energy —1.12 eV bandgap
of Si) is smaller than the potential barrier of Si-SiO, inter-
face for holes (~3.7 eV) (2).

The dependence of AG,, on N~ concentration in the UV
irradiation case (Fig. 9) is explained by the higher N-
sample’s having lower sensitivity to the fixed charge
above the N- region. Here, the amount of the fixed
charge is assumed to be the same for all the N~ concen-
trations, which is reasonable, as the UV light-induced hot
carrier injection phenomenon does occur almost equally
for all the N - concentrations. In the electrical stress case,
however, the saturation amount of the phase 1 charge
seems to increase with the N- concentration. In other
words, it increases with the energy and population of hot
carriers injected; higher N- must lead to higher energy
and population (23). This is why AG,, for the phase 1 (Fig.
9) seems to have little dependence on N- concentration.
Anyway, essentially the same mechanism seerns to domi-
nate the degradation both in the UV irradiation case and
the electrical stress case.

Here it should be noted that the 6.9 x 10'" ecm~* N~ con-
centration sample reveals the behavior of low N- sample
(i.e., large V,, shift) in UV irradiation case (Fig. 5), while it
reveals that of high N- sample (i.e., negligibly small V,,
shift) in electrical stress case (Fig. 7). It may come from
the difference in the spacial and energetic distribution of

Vi, =
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hot carriers from UV irradiation to electrical stress. How-
ever, we cannot make further comment on this, because
the difference from sample to sample is too large, as can
be seen in Fig. 5-8.

Finally, we would like to note that the quality of the in-
sulator above the N- region should be carefully con-
trolled, as well as the impurity profile of the region, in or-
der to make highly reliable LDD MOSFET’s.

Conclusions

From a study making use of ultraviolet light irradiation,
the following conclusions have been derived.

The LDD n-channel MOSFET has its own degradation
mechanism as follows. The oxide covering the LDD (N-)
region, which is grown from the N- region and the
phosphorus-doped gate polysilicon, has a large number of
electron traps. Electrons injected into the oxide are cap-
tured by these traps and shift the threshold voltage of the
parasitic, depletion-type MOSFET in the positive direc-
tion. CVD SiO, by the side of the gate also has electron
traps which play the similar role. The former shift is rapid
compared to the latter one and becomes saturated in a
certain amount. In contrast, the latter shift is slow and
long lasting. This mechanism dominates the degradation
of the LDD MOSFET’s as far as the energy of hot-carriers
is too low to activate another mechanism such as surface-
state generation.
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ABSTRACT

The redistribution and electrical characteristics of ion-implanted S in GaAs have been investigated using secondary
ion mass spectrometry (SIMS) and Hall profiling in the dose range of 7 x 10" to 1 x 10" em~2. A significant dose de-
pendence of the redistribution has been observed, with the light dose implants exhibiting the most severe diffusion dur-
ing annealing. In the presence of a sufficiently high level of Si doping, the redistribution of implanted S is reduced for
annealing temperatures up to 800°C, possibly due to the formation of a S-Si complex. Suitably chosen S + Si dual im-
plants show a similar effect and result in a higher activation efficiency than is achievable by Si-only implants of the
same total dose. Implantation damage produced by Ar and S dual implants also causes significant redistribution
changes. Low levels of damage enhance the S redistribution during annealing, while a high level of damage strongly in-
hibits it for temperatures up to 900°C. Where the S redistribution is inhibited by damage, however, electrical activity is

reduced or lost.

The redistribution of ion-implanted impurities during
annealing is often nonfickian, owing to the presence of
defects (1-5), self-interstitials (6), or another chemical spe-
cies which interacts with the implanted impurity (7, 8).
Both enhanced and retarded diffusion have been ob-
served as a result. Data from early work show that im-
planted S in GaAs undergoes considerable redistribution
upon annealing, with only fair to poor electrical activation
(9-14). More recent studies using capless annealing in an
H,-As, atmosphere indicate less redistribution (15, 16),
while other reports using dielectric encapsulation (17, 18)
continue to describe severe S migration.

The redistribution characteristics of S-only implants for
a variety of doses annealed at 900°C with Si,N, encapsula-
tion have been reported by Yeo et al. (17). The dose de-
pendence of such redistribution has also been investi-
gated by Wilson et al. (19) for a much larger dose range,
using SiO, encapsulation and a melt-ambient capless
technique (20). Some evidence of a possible S-Si interac-
tion which retards the redistribution of S has been
pointed out by Yoder (21) in the data of Oakes and Degen-
ford (22). Wilson and Jamba (23) also showed that S redis-
tribution during annealing is much reduced if the GaAs
substrate has been preamorphized by equal doses of Ga
and As ions before S implantation.

In this work, we examine the possibility of modifying
the redistribution of implanted S in the presence of Si
and/or excess implantation damage. To that end, the re-
distribution of implanted S is examined along with its
electrical properties as a function of implantation dose
and annealing temperature, and Si doping. We study S
implants in the presence of implanted Si and Si intro-
duced during crystal growth. An effort is made to isolate
the effects of implantation damage by examining Ar co-
implants with S which approximate the damage of the
corresponding S + Si dual implants.

This study is performed using Si;N, encapsulation,
which is the most common encapsulant capable of pre-
venting both Ga and As loss from the sample surface
(24, 25).

Experimental Procedures

Redistribution characteristics of S-only implants were
studied by performing 250 keV implants into Cr-doped
semi-insulating GaAs substrates. Possible S-Si interac-
tions were studied by dual implants of S and Si into Cr-
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doped GaAs and also by implanting S into Si-doped
MBE-grown layers. For studies of the effects of implanta-
tion damage on S diffusion, S and Ar dual implants were
employed.

The energies of dual implants were chosen such that
the projected ranges of the different ion species were ap-
proximately the same. All implantations were performed
at room temperature with the substrates tilted 7° from the
surface normal to avoid channeling effects. Annealing
was performed in flowing forming gas using an oxygen-
free RF plasma-deposited Si,N, cap (24, 25). The resulting
impurity distributions were measured with secondary ion
mass spectrometry (SIMS), using a Cs' primary beam for
S or Si studies, and an O,' beam to detect Cr. Absolute
concentrations for implanted species in unannealed
samples were obtained by measuring the depths of the
sputtered SIMS craters with a Sloan Dektak mechanical
stylus and setting the integrated areas of uncalibrated
SIMS profiles equal to the implantation doses. These
were then used as standards for calibrating the SIMS pro-
files in annealed samples by comparing matrix and
impurity secondary ion counts. Cr concentrations in the
GaAs substrates were obtained by comparing with a
GaAs sample having a known Cr implant. The accuracies
of the depth scales are estimated to be 5-10%, and are lim-
ited by the Dektak accuracy, the uniformity of the sput-
tering rate, and the flatness of the bottom of the craters
created. The uncertainties and reproducibility of the im-
purity concentrations obtained are estimated to be
10-20%, limited by the stability and reproducibility of the
impurity ion yields relative to the matrix ion yield, both
during a run and between runs. To enhance SIMS sensi-
tivity, S implants were performed in most cases using the
#S jsotope to avoid mass interference from O, during
SIMS analysis, achieving a detection limit of ~10' ecm=?.

Carrier concentration and mobility profiles were ob-
tained by double ac Hall measurements combined with
chemical layer removal (26) using a 1:1:200 mixture of
30% H,0,, conc sulfuric acid, and deionized water. The
Cr-doped GaAs substrates were first tested for possible
type conversion during annealing by implanting with Ar
ions and checking for electrical conductivity after a high
temperature anneal. No type conversion has been found
for these samples after annealing at temperatures up to
800°C. Such conversion does occur at 900°C, however, ren-
dering electrical data for samples annealed at this temper-
ature invalid.
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Results and Discussion

S-only implants.—The redistribution of S-only implants
was investigated first as a function of dose and annealing
temperature to form a basis for comparison with later
dual implants. Shown in Fig. 1 and 2 are the SIMS pro-
files of S implanted at 250 keV before and after annealing
at 700°, 800°, and 900°C for doses of 7 x 10" and 10> cm 2,
The higher dose is above the amorphization threshold of
1.4 x 10" em~? as estimated using the critical energy dep-
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Fig. 2. SIMS profiles of **S due to a 10'> cm—* implant and after
annealing.
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osition model (27) and Winterbon's energy deposition
tables (28). In addition to these doses, data from an inter-
mediate dose (7 x 10" em~—?) will be discussed.

Two artifacts of SIMS measurements should be noted
here and distinguished from the rest of the data. Thin na-
tive oxides on the sample surfaces (inevitably formed as a
result of atmospheric exposure) usually cause enhance-
ment of secondary ion yields which are quite unrelated to
the actual concentrations of the chemical species being
monitored (29). Also, a short time is required before the
sputtering rate and the rate of primary ion incorporation
into the surface reach their steady state. As a result, the
matrix and impurity counts have a period of instability
corresponding to the first few hundred angstroms of
sputtering, and the impurity profiles are discounted in
this region.

The unannealed S profiles are skewed for both doses,
with peaks occurring at 0.21 *= 0.02 um. LSS statistics
(30, 31) predict a projected range of 0.19 um and a straggle
of 0.07 um

In the vicinity of their peaks, the unannealed distribu-
tions are approximately gaussian with a straggle AR, =
0.11 um. The tail of the distribution is close to gaussian
for the high dose case (Fig. 2), but is considerably deeper
than gaussian for implants below the amorphization
threshold (Fig. 1). Similar observations have been re-
ported for implanted Se in GaAs and have been attrib-
uted to interstitial migration in crystalline GaAs during
implantation when the total dose does not exceed the
amorphization threshold (23).

Upon annealing, dose-dependent redistribution occurs
similar to that reported by Wilson et al (19). For the low
dose implant (Fig. 1), S diffuses significantly at tempera-
tures as low as 700°C. At 800° and 900°C, the as-implanted
peak is entirely lost. The tail regions of the profiles (i.e.,
> 0.9 um) for all three annealing temperatures are approx-
imately gaussian locally. The diffusion coefficients in
these regions are estimated to be 9 x 10-"*, 1 x 10~'*, and
8 x 10~ cm?¥s for 700°, 800°, and 900°C, respectively.
These values are consistent with those reported by
Sansbury and Gibbons (10) for implanted S, but are al-
most an order of magnitude higher than the results of
Kendall (32) and two to three orders of magnitude higher
than those reported by Young and Pearson (33) for S
indiffusion experiments into GaAs substrates. Some S
outdiffusion into the Si;N, cap also seems to take place,
as evidenced by decreasing integrated areas under the S
profiles with increasing annealing temperature. The high
dose implant behaves differently (Fig. 2). The as-
implanted peak is retained with only minor distortions
even after a 900°C anneal. However, penetrating tails are
still formed after 800° and 900°C annealing.

Implanted S in the presence of implanted Si.—Possible
impurity interactions between S and Si (21, 22) were in-
vestigated by using dual implants in which various doses
of Si were coimplanted at 220 keV with medium (7 x 10"
cm~?) doses of S at 250 keV. At these ion energies, the
range statistics of the two species are approximately the
same, and the ratio of S to Si concentrations remains al-
most constant throughout the as-implanted layer.

Shown in Fig. 3 and 4 are the SIMS profiles of a 7 x
10" em~—* S implant in the presence of a 3 x 10" em-* Si
coimplant after annealing at 800° and 900°C, respectively.
Shown also for comparison are the corresponding S dis-
tributions due to S-only implants and the Cr profiles in
the dual implants. It is apparent that the Si coimplant
substantially reduces the redistribution of S upon anneal-
ing at both temperatures and roughly preserves the as-
implanted shape of the S profiles. However, at 900°C a
secondary peak appears in the S profile when Si is
coimplanted. Little outdiffusion into the cap occurs at ei-
ther temperature, and SIMS analysis shows that the Si
distribution is essentially unchanged by annealing.

Increasing the Si dose in the coimplant experiment to
5 X 10" cm~* or decreasing it to 1 x 10" cm~* gives the
same general results shown in Fig. 3 and 4. However, fur-
ther reducing the Si dose to 3.5 x 10" ¢cm~* brings about
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an entirely different behavior. With 800°C annealing (not
shown), there is somewhat more S redistribution with the
Si coimplant than in the case of the S-only implant. At
900°C, however, the Si coimplant causes the implanted S
to be largely swept out of the implanted region (Fig. 5).
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This appears to be a case of very pronounced defect-en-
hanced redistribution. The Si profile is again found to be
little changed by annealing. The as-implanted S profile
in Fig. 5 is somewhat narrower and has a peak closer to
the surface than the corresponding profile in Fig. 4. The
only difference in the implantation conditions is the dose
of the Si coimplant, with the lower Si dose (which is not
amorphizing) associated with the shallower and narrower
as-implanted S profile. We believe that the discrepancy is
mostly due to the uncertainties in the depth scale.

The behavior of the Cr originally present in the sub-
strates is found to be quite independent of the dose of the
Si coimplant. Annealing at 800°C results in the formation
of a local Cr accumulation within a region characterized
by extensive Cr depletion (Fig. 3). The local Cr accumula-
tion can be attributed to gettering by residual damage (5),
or Cr precipitation at nucleation sites provided by resid-
ual damage (4). At 900°C, the local Cr accumulation virtu-
ally disappears (Fig. 4 and 5), leaving a broad (~3 um) Cr
depletion region.

S implantation into Si-doped MBE layers—The above
experiments suggest a possible S-Si interaction which
slows down the redistribution of S when the Si concen-
tration is sufficiently high. However, to discriminate be-
tween the effects of the implanted Si and the additional
damage associated with the Si implant, S implants at 250
keV and 7 x 10" cm~—* have been performed into GaAs
layers heavily doped with Si (N, = 2.2 X 10" cm ) during
MBE growth. Upon annealing at 800°C (Fig. 6), the S re-
distribution is clearly less severe than if there is no Si
doping, but is still considerable. There is also little outdif-
fusion of S into the cap (the integrated S concentration is
6 x 10" cm~?). The diffusion tail in this case is almost ex-
ponential, which is consistent with the view that fast
diffusing S is slowed by trapping (34, 35) in the presence
of Si doping. However, when the annealing temperature
is raised to 900°C, the S redistribution is not inhibited by
the Si doping.

Influence of Si on the S profile is not observed when
the Si doping in the MBE layer is reduced to 1 x 10"
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cm . This supports the view that the S-Si interaction is a
short-ranged one, such as the formation of a nearest
neighbor complex as suggested by Yoder (21). Such a
S-Si complex may be a slower diffuser than S because of
a large physical size or because Si itself has a very low
diffusivity in GaAs. At sufficiently high temperatures,
such complexes are expected to break up. This is appar-
ently the case for the 900°C anneals observed here, in
which S redistribution is not strongly slowed by the pres-
ence of Si.

S and Ar dual implants.—The results on S-implanted
MBE layers suggest that the reduced redistribution of im-
planted S at 900°C observed in the case of Si coimplants
(Fig. 4) must involve factors other than Si doping. It is
therefore useful to investigate the role of implantation
damage in such redistribution. To simulate the damage
due to the Si implants, Ar was coimplanted with S at 250
keV to the same doses as the Si coimplants discussed
above. In the case of a 7 x 10" em—* S implant and a 3 x
10" em—* Ar coimplant, the extent of S redistribution
after 800°C annealing is observed to be somewhat less
than if a Si coimplant had been used. When the annealing
temperature is raised to 900°C, an approximately gaussian
tail appears (Fig. 7) which largely coincides with the Si
coimplant case, but without the secondary peak observed
in Fig. 4.

For the same S dose (7 x 10" em~2), when the dose of
the Ar coimplant is raised to 5 x 10" em—2, very little S re-
distribution is observed for 800°C annealing. At 900°C,
somewhat more redistribution is observed, but it is much
less than in S-only implants and somewhat less than in S
+ Si dual implants. Again, the secondary peak observed
for Si coimplants does not occur. When the dose of the Ar
coimplant is lowered to 3.5 x 10" em 2, defect-enhanced
redistribution is observed, similar to the corresponding
low dose Si coimplant (F'ig. 5).

Electrical properties.—Unlike Column IV dopants such
as Si, S is not amphoteric and may therefore be capable of
yielding heavier n-type doping in high dose implanta-
tions. Of particular interest are the electrical properties of
S-only implants and the combinations of S + Si and S +
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Ar dual implants where the redistribution of S is inhib-
ited.

Figure 8 shows carrier concentration and mobility pro-
files due to a 7 x 10" em~* (medium dose) S implant at
250 keV into Cr-doped GaAs, annealed at 800°C. Shown
also for comparison is the atomic S distribution as mea-
sured by SIMS. It is apparent that activation efficiencies
and carrier mobilities (~4000 cm?/V-s) are high in the tail
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Fig. 8. Carrier concentration and mobility profiles due to a 7 x
10" em—2 #S implant at 250 keV, annealed at 800°C. The SIMS pro-

file is also shown for comparison.



Vol. 132, No. 10

of the atomic distribution. However, in the vicinity of the
SIMS peak, a substantial fraction of the implanted S is
electrically inactive and the carrier mobilities are also low
relative to the active electron concentration. While little
published data are available concerning the solid solubil-
ity of S in GaAs at 800°C, electron concentrations as high
as 3 x 10" em~* have been obtained by H,S doping dur-
ing VPE growth at 750°C (36). Group VIA elements (S, Se,
Te) are known to form electrically inactive complexes or
precipitates at high concentrations, but this does not hap-
pen until the active electron concentration exceeds ~1 x
10" em—* (37, 38). Apparently, the low activation in the vi-
cinity of the SIMS peak is due to residual damage remain-
ing after the 800°C anneal. The overall doping efficiency
after correcting for outdiffusion into the cap is 36%.

When the S dose is lowered to 7 x 10'2 em~2, the carrier
concentration profile after an 800°C anneal assumes a
shape similar to the corresponding SIMS profile (shown
in Fig. 1), and carrier mobilities are relatively high (~3700
cm?/V-s) throughout. In contrast, raising the S dose to 10"
cm~* results in electrical activity only in the tail region of
the atomic profile, with a maximum electron concentra-
tion of ~4 x 10'" cm~*. The overall activation is ony 2.3%.
This is consistent with an increasing amount of residual
damage in the vicinity of the SIMS peak as the dose is in-
creased. However, other factors may also be involved as
discussed below.

Shown in Fig. 9 are the carrier concentration and mobil-
ity profiles due to a dual implant of 7 x 10" em~* S at 250
keV and 3 x 10" em~* Si at 220 keV, annealed at 800°C.
Shown also for comparison (dashed line) is the carrier
concentration profile due to a 3.7 x 10" cm~* Si-only im-
plant at 220 keV annealed at the same temperature. SIMS
profiles presented in Fig. 3 indicate that the redis-
tribution of S in this case is reduced in the presence of
the Si coimplant. Figure 9 shows also that the activation
efficiency of the dual implant is higher than that of a Si-
only implant of an equivalent dose. The peak electron
concentration due to the dual implant is also 45% higher
(1.6 X 10" em~*wvs 1.1 x 10" cm—"). A surface inactive layer
of 0.25 um exists in both cases and is presumably due to
incomplete lattice recovery from implantation damage.
This dual implant can be used to achieve a higher peak
electron concentration and lower sheet resistivity than is
obtainable by Si implantation alone, without encounter-
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Fig. 9. Carrier concentration and mobility profiles due to a dual im-
plant of 7 X 10'% cm =2 *S ot 250 keV and 3 X 10" cm~* **Si at 220
keV annealed at 800°C. The dashed line is the carrier concentration
profile due to a 3.7 x 10'* cm~* single **Si implant at 220 keV an-
nealed at the same temperature.
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ing the problems caused by the high diffusivity of S-only
implants. The improved n-type activation may result
from S preferentially occupying As sites, thus forcing
more of the Si to occupy Ga sites where they act as
donors.

While SIMS profiles indicate that S + Ar dual implants
in which the Ar dose in amorphizing are very effective in
inhibiting S redistribution, no measurable electrical activ-
ity is detected for these dual implants after an 800°C an-
neal. The redistribution of Cr in these cases is very simi-
lar to those shown in Fig. 3 and 4, and is therefore quite
insufficient to result in complete compensation of the
implanted S. While the degree of recovery of the GaAs lat-
tice achievable after high dose Ar implants is also in ques-
tion, the following experiment showed that additional
factors are involved. The experiment consisted of amor-
phizing a Cr-doped GaAs substrate with a 5 x 10" em~—*
Ar implant and then annealing it for 15 min (instead of
the usual 30 min) with Si,N, encapsulation. The cap was
removed and the partially annealed sample implanted
with 7 x 10" em~—* S at 250 keV. Annealing was again per-
formed with a second nitride cap at 800°C for an addi-
tional 15 min. The implantation damage associated with
the amorphizing Ar implant was therefore annealed for a
total time of 30 min, while the damage associated with the
S implant was annealed for only 15 min. Electrical
profiling showed that in this case the implanted layer re-
covered sufficiently to give a significant peak carrier
concentration (~5 x 10" cm~*) with a relatively high mo-
bility (2000-4000 c¢m?/V-s). It appears, therefore, that the
total lack of electrical activity is only associated with an-
nealing implanted S in the presence of a very large den-
sity of defects (as found in an amorphized substrate). This
may occur through the formation of thermally stable but
electrically inactive complexes which are too large to dif-
fuse rapidly. This is also consistent with the observation
that, in the case of high dose (1 x 10" cm~*) S-only im-
plants, very low concentrations of carriers are found in
the vicinity of the peak of the S distribution, where a sim-
ilar mechanism may occur due to the presence of a high
density of implantation damage.

Summary and Conclusions

The redistribution characteristics of ion-implanted S in
GaAs have been investigated and found to be strongly af-
fected by implantation damage and Si doping. In general,
a high density of implantation damage inhibits the redis-
tribution, while a low level of damage enhances it. As a
result, implanted S profiles after annealing are character-
ized by relatively little change in the vicinity of the im-
plant peak (for sufficiently high doses) and the formation
of penetrating tails away from the peak due to defect-en-
hanced redistribution. The presence of Si doping in a suf-
ficiently high concentration slows the redistribution of S
for temperatures up to 800°C, possibly by the formation of
a S-Si complex. Above 800°C, the complexing effect of Si
is no longer sufficient to inhibit S redistribution.

In S + Si dual implants using a medium dose (7 x 10"
cm~?) of S and a larger dose of Si, both the Si and the ad-
ditional implantation damage due to the Si coimplant
have a part in inhibiting redistribution of S during an-
nealing. The secondary peak in the S profile after a 900°C
anneal in this case (Fig. 4) is possibly due to a complex in-
teraction between Si trapping, inhibited S redistribution
in regions of heavy implantation damage, and enhanced
redistribution in regions of lower level damage. Christel
and Gibbons (39) have presented calculations which show
that local stoichiometric disturbances due to unequal re-
coil of Ga and As can result in regions of excess As, fol-
lowed by a deeper region of excess Ga, with a transition
region in between. It is clear that Ga and As vacancies af-
fect impurity diffusion; there is also experimental evi-
dence that the Ga divacancy plays a significant role in
aiding the diffusion of S in crystalline GaAs (33). Hence,
the anomalous redistribution evident in Fig. 4 and 7 may
involve such local stoichiometric imbalances. It is
conceivable that locally enhanced out-diffusion of S from
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a particular region (due to stoichiometric imbalances or
otherwise) may result in a local minimum in the S profile
and an apparent S buildup in adjacent regions, as is indi-
cated in these figures.

The electrical activation of single S implants after 800°C
annealing is fair for low and medium dose implants and
poor for high dose implants. Activation is especially low
near the peaks of medium and high dose implants where
implantation damage is considerable. The level of dam-
age required to prevent significant S redistribution dur-
ing annealing will also prevent it from becoming electric-
ally active. Apparently, annealing under these conditions
produces thermally stable but electrically inactive
S-defect complexes which do not diffuse significantly. In
contrast, suitably chosen S + Si dual implants both in-
hibit the redistribution of S (up to 800°C) and result in a
higher activation efficiency than is achievable by high
dose Si-only implants of the same total dose. In this case,
S implantation can be advantageously applied to achieve
high donor concentrations without significant S migra-
tion. However, the results presented here indicate that
such improvements exist in a rather narrow range of
coimplant conditions and that residual defects in the sur-
face layer remain after annealing.
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Furnace and Rapid Thermal Annealing of P*/n Junctions in
BF."-Implanted Silicon

M. E. Lunnon and J. T. Chen

Philips Research Laboratories, Signetics Corporation, Sunnyvale, California 94086
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ABSTRACT

Shallow p-n diodes with junction depths between 0.15 and 0.3 um have been fabricated by rapid thermal and fur-
nace annealing of boron fluoride implants made into single-crystal wafers. The implants were performed at 30 keV with
a dose of 1 x 10% or 3 x 10" ion-em 2. For very shallow junctions, the residual implant damage is found to degrade the
reverse bias diode leakage characteristics. The residual damage can be nearly eliminated and shallow junction charac-

teristics can be improved by preamorphizing the wafers with a single 50 keV silicon implant at a dose of 1 x 10

ion-cm~—2,

This report examines methods of obtaining shallow
source-drain regions for p-channel devices used in
complementary-metal-oxide-semiconductor (CMOS)
structures. Shallow junctions (< 0.3 um) will be required
with the scaling down of device dimensions to increase
component density. Ion implantation of boron into crys-
talline silicon, which is used to introduce the dopant into
source-drain regions, is accompanied by a channeling ef-
fect which leads to increased penetration of the im-
planted profile. Because of the relatively high diffusion
coefficient of boron in silicon, dopant redistribution oc-
curs during furnace annealing.

In this study, boron is replaced by boron fluoride (BF,)
as the implanted species in order to obtain a shallow im-
planted profile in monacrystalline silicon (1). Rapid
thermal annealing is utilized to minimize boron diffusion
during dopant activation (2). The electrical carrier
profiles and residual implantation damage are compared
for rapid thermal and furnace annealing. In this way, the
effect of the proximity of residual damage to the p-n junc-
tion is investigated by measurement of the p-n diode
characteristics. These measurements are also performed
on wafers with a surface layer amorphitized by a silicon
implant, followed by a boron fluoride implant and a
rapid thermal or furnace anneal. Other workers have used
multiple silicon (3) or germanium (4) implants to displace
the implantation damage from the device regions. It will
be shown that a single, low energy silicon implant can be
used to eliminate channeling of boron in a subsequent
low energy, boron fluoride implantation and that the re-
sidual damage is greatly reduced compared to boron
fluoride implanted into monocrystalline silicon.

Experimental

Boron fluoride was implanted at 30 keV with a dose of
1 x 10" or 3 x 10" ion-cm~? into 10 cm diam, (100) silicon
wafers doped with phosphorus to a resistivity of 4-6 Q-cm.
The 30 keV boron fluoride implant is equivalent to a bo-
ron implant at 6.7 keV. In some cases the silicon wafers
had been preamorphized with a silicon implant at an en-
ergy of 50 keV and with a dose of 1 x 10" ion-cm~2. The
silicon and boron fluoride implants were made with the
ion beam tilted at an angle of 7° to the wafer normal in a
random direction to minimize channeling. The substrates
were held at approximately room temperature.

The implanted wafers were annealed either in a
standard furnace or an AG210T Heatpulse™ system
using a nitrogen ambient. The temperature control sys-
tem in the Heatpulse system has a temperature feedback
mechanism which enables the wafer to be held at a con-
stant annealing temperature. The duration of the anneal
is defined here as the time spent at the constant anneal-
ing temperature.

The boron and fluorine concentration profiles were
obtained by secondary ion mass spectrometry (SIMS)
using O,' primaries and positive secondary ions. The
sheet resistance was measured by contour mapping with
a four-point probe (5). The electrical carrier concentra-
tions and the p-n junction depths were determined from
spreading resistance profiles.! The junction depth mea-
surements were reproducible to within = 0.02 um. The
implantation damage, before and after annealing, was ex-
amined by transmission electron microscopy (TEM).

Diode structures were fabricated using the implant and
anneal conditions described above to evaluate the electri-
cal characteristics of the p-n junctions. Current-voltage
measurements were performed on oxide isolated, circular
diodes of 1 mm diam.

Results and Discussion
Figure 1 shows the boron concentration profiles after
implantation of boron fluoride into crystalline or into

' Measurements made by Solecon Laboratories, Incorporated,
Sunnyvale, California 94089-2221.
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Fig. 1. SIMS measurements of the boron profiles after implanting BF,
at 30 keV with a dose of 3 x 10'> monocrystalline and amorphous
silicon.
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Fig. 2. SIMS and spreading resistance profiles for a BF, implant at 30
keV and with a dose of 3 x 10' after rapid thermal annealing at 1100°C
for S5s.

amorphous silicon and illustrates the channeling effect
observed with implantation into crystalline silicon. Fig-
ure 2 shows the boron and fluorine dopant concentration
profiles, together with the boron electrical carrier con-
centration profile, after rapid thermal annealing of the
implant made into crystalline material. The fluorine
outdiffuses during the anneal, leaving a broad fluorine
peak close to the wafer surface, together with a sharp
peak at a depth of 50 nm. It will be shown below that this
is the location of the residual implantation damage. How-
ever, the retained fluorine does not affect the boron elec-
trical activation because only the tail region of the im-
planted boron remains inactive. Similar spreading
resistance profiles were obtained after each of the im-
plant and anneal conditions described in Table I. The
junction depths shown in Table I were measured from
the spreading resistance profiles at a carrier concentra-
tion of 10 ecm~—?* which corresponds to the background
doping concentration.

The depth of the residual ion implantation damage was
measured from TEM cross sections. Figure 3a depicts the
initial implantation damage caused by a 30 keV boron
fluoride implant with a dose of 3 x 10'" ion-cm~% An
amorphous layer is formed with a heavily damaged crys-
talline region just below the amorphous-crystalline inter-
face. After rapid thermal annealing, a band of implanta-
tion damage remains at this depth (Fig. 3b). The TEM
planar section (Fig. 3c) shows this damage to consist of ir-
regularly shaped dislocation loops. The depth from the

Table I. Structural and electrical properties of the p'/n junctions. The
annealing conditions are: A, furnace anneal at 600°C for 30 min and at
950°C for 10 min; B, rapid thermal anneal for 5s at 1100°C

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

Si (50 keV) 1 x 10"
Implant BF, (30 keV) 1 x 10" 3 x 10% 1x 10"
Anneal A B A B A
Sheet resistance 143 130 78 72 181
((V[m)}
Defect depth 0.065 0.063 0.063 0.060 0.080
(um)
Junction depth 024 0.15 030 020 020
(um)
Reverse bias 1 23 1 10 1
leakage cur-
rent
density (5V)

(nA-cm~")

October 1985
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Fig. 3. a: TEM cross section showing the amorphous layer formed after
a BF, implant at 30 keV with a dose of 3 X 10'". b: TEM cross section
showing the residual implant damage after the structure in a has been
rapid annealed at 1100°C for 5s. c: TEM planar section of the residual
damage shown in b.

wafer surface to the lower edge of the band of dislocation
loops is listed in Table I. A similar defect structure occurs
after furnace rather than rapid thermal annealing.

Shown in Fig. 4a is the amorphous layer formed after a
silicon implant at 50 keV and a dose of 1 x 10" ion-cm~?
followed by a boron fluoride implant at 30 keV and a
dose of 1 x 10" ion-cm~*. In this case, the silicon implant
energy and dose was chosen to produce an amorphous
layer (110 nm deep) which would contain the entire boron
distribution from the subsequent boron fluoride implant.
After the furnace anneal described in Table I, implanta-
tion damage is located at a depth of 80 nm but only small
dislocation loops remain with an average loop diameter of
200 nm (Fig. 4b). A similar defect structure is observed if
the boron fluoride implant is omitted, indicating that the
damage is characteristic of the silicon implant. Almost
complete elimination of implant damage has been re-
ported for multiple silicon implants followed by a boron
implant and furnace annealing (6). It has been shown here
that this can be achieved by furnace annealing of dual sil-
icon and boron fluoride implants.

There are several comparisons which can be made from
Table I that illustrate the interdependence of residual im-
plant damage, junction depth, diode leakage characteris-
tics, and sheet resistance. First, the values listed in Table
I for rapid thermal anneals are compared with those after
furnace annealing for boron fluoride implanted into crys-
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Fig. 4. The TEM cross section (a) shows the amorphous layer formed
after a 40 keV silicon implant at a dose of 1 x 10 followed by a BF,
implant at 30 keV with a dose of 1 x 10'>. The planar section (b) shows
the residual damage after a two-step furnace anneal at 600°C for 30 min
and 950°C for 10 min.

talline silicon with a dose of 1 x 10" or 3 x 10" ion-cm 2.
It can be seen that a lower sheet resistance combined
with a shallower junction depth can be achieved with
rapid thermal annealing. This is consistent with the abil-
ity of rapid thermal annealing to thermally activate the
implanted dopant while minimizing dopant diffusion.
The higher annealing temperature of the rapid thermal
anneal may account for the relatively low values of the
sheet resistances. Although low sheet resistance values

BF,-IMPLANTED SILICON
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and shallower junction are obtained, rapid thermally an-
nealed diodes have relatively high leakage current densi-
ties. There is a correlation between increased leakage and
a smaller separation between the residual damage and the
p/n junction depth. This finding is now compared with
the equivalent results for the dual silicon and boron
fluoride implants. After furnace annealing, a low leakage
current density (1 nA-cm—% at —5V) combined with a
small separation (0.12 um) between the implant damage
and the p/n junction is found. This suggests that the re-
verse bias characteristics are improved by a reduction of
the residual defect density through use of the dual
implant.
Conclusions

Shallow p-n diodes with good leakage characteristics
are obtained by rapid thermal annealing or furnace an-
nealing of boron fluoride-implanted, single-crystal sili-
con wafers. Generally, rapid thermally annealed diodes
have shallower junction depths with lower sheet resist-
ances but higher leakage current densities than furnace-
annealed diodes. The high leakage current density is at-
tributed to the close proximity of residual implant
damage to the p-n junction.

The residual damage can be greatly reduced by pre-
amorphization of the silicon wafers using a single silicon
implant at 50 keV with a dose of 1 x 10'3 ion-cm~2, In this
way, shallow junctions with good leakage characteristics
can be obtained.
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Two-Dimensional lon Implantation Profiles from One-Dimensional
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ABSTRACT

Two-dimensional ion implantation profiles can be constructed from one-dimensional projections more quickly than
by direct calculation. This method can be applied to many common target structures that can be reduced to an equiva-
lent nonplanar single-layer target. This paper shows how the Boltzmann transport equation method can be extended to
calculate two-dimensional effects for the implanted ion, damage distributions, and stoichiometry disturbances. The

same approach can also be used with Monte Carlo methods.

The Boltzmann transport equation (BTE) approach (1)
has been successfully applied to many ion implantation
problems, predicting range and damage distributions, re-
coil distributions (2), and stoichiometry disturbances in
compound semiconductors (3). The effects of ion back-
scattering can also be included if a multiple-pass scheme
is used (4). All of this work has been restricted to one di-
mension. As device dimensions shrink, the lateral spread
of implanted ions can no longer be neglected because of
their effect on device behavior, providing the motivation
to extend the method to two dimensions. Direct two-
dimensional calculation is possible (5), but the computa-
tion time can be considerable. This paper describes a sim-
pler method based on construction of two-dimensional
information from one-dimensional projections.

Calculation of a two-dimensional profile by any
method begins with the calculation of the results of im-
plantation at a single point, yielding the point response
function. There are then two levels of complexity possi-
ble. The simplest approach is to use the same response
function at each point along the surface. A more general
solution recomputes the response function at each point
across the target. The simpler solution requires that the
target have the same structure at each point along the sur-
face, apart from the presence or absence of an opaque
mask. This is satisfied exactly by a planar target even if it
contains many planar layers. It is also approximately
satisfied by a nonplanar single-layer target. The general
solution can be used for any target shape and composi-
tion at the cost of an extra order in computation. These
possibilities are illustrated in Fig. 1. Most cases of practi-
cal interest, such as silicon-silicon dioxide-polysilicon
structures, are nonplanar multilayer (see Fig. 1f) and so
require a general calculation scheme. We would like to
treat these cases as a nonplanar single layer (see Fig. le)
to speed up the calculations. This is made possible by a
small scaling of the layers to form an equivalent silicon
structure, as has been done previously for one-
dimensional calculations. We will therefore concentrate
on the single-layer case.

There are several approaches to the calculation of a
point response in a single-layer target. The most common
is to revert to a moments approach (6, 7) which allows the
construction of a two-dimensional gaussian profile or a
hybrid Pearson-Gaussian profile, and this has been used
in several early two-dimensional simulation programs
(8-10). At the other end of the spectrum in complexity, a
full two-dimensional Monte Carlo (11) or Boltzmann (5)
calculation can be performed. As will be seen, this can
represent an unnecessarily large amount of work for this
problem. As an intermediate approach, one-dimensional
projections of the profile can be calculated and used to
reconstruct the two-dimensional response function. It is
found that two projections, one vertical and one lateral,

are sufficient to do an accurate reconstruction. This
method can be applied to both the Monte Carlo and
Boltzmann schemes.

Method

Monte Carlo.—The initial result from a program such as
TRIM (12) is a three-dimensional histogram of the final
ion positions in the target. In a one-dimensional calcula-
tion, the histogram is flattened onto one vertical dimen-
sion to describe the final profile. The number of ion
tracks that is necessary to describe the distribution is
governed by the desired statistical error in the distribu-
tion; if a histogram box contains N ions, then the error is
approximately VN. This dictates the use of at least 10*
ions to maintain roughly 10% accuracy over the first dec-
ade of the profile. For a two-dimensional direct calcula-

(a)

Fig. 1. Examples of point:

p functions and corresponding tar-
gets. a: Point response for a single-layer target. b: Superposition in a
mask window. c: Point response for a multilayer target. d: Superposition
for a planar multilayer target. e: Superposition for a nonplanar single-
layer target. f: General superposition using different point response
functions.
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—— 2D MONTE CARLO
----- 1D RECONSTRUCTION

2000 SQUARE

Fig. 2 Comparison of a direct two-dimensional Monte Carlo calcula-
tion (10° ions) with a reconstruction from projections (107 ions) for 20
keV boron implanted into silicon at a dose of 10'> cm—2.

tion, the ions are spread over a plane rather than a line, so
more ions must be followed to maintain statistical ac-
curacy—between 10° and 10 ions are necessary, with a
corresponding increase in calculation time.

In the alternative method proposed here, lateral infor-
mation is obtained by flattening the histogram into one
dimension laterally. The point response is then taken to
be the product of the vertical and lateral projections. Be-
cause one-dimensional information is used throughout,
10* ion tracks are sufficient to define the result. The sta-
tistical error in the lateral projection is actually less than
for the vertical profile because the lateral case is symmet-
ric and the half-width is less than the total profile depth,
so the histogram is spread over fewer bins. Figure 2 com-
pares direct calculation using 10° ions with a reconstruc-
tion from 10* ions for 20 keV boron implanted into silicon.
This comparison shows that the direct calculation is satis-
factorily reproduced over the first two decades and
justifies reconstruction from only two projections.

Boltzmann.—A one-dimensional Boltzmann vertical cal-
culation does not contain lateral information because pro-
jection of the ion motion onto an axis is an integral part of
the calculation. However, by changing the initial and
boundary conditions, a lateral projected profile may be

REFLECTING SURFACE BOUNDARY
OPEN SURFACE BOUNDARY

INITIAL BEAM INITIAL BEAM
DIRECTION DIRECTION

DIRECTION OF DIRECTION OF
INTEGRATION INTEGRATION

[$] o

Zz z

8 8

DEPTH DEPTH

VERTICAL PROFILE LATERAL PROFILE

VERTICAL x LATERAL = POINT RESPONSE
Fig. 3. Comparison of Boltzmann calculation method for vertical and
lateral profiles.
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Fig. 4. Comparison of Monte Carlo and Boltzmann methods for lateral
profile of 20 keV boron in silicon. Dose: 10'> cm 2,

obtained. In a vertical calculation, the direction of inte-
gration is parallel to the initial beam direction. At each
integration step, the ion motion is projected onto the inte-
gration direction so that the final result is a vertical pro-
jected profile. The surface is considered as an open
boundary so that ions may be ejected out of the target.
For a lateral calculation, the direction of integration is
perpendicular to the initial beam direction. The same pro-
jection operation therefore produces a lateral projected
profile. The surface is considered as a reflecting bound-
ary so that only one half of the symmetric lateral distribu-
tion need be calculated. The two calculation conditions
are compared in Fig. 3. For the lateral calculation, multi-
ple passes (4) are essential because the beam angle causes
many ions to be considered as backscattered. The multi-
ple pass approach allows the motion of backscattered
ions to be fully considered. Typical calculations require
five passes, each of which is much shorter than a vertical
calculation, leading to an overall calculation time of
roughly twice the vertical time. The time to construct a
point response for VLSI applications is in the range of
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Fig. 5. Comparison of Monte Carlo and Boltzmann methods for lateral
profile of 50 keV arsenic in silicon. Dose: 10" cm—2
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Fig. 6. Comparison of calculations for peak concentration for implan-
tation of 50 keV arsenic through a narrow slit into silicon. Dose: 5 x 10"
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5-50s on a Cray-1 computer, compared with 50-500s for
the same calculations using a vectorized Monte Carlo
code.

Figures 4 and 5 compare lateral profiles calculated by
the Monte Carlo and Boltzmann methods, showing very
good agreement, and also confirming the accuracy of the
calculations because the methods are independent. Com-
parison is also possible with the two-dimensional Boltz-
mann work of Takeda et al. (5). Figure 6 shows the
change in peak concentration with slit width for implan-
tation of 50 keV arsenic through a narrow window on a
silicon substrate. All three methods show the same
trends, but the data from Takeda et al. indicate a wider
spread in the point response for their work.

Direct measurement (13) of true lateral profiles has not
yet been achieved to sufficient accuracy for a useful com-

CONCENTRATION NORMALIZED
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Fig. 7. Comparison of Boltzmann calculation with experiment for 60
keV arsenic implanted into silicon at various beam angles.
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2000A SQUARE
Fig. 8. Damage point response function for 20 keV boron implanted
into silicon. Dose: 10> cm—2,

parison to be made. The closest thing possible to an ex-
perimental comparison at this time is to compare with
profiles from tilted-beam experiments (14-17). In the
BTE approach, this corresponds to tilting the initial beam
direction and leaving the surface boundary open. Figure 7
compares calculation with experiment (17) for 60 keV ar-
senic implanted at various angles, showing the same
movement of the peak position with tilt angle. The poor
fit to the deeper profiles is believed to be in part due to
inaccuracy in the measured profiles. For example, the
experimental data for normal incidence seem truncated
in comparison with the calculated curve and also in com-
parison with the other experimental curves and pub-
lished data (18).

In one dimension, the BTE approach has also been
used to calculate damage distributions (1), stoichiometry
disturbances (3), and recoils in multilayer targets (2). In

2000R SQUARE

Fig. 9. Recoil atom point response function for 50 keV silicon im-
planted into gallium arsenide. Dose: 10" cm =2,
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Fig. 10. Net substrate displacement from 50 keV silicon implanted
into gallium arsenide. Dose: 10" ecm 2.

two dimensions, we have restricted ourselves to single-
layer targets, but calculation of damage and stoichiome-
try is still possible by constructing point response func-
tions for the appropriate quantities. Figure 8 shows a
calculation for damage from a 20 keV boron implant into
silicon. The general shape is similar to that of the concen-
tration profile, although the dynamic range is less. For
displacement and stoichiometry calculations, it is neces-
sary to construct responses for displaced atoms and the
corresponding vacancies separately. The net disturbance
is then the difference in the two response functions. Fig-
ure 9 shows the concentration response for recoils from
50 keV silicon implanted into gallium arsenide, consider-
ing the substrate atoms together because their masses are
so similar. The corresponding profile for vacancies is al-
most identical. The difference in these two correlated

186

Fig. 12. Concentration profile for 20 keV boron into silicon at a 45°
mask edge.

quantities gives the net imbalance, as shown in Fig. 10.
This shows some surface loss of recoiled atoms and net
displacement of atoms from the beam axis outward.

Example Profiles

Once the point response function has been calculated, it
is easy to obtain two-dimensional profiles at various
mask edges by convolution. Figures 11 and 12 illustrate
calculations for 20 keV boron at an abrupt and a 45° mask
edge, respectively. The construction time for each pro-
file, given the one-dimensional sections, is much less
than 1s on a Cray-1. Figure 13 shows a similar calculation
for a damage distribution at a 45° mask edge. Finally, Fig.
14 shows net substrate atom displacement for a 50 keV
silicon implant through a narrow window with abrupt
edges into GaAs, which can be compared with the point
response of Fig. 11.

1.80

1.20

0.600

25008 SQUARE

Fig. 11. Concentration profile for 20 keV boron into silicon at an ab-
rupt mask edge.

4000A SQUARE

Fig. 13. Damage distribution from 20 keV boron into silicon at a 45°
mask edge.
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Fig. 14. Net substrate displacement from 50 keV silicon into gallium
arsenide at an abrupt mask window.

Conclusions

The method of construction from projections allows
two-dimensional implantation profiles to be calculated in
the same order of magnitude of time as one-dimensional
results, at the loss of some generality. Through scaling,
the method can be used for practical useful structures,
and it can be applied to both Monte Carlo and Boltzmann
schemes. Through appropriate choice of point-response
function, damage and stoichiometry effects can also be
calculated. There is little advantage in using a more com-
plex method unless a full, general solution is required
and the increased computing resources are available.
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ABSTRACT

Si-MBE is a low temperature deposition method for epitaxial silicon layers with thickness and doping profile con-
trol on a submicron level. The MBE equipment described in detail is designed for high throughput of round wafers (ten
3 in. wafers per day). The apparatus consists of six subsystems, the reliable and simple operation of which has been
proved during a 2 yr test period. For the first time we report on fabrication of high performance integrated circuits
using Si-MBE material. Frequency dividers were fabricated using, apart from MBE, a commercial process line. Clock
frequencies of up to 2.8 GHz were realized by these dividers with integrated transistors with transit frequencies up to 7

Hz.

Si-MBE promises several advantages which should
make it a powerful instrument for future material and de-
vice fabrication. Remarkable properties are low process
temperature, precise control of thickness and doping pro-
file on a submicron scale, and high flexibility concern-
ing the choice of material combinations and layer
numbers.

Up to now, much effort has been directed toward the
technological development of the Si-MBE system and to-
ward the fabrication of materials (1,2) and of basic de-
vices (3) demonstrating the capability of the method; see
also, for instance, recent reviews (4, 5) and the excellent
bibliography (6). Several groups now are intensively
thinking about industrial application of the method, and
they are bearing in mind that facts like cost, throughput,
and yield are of the same importance as technical feasibil-
ity (7, 8).

Si-MBE may influence the fabrication of integrated cir-
cuits in an evolutionary or revolutionary way. For near-
future applications, the evolutionary way accepting the
well-established IC-process sequence has to be chosen.
Our experience with this evolutionary way is described in
the following report, which covers (i) layer growth in high
throughput Si-MBE equipment with a ten-wafer cassette
within a load-lock chamber; (ii) influence of surface
treatment, buried layer structures, and postepitaxial pro-
cesses on crystal perfection and dopant profiles of the
MBE-layers; and (iii) fabrication of a GHz frequency di-
vider. Apart from MBE all other process steps were taken
from a process sequence routinely used for manufactur-
ing these frequency dividers.

Si-MBE apparatus.—Si-MBE systems provide inside of
a clean UHV chamber several individually regulated mo-
lecular beams (silicon, dopants, alloy materials, metals)
which are directed onto the cleaned surface of a heated
substrate. Our homemade apparatus (9) has been de-
signed for high throughput fabrication of electronic-grade
material. A wafer cassette positioned in a separate UHV-
storage chamber which is connected to the growth cham-
ber by a gate valve enhances the throughput. Crystal
quality is improved by an extremely clean environment
provided by low residual gas content (process pressure)
and by the use of silicon as material for components
which are in line of sight with the substrate. For simple
operation, effusion cells emitting neutral molecular
beams are used as dopant sources. Handling of round wa-
fers without contaminating the back side is ensured by a
special transport mechanism and by radiation heating of
the substrates positioned in an annular holder made from
silicon. This equipment, reliably working for two years,
consists of the following six subsystems.

1. An ultranigh vacuum system which allows a clean en-
vironment during the total process time. A proper choice

of pumps, vacuum parts, materials and their pretreat-
ments, and of the procedure is necessary to obtain a pro-
cess vacuum not substantially worse than the base vac-
uum. Our system (see Fig. 1) is pumped down by a
turbo-molecular pump getting the gas molecules out of
the vacuum chamber and by a high speed titanium-sub-
limation pump gettering the gas molecules inside the vac-
uum chamber (9). Materials used for components are cop-
per and stainless steel for cold parts and molybdenum,
titanium, boron nitride, graphite, and silicon itself as of-
ten as possible for hot parts. All components are pre-
heated 50 K above their operation temperature and
scrubbed by electrons. All hot components are heat
shielded to reduce thermal load. The heat shieldings of
the material sources are water cooled to avoid thermal
coupling. Intentionally, we do not use liquid nitrogen-
cooled “cold walls” in the line of sight of the substrate,
because methane (CH,) adsorbed on the cold wall can eas-
ily be desorbed by electrons. Typical process pressure is
10-" mbar. The main residual gas is hydrogen.

2. The substrate heater should be able to uniformly heat
large diameter wafers up to temperatures necessary for
thermal cleaning and growth. The most promising type is
a radiant heater positioned near the back side of the wa-
fer, where care is taken to reduce thermal stresses on the
wafer below the stress level activating slip line generation
(10). This is successfully done with our substrate heater
by using a graphite meander radiation source and a sub-
strate holder made from silicon avoiding temperature dif-
ferences at the rim of the wafer by providing equal ab-
sorption properties of substrate and ring holder. Crystal

GROWTH
CHAMBER
/

STORAGE

CHAMBER ~IN SITU CONTROL

SUBSTRATE
HEATER

WAFER

DOPANT SOURCES
CASSETTE

Fig. 1. Sketch of our Si-MBE apparatus. Growth chamber on the
right side. Load-lock with cassette on the left side. Both UHV cham-
bers are connected by a gate valve with 150 mm aperture.
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Fig. 2. X-ray topograph of a wafer with a 3 um film grown on pat-
terned oxide (0.2 um thick). Slip lines and dislocations were avoided
by uniformly heating the substrate. Contrast arises from the strain
field of the patterned oxide.

perfection and absence of slip lines are routinely checked
by x-ray topography (see Fig. 2). Power consumption for
heating a 75 mm @ wafer at a growth temperature of
750°C amounts to 7T00W.

3. The silicon molecular beam is generated by E-gun
evaporation from pure silicon source material in the cen-
tral portion melted and heated up to approximately 2000
K. Molten silicon is so reactive as to attack all other
known crucible materials. The purity of the Si beam is
enhanced by protecting the commercial E-gun from
bombardment of backscattered electrons and ions by a
silicon shielding. On a 30 c¢cm distant substrate, typical
growth rates are in the range of several micrometers per
hour. Whereas E-gun evaporation is considered to be a re-
liable, clean, well-controlled process, it should be men-
tioned that it is also a source of particle beams
(backscattered electrons, secondary electrons, silicon
ions) and of electromagnetic radiation (light, x-rays,
bremsstrahlung) influencing surface physics (adsorption,
desorption, dissociation).

4. Dopant beams are generated by evaporation from ef-
fusion cells. For dopant materials we use Sb (for
n-doping) and Ga (for p-doping). With Sb as a dopant ma-
terial, concentrations up to the saturation limit of 2 X
10"/cm®* (at a growth temperature of 750°C) can be ob-
tained (10, 11). But, near the saturation limit, incomplete
electrical activation and degradation of the crystal perfec-
tion occurs. Well below the saturation limit, resistivity,
Hall mobility of the layers, and their temperature depen-
dence are similar to P- or As-doped bulk material (10-14).
Thermodynamical calculations (15) predict a molecular
beam that mainly consists of Sb, molecules. We found, by
mass spectrometric analysis of the antimony beam, Sb
atoms as well as Sb, and Sb, molecules. Up to now, a
quantitative comparison with the calculations (15) has not
been performed, because molecules are partly dissociated
within the ionization chamber of the mass spectrometer
and the sensitivity of the quadrupole mass spectrometer
varies with atomic mass.

With Ga as a dopant material, carrier levels up to 2 x
10'¥/em® were achieved (16-18). The relatively high ioniza-
tion energy of the Ga acceptor (70 meV) results in a de-
pendence of resistivity on dopant concentration, quite
different from B-doped bulk material. Already at Ga dop-
ant levels above 1 x 10'"/cm® the acceptors start to be only
partially ionized as proved by Hall effect measurements.
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The upper Ga-dopant concentration amounts to approxi-
mately 1 x 10"/cm® (growth temperature: 550°C). The car-
rier concentration belonging to this saturation limit
amounts to 2 x 10"cm® at room temperature (2.3 x
10'%/cm? at 77 K). With hole levels above 1 x 10'/cm?, de-
vice designers have to bear in mind the properties of the
Ga acceptor.

Dopant atom incorporation can be enhanced and sharp-
ness of interfaces can be improved by a technique we
have called doping by secondary implantation during mo-
lecular beam epitaxy (DSI-MBE) (19). With this tech-
nique, silicon ions which are always produced by E-gun
evaporation are accelerated by an electric field (typical
potential difference between substrate and E-gun
amounts to several hundred volts) toward the substrate.
We believe that a main part of the low energy silicon ions
implants atoms of the adsorbed dopant layer by impact
(secondary implantation) into the growing MBE layer.
The effect itself has been confirmed by another group
(20), but the mechanism is a subject of controversial
opinions.

5. In situ measurements of fundamental growth param-
eters are possible in the UHV environment of the growth
chamber. Usually, analysis of the surface, the residual gas
composition, the molecular beam intensities, and the tem-
peratures of the substrate and effusion cells is employed.
More than usual effort is directed by us toward mass
spectrometry of dopant fluxes, absolute calibration of
temperatures, and analysis of backscattered electrons.

Mass spectrometry of dopant fluxes is performed by a
separate mass spectrometer sensitive to the range of
atomic mass numbers 1-500 and by using a multiplier for
ion counting. A shielding with properly positioned aper-
tures protects the parts of the crossed-beam ion source of
the spectrometer from being contaminated with dopant
material or silicon. During operation of the effusion cells
the mass numbers of Ga, Sb, Sb,, and Sb, isotopes can be
detected. Using this mass spectrometer, we investigated
the relation between effusion cell temperature and
dopant flux density, the response of flux intensity on
power variations of the cell heater, and the thermal clean-
ing of freshly loaded dopant materials from oxide layers.

Crystal perfection and dopant incorporation are influ-
enced by the substrate temperature and the temperature
of the evaporating surface of the dopant material. These
temperatures differ from the reference temperatures mea-
sured by thermocouples mounted into the substrate
heater and the effusion cells. The temperature differences
between surface and reference thermocouple depend on
design of substrate heater and effusion cell, on substrate
doping (different absorption of radiation), on volume of
cell load, and in some cases on thermal coupling from
E-gun to substrate (significant only at very low growth
temperatures) or from substrate heater to effusion cell
(significant for wafer diameters greater than 50 mm and
antimony effusion cell).

Intensity and energy spectrum of backscattered elec-
trons, secondary electrons, and ions are measured by a
Faraday probe with variable grid voltage. The primary
source of electrons is the E-gun itself. Because of the
magnetic field of the E-gun, the electron path is curved
and only fast backscattered electrons can escape from the
E-gun. The slow (several electronvolts) secondary elec-
trons are generated by the impact of backscattered elec-
trons onto the chamber wall. One can understand that the
intensity and energy spectrum of the electrons scattered
to the substrate sensitively depend on the design of the
growth chamber. Near the substrate, the flux density of
scattered electrons is in the order of 10" electron/cm?s.

6. The wafers are put into the growth chamber and re-
moved through a load-lock chamber also pumped down
to ultrahigh vacuum (see Fig. 1). Thereby the clean UHV
environment within the growth chamber is maintained
during several weeks until material must be reloaded or
parts must be replaced. We have installed within the load-
lock chamber a wafer cassette, the use of which further
reduces the mean time for insertion of a wafer. On a nor-
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mal working day, with this equipment, a 1 um epitaxial
layer can be deposited on ten 75 mm diam wafers.

Growth of device quality material.—The procedure con-
sists of chemical cleaning of the substrate surface, inser-
tion of the cassette into the load-lock chamber, pump
down of the load-lock during the night, and epitaxy dur-
ing the following day. One wafer after another is taken up
from the cassette and transported by a transfer system to
the growth chamber and put back after epitaxy. In the
growth chamber, the wafer is inserted into the substrate
heater. After a short heat cleaning step (900°C, 5 min), pro-
cess parameters are adjusted to their proper values and
growth is started by opening the main shutter and the cell
shutters. Growth temperatures are between 550° and
800°C. The growth process is monitored by the in-situ
control instruments and finished at the desired layer
thickness by closing the shutters.

For establishing the growth of high quality layers one
has to consider the importance of a clean environment,
the role of surface diffusion of adatoms, the time depen-
dence of dopant incorporation, and the existence of radia-
tion (light, x-rays) and charged particles (electrons, ions)
inside the growth chamber.

Models of ideal growth assume a clean surface on
which pure beams of silicon and dopant material are im-
pinging. Under real growth conditions, there will be un-
desired contaminating atoms, radiation, and charged
particles. Actually, essential characteristics of Si-MBE are
the attempt to suppress the contamination to a level as
low as possible and the toleration of the level of electro-
magnetic and particle radiation inherently connected
with the use of an E-gun. There are two principal sources
of contamination, namely, the substrate surface itself
mainly chemisorbed with oxygen and carbon, and resid-
ual gas. The chemisorbed substrate surface must be
cleaned in situ, otherwise the deposited layer grows as a
polycrystal. We use a short (5 min) thermal cleaning step
at 900°C to remove the oxide layer. Strongly chemisorbed
carbon cannot be removed by this moderate heating step.
It is essential, therefore, to use a chemical pretreatment
resulting in low carbon chemisorption (12, 21). It seems to
us that careful handling, pure materials, and rapid trans-
fer into the UHV chamber are more important than the
choice between the different etching procedures. Carbon
contaminants in the rising water not detected by electri-
cal resistivity measurement may cause a nonreproducible
carbon coverage. Remaining 5h in usual laboratory atmo-
sphere increases the carbon coverage by a tenth of a
monolayer as proved by ESCA measurements.

For perfect growth, the pressure and composition of the
residual gas must also fulfill severe requirements during
the cleaning and growth process. Heavy hydrocarbons
must not be detected by a sensitive quadrupole-mass
spectrometer. Partial pressures of oxygen, water, and also
nitrogen should be well below the 10-'' mbar range. Only
hydrogen as main component is allowed to be present at a
partial pressure of several 10-'" mbar (22).

Fast surface diffusion of silicon adatoms was claimed
(23) to play a dominant role for low temperature epitaxial
growth under MBE conditions. Smooth surface,
temperature-independent growth rate, and negligible
desorption were explained by vertical growth via lateral
motion of monatomic steps generated by the uninten-
tional misorientation of commercial substrates (typically
1/4°). BCF (Burton, Cabrera, Frank) theory (24), assuming
steps to be a capture site for diffusing adatoms, predicts
negligible desorption only for an adatom diffusion length
much higher than the step distance. A low energy barrier
of surface diffusion (<1 eV) is compatible with the experi-
mentally observed desorption and growth rates (23).
These experiments should be compared with the strongly
temperature-dependent growth rate, the desorption, and
the moderate surface diffusion (energy of surface diffu-
sion = 1.6 eV) observed with vapor phase epitaxy (25).
Possibly, the difference in the energy barrier of surface
diffusion is caused by hydrogen adsorption (26) during
VPE or by radiation-enhanced motion during MBE.

INTEGRATED CIRCUIT USING Si-MBE
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Surface segregation, low sticking coefficients, and
large time constants for incorporation of the dopants Sb
and Ga (10, 12, 13, 17) rule out monatomic steps also to be
an effective capture site for adsorbed dopant atoms, be-
cause during growth a step passes a point on the surface
roughly every second. Therefore, BCF theory cannot de-
scribe dopant material incorporation during MBE. Other
models (27, 28) describe the time dependence of dopant
incorporation at least qualitatively.

There are considerable differences about the sticking
coefficients of dopant material given in literature. Uncer-
tainty of temperature was believed to be the cause of
these differences (27). We have built three MBE equip-
ments with different design but with the same careful cal-
ibration of cell and substrate temperatures. The sticking
coefficient in every Si-MBE apparatus differs from the
other. This experimental fact leads us to consider radia-
tion and charged particle beams influencing the
desorption, dissociation, and incorporation of dopant
atoms. After every redesign of the apparatus, dopant level
adjustment should take place. Electromagnetic and
particle radiation also influence adsorption/desorption
(29), contamination, and possibly silicon adatom migra-
tion as described above.

GHzfrequency divider—A simple application of Si-
MBE is to replace the epitaxial layer on an integrated cir-
cuit usually made by conventional vapor phase epitaxy
by an MBE layer without changing pre- or postepitaxial
processes or circuit layout. Clearly, in doing so the full
potential of MBE will not be utilized, but this is an effec-
tive way to analyze the compatibility of the MBE process
with the other IC manufacturing process steps. Improve-
ments should be based on low growth temperature, re-
duced autodoping, and precise thickness control.

As a test vehicle, we selected a frequency divider used
for television tuners. Initially, this commercial device was
developed for an operating frequency up to 900 MHz
(ultrahigh-frequency band of European television). Mean-
while, one needs frequency dividers up to X-band
frequencies (12 GHz). Of late, Si bipolar IC’s entered the
lower microwave regime (30). Whereas in 1980 the fastest
bipolar LSI circuits were considered to be based on inte-
grated transistors with a transit frequency of f;, = 4 GHz
(31), now the frequency limit of integrated bipolar transis-
tors is shifted with laboratory examples toward f, = 14
GHz (32) using a sidewall base contact structure (SICOS)
technology. The highest reported clock frequency of a
GHz-frequency divider is 5.5 GHz (33). These authors
used a half-micron bipolar technology with advanced su-
per self-aligned processes (SST-1A). Propagation delays
for nonthreshold logic (NTL) of 42 ps/gate, power-delay
products of 20 fJ/gate, and transit frequencies of 12.4 GHz
were obtained with this technique. The highest operation
frequency of the divider has been obtained at a high
power dissipation of 884 mW. Encouraging results were
also obtained with other special laboratory techniques.
Using the direct nitride passivated base surface (DNP-II)
process (34) resulted in a f, value of 10 GHz and a clock
frequency for the divider of 3.9 GHz at a power dissipa-
tion of 316 mW. Using vertically isolated self-aligned tran-
sistors (VIST) (35) resulted in a low power consumption
of 8¢ mW at 2.5 GHz (f; = 6 GHz) for a four-stage fre-
quency divider (1:16).

We used, apart from Si-MBE, a 2 um linewidth process
sequence, which was developed for manufacturing of
commercially available frequency dividers (36). Process
sequence and circuit design were chosen to allow for the
high yield production of a GHz-frequency divider with
power dissipation below 100 mW. One layout of the test
circuits is shown as a chip photograph (Fig. 3). This test
chip contains a preamplifier, a master-slave flip-flop in
ECL technique as binary divider, and test devices.

Prior to epitaxy, an As buried laye: (RS = 8 Q/0) was
diffused and a B-channel stopper was implanted to avoid
inversion layers below the isolation oxide. Thermal pro-
cesses after epitaxy were diffusion of the collector
contact, oxidation of the isolation oxide, and annealing of



Fig. 3. Chip photo of a frequency divider with test devices. Layout-
set number 7051.

base, base contact, and emitter implantation (Table I).
The vertical structure of the integrated transistors is
shown in Fig. 4. The effective thickness d.; of the col-
lector is lower than the epitaxial thickness d due to out-
diffusion of the buried layer and due to the depth
penetration of the base contact. Typical emitter depth
amounts to 0.25 um, typical base width is 0.1 um, and
base contact penetrates 0.55 um. In this experiment, the
thickness d was reduced from 2.5 to 0.9 um, thereby
reducing the effective thickness d.; (see Fig. 4) from 1.6
to 0.2 um. The differences between d and d. are larger
for thicker layers because of the prolonged time for oxi-
dation of the isolation oxide. Alternatively, another test
circuit was used (layout-set number 852) with diffused
isolation and diffused emitter. The frequency limit of
transistors with oxide isolation is roughly 2 GHz higher
than the frequency limit (5 GHz) of transistors with dif-
fused isolation (7).

With these test circuits we investigated yield as a func-
tion of the surface treatment, influence of pre- and post-
epitaxial process steps on the quality of the MBE film,
and transit frequency of the frequency divider and of in-
tegrated transistors as a function of the epitaxial layer
thickness.

All fundamental growth experiments were performed
on homogeneous substrates with flat, well-defined sur-
faces. Epitaxy for IC fabrication, however, starts on the
surface of a heat-treated substrate, parts of which are oxi-
dized, diffused, and ion implanted. These processes gen-
erate surface steps which are large compared with the
monatomic misorientation steps present at flat surfaces.
Surface contamination, defect propagation from substrate
to layer, and growth mode can be influenced by these
varied start conditions. Yield measurements can give gen-
eral information about the significance of such varied
start conditions. We obtained detailed information about
causes of yield reduction by several methods for analysis
of surfaces and defect structure (ESCA, TEM, x-ray to-
pography, interference microscopy, defect etching). Ini-
tially, yield was considerably reduced when we replaced
VPE layers by MBE layers. This was caused by residual

Table I. Postepitaxial processes. Heat cycles above 500°C

Aim Process

Contact to
buried collector

Oxide isolation

P diffusion, diffusion temperature dependent
on epitaxial thickness (900°-1000°C)

High pressure oxidation (20 bar) at 800°C, dura-
tion dependent on epitaxial thickness

Base, Room temperature implantation (B and As),
base contact, furnace annealing at temperatures between
emitter 900° and 950°C

October 1985

Fig. 4. Frequency divider. Vertical structure of integrated transis-
tors with oxide isolation.

contamination at surface steps when applying the usual
chemical cleaning treatment immediately before insertion
into the magazine of the load-lock chamber. High device
yield (up to 90%) was obtained by applying the following
cleaning procedure. A modified cleaning solution based
on hydrogen peroxide [known as RCA-etch (37)] yields
low stacking fault and dislocation densities (1 x 10%/cm?).
This etching sequence is preceded by a centrifugal wafer
spray. High purity water wets the spinning wafer; N,
finally dries it for removal.

The buried layer zones themselves with their high As-
dopant concentration do not degrade the high crystalline
quality of the overlying film. Transmission electron mi-
crographs clearly show that the epilayer grown onto bur-
ied layers exhibits the same lattice perfection as the part
grown directly on the p-type substrate.

Autodoping is a well-known problem of epitaxy on sub-
strates with buried layers. In order to investigate auto-
doping we grew layers on p-substrates, half of which were
doped with arsenic in the same way as buried layer zones.
Then we profiled doping level and junction abruptness
on several spots on both halves of the wafer by C-V and
spreading resistance measurements (see Fig. 5). We found
that (i) junctions are abrupt within measurement accu-
racy (38) and carrier diffusion length (approximately a
Debye length) and (ii) doping level is not influenced by
the underlying substrate doping. That means practically
that autodoping should not be considered when layer
growth is performed by Si-MBE.

Postepitaxial processes may be influenced by the con-
tent of carbon, oxygen, or hydrogen, or by the concentra-
tion of interstitials or vacancies. Using the same process
sequence as for the fabrication of the commercial devices,
we did not find any hint that MBE material behaves
other than VPE material with respect to postepitaxial
processes.

The frequency limit depends on the thickness of the
epilayer. Figure 6 exhibits the frequency limit, f,, as a
function of the emitter current, I, for several epitaxial
thicknesses. Epitaxial dopant density is 1 x 10'%cm?®. The
emitter area is a single stripe 2.5 um wide and 25 um long.
Collector-base voltage, Uy, was fixed at 2V. Frequency
limit increases with increasing current up to a saturation
value obtained at current densities of 1 x 10%-2.5 x 10*
A/m?. Frequency limits in excess of 4 GHz are obtained al-
ready at current densities above 3 x 10° A/m? with epi-
layers 0.9-2.5 um thick. The upper frequency limit of 7
GHz is obtained with epilayers about 1.2 um thick. With
thinner epilayers (see no. 192 in Fig. 6) the collector-base
capacity increased, due to the reduced effective thickness
decreasing the frequency limit (6 GHz for d = 0.9 um).
With thicker layers the collector resistance increases with
increased effective thickness, reducing the frequency
limit (5.8 GHz for d = 2 um). The latter effect is more pro-
nounced with lower epidoping level. With a doping level
of 3 x 10'%cm?* (Sb), we obtained a frequency limit f, of 6
GHz withd = 1.2 um, f; = 4 GHz withd = 2 um, and f, =
2.5 GHz with d = 2.5 um. For low power consumption,



Vol. 132, No. 10

102
SRP
(100) Si(p) substrate
+n - epi
18

10%+ b
without with buried
buried buried layer
layer layer

conc.

IOIL N

carrier

n - epi p -substrate

00 10 20
—= depth z(um)

Fig. 5. Spreading resistance measurement of carrier profile of the
epilayer on p-substrate with and without buried layer.

high frequency limits should be obtained at low collector-
base voltage (U;) levels. An example is given in Table II.
With integrated transistors of these frequency limits, fre-
quency dividers with clock frequencies up to 2.8 GHz
could be fabricated.

INTEGRATED CIRCUIT USING Si-MBE

7
d=09um
(no.192)

6rrd -1,2 um
(no.198)

51d=20um
(no. 194)

Ueg =2V

emitter area:
2.5 um x 25 um

frequency —= f; (GHz)
~
T

current —Ig (mA)

Fig. 6. Transit frequency f; as a function of emitter current I;; for
transistors with different epilayer thickness d.

2485
Table Il. Frequency limit f; as function of the
collector-base voltage U, at an emitter current
I;: = 5 mA (no. 179, epilayer thickness 1.35 um)
Uy (V) 05 1 2 4 5 6
fv(GHz) 5.45 5.75 6.1 6.35 6.45 6.6

Conclusions

We have proved for the first time that use of Si-MBE
material enables the fabrication of high speed integrated
circuits with excellent performance. Apart from Si-MBE,
the process sequence of a commercial frequency divider
has been used. High crystal perfection on buried layer
substrates, absence of autodoping, and compatibility with
postepitaxial processing are offered by this conventional
use of an epitaxial layer.

Further improvement should be expected by using the
full capability of Si-MBE, including, in addition low pro-
cess temperatures and precise control of submicron lay-
ers, the high flexibility of materials, profiles, and
structures.

The layers have been grown in an Si-MBE apparatus
which was designed for industrial application. Simple
handling, high throughput, and reliable operation were
demonstrated since the installation of this equipment in
1982. Based on the principles of this equipment (storage
chamber with a cassette, excellent vacuum conditions,
low process temperatures, large area wafer heater, high
precision in situ process control), development of the
next generation equipment should also fulfill high
requirements with respect to low cost and high
throughput production of Si-MBE layers.
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Diffusion of Oxygen in Silicon Thermal Oxides

E. A. Taft*
General Electric Company, Schenectady, New York 12301

ABSTRACT

A method for comparing the oxidation rates of silicon under an initial 1000A of thermal oxides is described. Ellip-
sometry is used to measure the thicknesses of a pair of samples before and after a relatively short time of additional ox-
ide growth in dry oxygen. Excluding the known orientation effect, a large variation in growth rate at a given tempera-
ture is noted. The rate is directly related to the index of refraction of the initial oxide. As this index is known to depend
upon the initial growth temperature, the apparent oxygen diffusion “activation energy” must include this newly docu-
mented temperature factor. Parabolic and linear rate constants are presented and are compared with literature values.

This study gives further evidence that silicon thermal oxides are metastable structures.

The linear-parabolic model of Deal and Grove (1) is still
the generally accepted interpretation of thermal oxide
growth on silicon. Though recognized early by, e.g., Hop-
per et al. (2) and Irene and van der Meulen (3, 4) as not an
exact model, careful experimental work did not result in
much improved interpretation. Additions to the linear-
parabolic approach continue to appear (5-9), and new
physical possibilities are advanced (10-12), but the basic
model remains. (Only a few of many papers are refer-
enced here.)

This paper will present new oxygen diffusion data
which should be considered within the linear-parabolic
model framework. The experimental approach follows
the lead of Taft (13) and of Irene et al. (14), who show den-
sity differences in silicon thermal oxides. The effect of
this oxide structure variation on the diffusion rate of oxy-
gen is examined.

The diffusion of gas through a network is strongly de-
pendent on the relative size of the interstices of the net-
work and diameter of the diffusant molecule (15). If the
density of vitreous silicon oxides varies by several per-
cent, the interstitial volume also varies. The diffusion of
the oxidant through a silicon thermal oxide might be ex-
pected to strongly depend upon changes in this intersti-
tial volume. Hence, as the index of refraction and density
does vary with the oxide formation temperature (13), the
diffusion constant of the oxidant should not be expected
to be the same for all thermal oxides. Rate growth varia-
tions have been reported in other multiple oxidation stud-
ies (10, 16).

* Electrochemical Society Active Member.

It has been observed that the oxides are metastable in
that they can be reheated up to the formation tempera-
ture without appreciable change in the index of refrac-
tion. Heating to a higher temperature will cause the film
structure to relax to the index appropriate to that for a
film grown at this higher temperature. Irene et al., (14)
have documented this oxide stability. This fact is a neces-
sary part of the diffusion study.

This paper will also present data on the linear and para-
bolic rate constants of oxide growth in dry oxygen on
<111> and <100> silicon wafers. The purpose here is not
so much to give new data but to provide an informed
starting place for comments on the rate constants and to
show that the oxides reported are typical. The effective
activation energy of the parabolic rate constant especially
is discussed.

Experimental

Oxides were grown in dry oxygen on <100> and <111>
single-crystal silicon at various temperatures to about
1000A thick. The wafers were cleaned in hot H,S0,-H,0,
and given an HF acid dip to remove native or previously
grown oxide. They were then hydrogen fired to 1200°C
for 10 min. This high temperature cleaning (2, 17) gave in-
itial ellipsometer readings of about 3A as found by
Claussen and Flower (17). The index of refraction and
thickness was carefully checked with a Gaertner L119
ellipsometer. A second measurement was made the fol-
lowing day to test oxide stability. Pairs of wafers of the
same orientation from different temperature runs were
chosen to be of the same thickness to < 1%. Dilute HF
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etching was used on one wafer, when necessary, to obtain
a close thickness match. These pairs of wafers were then
placed in an oxidation furnace at the lower of the original
growth temperatures of the pair. A growth time for
adding 5-10% to the original thickness was chosen. This
new oxide is now considered as an incremental growth
over a small part of the growth curve near 1000A. The
thickness and index of the incremented oxides were care-
fully remeasured. Again, a second measurement was
made the following day to check reproducibility of
measurements.

Also, oxide growth-time curves for 700°-1170°C tempera-
ture in dry oxygen were developed. <100> and <111>
wafers of 1 1/2 in. diam were employed for this work also.
The thickness data were taken in the 100-1500A range
with the Gaertner L119 ellipsometer.

Results

The matched thickness wafer pairs did not have
matched growth rates. The oxide grown originally at the
higher temperature always had a greater incremental
growth thickness. The ratio of these new growth thick-
nesses was at first plotted against the initial growth tem-
perature differences of the pairs. Only a trend was ob-
served. As noted before (13), the index is a better measure
of the state of the oxide film than growth temperature.
Furnace contamination, generally water vapor, which
might occur in our small tube furnace will give an effec-
tively higher temperature to a sample. The incremental
thickness ratio was then plotted against the difference in
initial index for each pair of samples. This curve is shown
in Fig. 1.

A point on this graph is found from the example of the
following wafer pair. One wafer had an oxide thickness of
9734 with an index of 1.4686. The oxide was grown at
1000°C. A second wafer oxide grown at about 1170°C was
chosen at nearly the same thickness at 975A. Its index was
1.4623. After 20 min in the oxidation furnace at 1000°C,
the first oxide was 57A thicker at 1030A with the index
unchanged at 1.4685. The second oxide increased slightly
in index to 1.4636 and was 107A thicker at 1082A. The ini-
tial indexes were different by 0.0063 and the ratio of incre-
mental growths was 107/57, or 1.88. This point appears in
Fig. 1.

The thickness of the oxide was measured immediately
if a dilute HF etch was used. When checked the following
day, it was noticed that, invariably, the thickness had in-
creased by several angstroms. Subsequent measurements
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Fig. 1. Incremental growth ratio for pairs of oxidized wafers relative to
the initial index of refraction difference in the low and the high tempera-
ture oxides.
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were unchanged. Wafers from the oxidation furnace
which were not etched appeared to have stable thick-
nesses. (Wafer pairs included samples with neither oxide
etched and samples where either the high or the low tem-
perature oxide was adjusted in thickness. No correlation
was observed during subsequent measurements.) The
thickness chosen for etched oxides was from the later sta-
bilized value; repeatability was closer than * 1A. The
reproducibility of the index measurement was < +0.0005.
The thickness and index of refraction of the oxide read-
ings taken on subsequent days were generally within
these values. Additional readings were sometimes taken
to verify the stability of the films, or to check for errors
in this manually operated two-zone ellipsometer arrange-
ment. The angle of incidence is the most critical setting.
The observed reproducibility is well within the
resetability of this angle.

After the short extended growth of the oxide pairs, it
was typically found that the index of the lowest tempera-
ture film had not changed. This result might be ex-
pected, as the new growth was but a continuation at the
temperature of the initial growth. The index of the higher
temperature film was typically found to be higher than
initially. In this case, the oxide added at the lower tem-
perature would be expected to have a high index. The ini-
tial high temperature oxide remains unchanged with the
lower temperature exposure. The averaged index of the
composite film is then greater than the original index. A
calculation from ellipsometer readings using a two film
case shows that the agreement of thickness and indexes
of refraction is good. One further note—Fig. 1 contains
points from both <100> and <111> silicon oxidation
pairs.

The thickness-time growth curves of <111> and <100>
silicon oxide were analyzed by hand fitting to an equa-
tion of the form t = A(X — 20) + B(X* — 20%) (3). Minutes of
growth is t; A and B are the reciprocal rate constants; and
X is the oxide thickness in angstroms. The rate constants
are plotted in Fig. 2 and 3. The points for the lowest tem-
peratures are not reliable, as large corrections were made
for initial growth (18). The growth curves of Hopper et al.
(2) and of Irene and van der Meulen (3), which were care-
fully analyzed, are not in particularly good agreement
with each other. For this reason and the fact that there
was some scatter in the 15-30 points making up our
growth curves, the hand fitting of the equations seemed
adequate.

Discussion

Diffusion.—Figure 1 shows that there are large readily
measurable variations in the incremental growth rate of
oxide films in the same environment. The variations ap-
pear to correlate to the sensitivity of the oxygen diffusion
constant to the packing (in amorphous material) of the
solid oxides. This conclusion is a restatement of commen-
tary from the introduction. The sequence of the argument
goes from our measured index of refraction change to the
measured (14) and calculated density change through the
Lorenz-Lorentz relation to an inferred interstitial volume
change. The 0.43% decrease in index of refraction leads,
in our example, to the 88% increase in the diffusion rate
of oxygen through a thermal oxide on silicon.

This result indicates that another source for a tempera-
ture coefficient for diffusion in silicon thermal oxides
has been identified. In the usual linear-parabolic analysis
of oxidation, the coefficient for the parabolic rate con-
tains the diffusion term. The temperature variation of this
parabolic rate is often compared to the variation of molec-
ular oxygen diffusion found for fused quartz (1). The pos-
sible constraint imposed by this comparison has now
been removed, and a larger temperature variation may be
considered more favorably.

If the incremental thickness differences in the oxide
films described were attributed to only the parabolic
term in the growth rate, these differences would also ap-
ply directly to the diffusion constant change. When the in-
dex changes of Fig. 1 are converted to inverse tempera-
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Fig. 2. Linear rate constants for dry oxides on <111> and <100>
silicon.

ture through Ref. (13) and plotted against the logarithm of
incremental thickness, a curve corresponding to an en-
ergy of ~0.3 eV is found for <111> silicon.

This structurally dependent diffusion rate of oxygen in
silicon oxide is decreasing with decreasing temperature
as does the normal temperature dependent diffusion rate
for, e.g., fused quartz. In a series of grown oxide films,
the net result is a steeper diffusion vs. inverse tempera-
ture curve or a higher apparent activation energy for dif-
fusion. The activation energy for molecular oxygen in
fused quartz according to Norton (19) is 1.17 eV. Adding
the temperature effect found here, the net activation en-
ergy should be 1.17 + 0.3 or 1.47 eV. This is for oxide
formed on <111> silicon in dry oxygen. Taft (13) shows
that oxides on <100> silicon have a slightly steeper
index-temperature variation than those on <111> mate-
rial. As the data of Fig. 1 also apply to <100> silicon, the
apparent activation energy for diffusion in these oxides
could be about 1.6 eV. It should be mentioned that these
are minimum corrections. Consideration of the linear rate
contribution or of the small effect of the two-layer oxide
after regrowth will make for somewhat larger corrections.

The numbers are, of course, approximations, as the
added factor is determined from data on a series of
structurally different oxides. The data also indicate a T
rather than 1/T relation with diffusion. It might be ex-
pected that the observed Arrhenius plot of the parabolic
rate constant for oxide films would be nonlinear over an
extended temperature range (8, 20, 21).

Rate constants.—As the major point of this paper is to
present the oxygen diffusion effect, the rate constants de-
termined in Fig. 2 and 3 are meant to serve in a corrobora-
tive role. The oxides grown here will be shown to be simi-
lar to those generally accepted in the literature. In the
temperature range 900°-1200°C used for the diffusion mea-
surements, the literature is fairly consistent.

Our activation energy for the linear rate constants is
about 1.88 eV. This value is similar to that found by Hop-
per et al. (2), Kamigaki (6), and Lie et al. (8). Slightly
greater values at ~2.0 eV are found by Deal and Grove (1)
and Deal et al. (7). Slightly lower values are found by

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

October 1985
T T T
103 E
104 E
03 3
£ F 3
2k ) n
= [ ]
‘;’ 102 - (100) -
o = 3
a = 7
5 F ]
(L) — -
=
< r -
o' E
1001 E
E 1 1 ] 3
6 410 12 14
10°%/T1

Fig. 3. Parabolic rate constants for dry oxides on <111> and <100>
silicon.

Irene (22, 23), Irene and van der Meulen (3), and Irene and
Dong (20). The latter group finds the activation energy
for <100> to be slightly higher than for <111> silicon.
Also they find that the activation energy is not constant
with temperature. Our rate constants for oxide on <111>
silicon are slightly higher than those of Lie et al. (8) and
Hopper et al. (2), and considerably higher than those of
Deal and Grove (1) and Irene and van der Meulen (3). At
1000°C, the constant agrees with Revesz and Evans (24).
The rate constant for oxide grown on <111> silicon ap-
pears to be about twice that grown on <100> silicon at
the same temperature. This observation has been previ-
ously reported by van der Meulen (4), Irene (22), and
Kamagaki (6). It appears that the linear rate constants for
oxides grown in this experiment compare favorably to
those reported in the literature.

Our activation energy for the parabolic rate constants is
dependent upon the orientation of the silicon. For <111>
silicon, it is ~1.45 eV, and for <100> silicon it is ~1.85 eV.
For <111> silicon, our value is close to that of Lie et al. (8)
and Hopper et al. (2), as was also noted for the linear term.
Values nearer to 1.2 eV were found by Deal and Grove (1),
Deal et al. (7), and by Revesz and Evans (24). Irene (22)
and Irene and van der Meulen (3) found higher values. A
larger activation energy for the <100> orientation is
noted by Irene (22). Irene and Dong (20), Lie et al. (8), and
Han and Helms (21) do not find a constant activation en-
ergy. The rate constants for <111> silicon are near those
obtained by Lie et al. (8) and Hopper et al. (2) and smaller
than the Deal and Grove (1) values. As with the linear
term, our rate constants for the parabolic term are in rea-
sonable agreement with reported values.

The actual oxide growth time for, e.g., a 1000A oxide on
<111> silicon at 1000°C, is found to be in better agree-
ment among the several references given than are the de-
rived rate constants. While our rate constants do not agree
as well with those of Deal and Grove (1) as they do with
others, the calculated growth times for this oxide are
within a few percent of each other. It appears that the dry
oxides grown for this diffusion experiment are much like
other oxides reported.
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Summary

Incremental growth rates in dry oxygen of oxides on
silicon in the same furnace are found to differ by more
than two. These rates are directly related to the index of
refraction of the initial oxide film and thus to the original
growth temperature. Therefore, there seems to be a
change in diffusion rate because of a change in the oxide
structure with growth temperature. This structure factor
when added to the activation energy for the diffusion of
oxygen through fused quartz could account for the higher
effective activation energy of the parabolic rate constants
usually observed. The activation energy for growth of ox-
ide on <100> silicon should be higher than that on <111>
silicon.
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Oxidation Properties of Nickel in the Temperature Range
1073-1500 K

F. A. Elrefaie,’ A. Manolescu,2 and W. W. Smeltzer*

Institute for Materials Research and Department of Metallurgy and Materials Science, McMaster University, Hamilton,
Ontario, Canada L8S 4M1

ABSTRACT

Oxidation of nickel after preoxidation at 1473 K was investigated during isothermal stages in oxygen atmospheres,
10* = P, < 10° Pa, at temperatures in the range 1073-1500 K. The reaction kinetics were parabolic; the parabolic oxida-
tion rate constant was proportional to P! with the value of n varying from 5.5 + 0.2 at 1073 K to 6.2 + 0.2 at 1473 K. The
activation energy of oxidation was 225 + 4 kJ/mol NiO. Marker measurements indicated that the polycrystalline colum-
nar NiO scales, which exhibited a preferred (100) texture, grew by predominant outward nickel diffusion. The measured
values of the parabolic oxidation rate constants were higher by a factor of < 3 than values calculated using nickel self-
diffusion coefficients of single-crystal NiO, due probably to a component of nickel migration along easy diffusion paths

developed in the polycrystalline scales.

Oxidation of nickel is expected to follow parabolic ki-
netics when the Kkinetics are controlled by lattice diffu-
sion of nickel via cation vacancies in the NiO scale. Appli-
cation of Wagner’s theory for parabolic oxidation (1) to
the high temperature scaling of nickel has been examined
by several investigators as reviewed in Ref. (2-5). The
agreement between experimental and calculated values
of the parabolic oxidation rate constant is satisfactory to a
first approximation at temperatures higher than 1273 K;
at lower temperatures, this agreement breaks down and
can attain a discrepancy as high as 5-7 orders of magni-
tude at 773 K. This discrepancy arises because nickel mi-
gration along easy diffusion paths in the polycrystalline
NiO layer such as dislocations and subgrain and grain
boundaries plays a predominant role in the reaction
mechanism. The purpose of this research, accordingly,
was to investigate the influence of a preformed thin NiO
layer, which was relatively free of easy diffusion paths, on
the subsequent morphological development and oxida-

*Electrochemical Society Active Member.

Present address: Department of Metallurgical Engineering,
Cairo University, El Giza, Egypt.

2Present address: Ontario Hydro Research Laboratory,
Toronto, Ontario, Canada.

tion mechanism of scales grown during isothermal stages
at 1073-1473 K.

Experimental

Nickel plate specimens, 2 x 1 x 0.05 cm, were prepared
from 99.995 atom percent (a/o) purity sheet containing im-
purity contents as listed in Table I. These specimens after
abrasion on 600 and 800 SiC grit paper and ultrasonic
cleaning in methanol were annealed in flowing ultrahigh
purity argon at 1473 K. An annealed specimen, average
grain size ~ 0.1 ¢cm, was polished on napless cloths to 1
pum diamond paste using kerosene and cleaned as above
prior to placement in the oxidation apparatus.

Oxidation kinetics were measured gravimetrically
using a recording semimicrobalance assembly as de-
scribed elsewhere (6). The oxidizing atmospheres main-
tained at 10° Pa were static air, flowing oxygen, or
oxygen-argon mixtures of oxygen partial pressures rang-
ing from 1 x 10° to 2 x 10* Pa. A specimen was oxidized
initially at 1473 K for 120-300s, then the furnace tempera-
ture was altered to a lower value, whereupon the speci-
men was oxidized isothermally and subsequently at sev-
eral other temperatures in the same atmosphere.
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Table I. Impurity contents of nickel, 99.995 a/o pure

Element B C N O F Na Mg Al Si S
ppma 03 7 06 4 05 004 1 1 10 08 0.01

Element K Ca Ti Cr Mn Fe Cu Ag Ba Pb
ppma  0.02 03 0.05 0.03 0.2 20 3 0.02 02 0.02

Marker studies were carried out by placing platinum
wire, 25 um diam, around a nickel specimen which was
sandwiched between two a-Al,O, disks and heated at
1273 K in argon for 10.8 ks to assure the absence of a gap
between the wire and specimen surface.

Optical and electron microscopy was used to investi-
gate the morphology of the NiO layers. Preferred orienta-
tions of the oxide grains within the polycrystalline scales
were determined using an inverse pole figure method (7)
whereby the texture coefficient of an (hkl) plane, Py, of
oxide is given by

Phk' = Ihkl/Ir.th [1]
- 2 Ihkl/Ir.th
n

In this expression, I, and I, are integrated intensities
from the (hkl) peak of oxide within the scale and of ran-
domly oriented powder, and n is the number of peaks
examined.

Results

Oxidation kinetics.—Typical oxidation curves are illus-
trated by the parabolic-type plots in Fig. 1. In this case, a
nickel specimen was initially oxidized in air at 1473 K for
300s before altering the furnace temperature to 1098 K.
Although this latter temperature was attained after 5.4 ks,
the slope of the kinetic curve plotted in parabolic form
continued to decrease and eventually reached a constant
value after 30 ks from which the parabolic rate constant
was determined. When the temperature was then changed
over ~ 50 K ranges, parabolic oxidation behavior was es-
tablished after 600-1800s from temperature stabilization.

Values of the parabolic oxidation rate constant ob-
tained at specified temperatures are plotted vs. oxygen
pressure in Fig. 2. This rate constant was proportional to
P,,"" where n = 5.5, 5.8, 5.4, 6.3, and 6.2 at 1073, 1173, 1273,
1373, and 1473 K, respectively, within an estimated error
of +0.2.
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Fig. 1. The parabolic oxidation of nickel in air ot temperatures in
the range 1098-1448 K. The specimen was preoxidized at 300s at
1498 K before altering temperature to 1098 K, followed by subse-
quent oxidation at 1098 K (a), 1148, 1198, 1248, and 1298 K (b),
1348 and 1398 K (c), and 1448 K (d).
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Arrhenius plots of the parabolic rate constants for oxi-
dation of nickel in the various atmospheres are shown in
Fig. 3. The activation energies calculated from the slopes
of the least squares linear fits are given in Table II; an av-
erage value of 225 + 4 kJ/mol NiO is estimated at constant
oxygen pressure within 10* < P,,, < 10° Pa.

Oxide microstructure—As illustrated in Fig. 4, a uni-
formly thick NiO layer was formed at 1473 K upon oxidiz-
ing nickel for 300s. One or two oxide grains extended
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Fig. 3. Arrhenius plots of the parabolic oxidation rate constants in
the temperature range 1073-1500 K at different oxygen pressures.
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Table II. Activation energies for parabolic oxidation
of nickel in various atmospheres

Atmosphere total pressure:  Temperature Activation energy
1 atm (1 x 10° Pa) range (K) (J/mol NiO)

Oxygen 1073-1473 221,750

Air 1098-1500 223,840

O,-Ar: P, = 2 x 10* Pa 1073-1473 228.030

O,-Ar: P, = 4.6 x 10° Pa 1073-1473 223,840

O.-Ar: P, = 10" Pa 1073-1473 228,030

across this layer, and it exhibited a relatively flat outer
surface. This scale morphology can be contrasted to that
of the NiO layer formed when nickel was directly oxi-
dized at the lower temperature of 1098 K for a long period
of 155 ks as shown in Fig. 5. In this latter case, the small
grains of ~ 3 um diam within the NiO layer were encased
by oxide ridges, and they exhibited little preferred tex-
ture, as indicated by the values of Py, calculated for (111),
(200), (220), and (311) planes, 0.9 < Py, < 1.1, using Eq. [1].
A typical morphology of the oxide layers obtained after
complete cycles of oxidation over several temperatures is
shown in Fig. 6. The photomicrograph shown in Fig. 6a
manifests the formation of a compact oxide layer having
good adherence to the metal. The fracture cross section,
Fig. 6a, illustrates formation of columnar NiO grains ex-
tending completely across the scale which are of smaller
lateral dimension adjacent to the metal. The external sur-
faces of these grains, Fig. 6b, are flat even though the in-
tersections of grain boundaries with the external surface
were severely faceted. These fully developed scales ex-
hibited a (100) preferred orientation texture as illustrated
by the values of Py, recorded in Table III. The columnar
grains in the scales exhibited little lateral growth during
the oxidation cycles, as their average lateral diameter was
~ 3 um as measured along the midpoint line in the scale.

Marker measurements.—The oxidation run on the
nickel specimen with markers was carried out in air ac-
cording to the reaction sequence illustrated in Fig. 1, fol-
lowed by a prolonged final oxidation state of 252 ks at
1448 K. Figure 7 illustrates the positions of two markers.
The marker in Fig. 7a is located directly on the metal/
oxide interface, and NiO internal precipitates exist be-
neath the marker. A thin layer of NiO was formed be-
neath the marker shown in Fig. 7b, but such markers re-

Fig. 4. The NiO layer formed on nickel after oxidation in air at
1473 K. a: Metallographic cross section. b: Fracture cross section.
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Fig. 5. The topology of NiO layer formed on nickel after direct oxi-
dation in air at 1098 K for 155 ks.
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Fig. 6. The NiO layer formed on nickel in air at temperatures in the
range 1098-1448 K after the complete oxidation cycle as given in
Fig. 1. a: Fracture cross section. b: NiO surface at scale/gas interface.

mained at positions tangent to the main metal/oxide
interface. These markers were oxidized with indication of
oxide precipitation within the marker matrix. Scale void
population was high in the region around a marker and
the scale tended to jut out from the marker.

Discussion and Conclusions

Values of the parabolic oxidation rate constant in oxy-
gen atmospheres, 10* < P, < 10° Pa, were obtained at
temperatures in the range 1073-1500 K by oxidizing nickel
specimens isothermally in stages at several temperatures
after brief preoxidation at 1473 K. This rate constant was
proportional to P,,'" where 55 < n < 6.2, which is in
agreement with the hypothesis that nickel migration

Table I1l. Texture coefficient of (hkl) planes of NiO
in scales formed on nickel as calculated by Eq. [1]

Atmosphere P

P =10° Pa (111) (200) (220) (311)
0O, 0.02 2.99 0.06 0.92
Air 0.20 2.00 0.60 1.30
O,-Ar; P, = 10" Pa 0.00 2.68 0.13 1.18
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a)

b)

Fig. 7. The positions of platinum markers on a nickel specimen
after oxidation according to the reaction cycle given in Fig. 1 fol-
lowed by prolonged oxidation of 252 ks at 1448 K.

through NiO predominately by doubly charged cation va-
cancies determined the growth rate of this oxide layer
(2-5). An average value of 22 kJ/mol for the activation en-
ergy of parabolic oxidation is of approximately the same
magnitude, but 225 kJ/mol less than the most recent de-
termjnation for the activation energy of nickel self-
diffusion in single-crystal NiO (8).

The values obtained at different temperatures for the
parabolic rate constant at P,, = 10° Pa are compared to
those from the literature in Fig. 8. Fair agreement exists
for all evaluations above 1273 K. The previously reported
values at temperatures less than 1273 K are of larger mag-
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Fig. 8. Arrhenius plots of parabolic oxidation at P, =

10° Pa for NiO layer growth on polycrystalline, crystal faces, and pre-
oxidized polycrystalline nickel. The numbers on plots are the refer-
ences. The experimental determinations from Ref. (9) ot 973 K are
from direct observations of thickening of the NiO grain matrix.
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nitude than those reported in this investigation and they
yield Arrhenius plots of smaller slopes. In this lower tem-
perature range extending down to 773 K, oxide growth
has been interpreted as being controlled by nickel short-
circuit diffusion involving easy diffusion paths in the
polycrystalline NiO scales formed on nickel polycrystal-
line sheet or nickel single-crystal faces (2-5). These easy
diffusion paths have been assumed to be largely associ-
ated with the oxide grain boundaries since these are deco-
rated by a network of outward extending ridges at the ex-
ternal oxide surface when the metal is directly oxidized
as illustrated in Fig. 5.

Arrhenius plots of the parabolic rate constants obtained
under the condition of preoxidation were linear over the
entire temperature range from 1073 to 1500 K, as shown in
Fig. 3 and 8. This behavior arose because preoxidation at
1473 K led to formation of a thin oxide layer relatively
free of easy diffusion paths. This layer thickened upon
subsequent stages of oxidation at lower temperatures into
scales containing large columnar oxide grains mainly by
nickel lattice diffusion. These conclusions are also con-
sistent with earlier optical measurements on the growth
of individual large oxide grains in scales grown at 973 K
(9) on polycrystalline nickel as illustrated in Fig. 8.

One can utilize the Wagner theory for parabolic oxida-
tion based upon lattice ambipolar diffusion to quantita-
tively assess diffusional processes during nickel oxide
layer growth. The parabolic rational rate constant (1) is

a’y

k, (eq/cm-s) = Ef Ddlna, [2]

'y

where c is the average equivalent nickel concentration in
NiO, D is the self-diffusion coefficient of nickel in NiO,
and a, = (P,,)"* = {P,, (Pa)/1.013 x 10° (Pa)}'? is the oxy-
gen activity integrated over the limits from the metal/
oxide to oxide/oxygen interface. Since D conforms to a
P,,'" relationship where 4 < n < 6 (15), Eq. [2] becomes

ky(g O*cm®-s) = nD"(P",)"" (%) [1 = (P'o/P s )""]

NiO

[3]
Here, D" is the nickel self-diffusion coefficient at P, =
10° Pa, M, and My, are the atomic weight and formula
weight of oxygen and NiO, respectively, and p = 6.85
g/lem?® is the density of NiO.
The tracer diffusion coefficient of nickel in NiO, D*,
was determined (14) recently at P,, = 10> Pa and at tem-
peratures in the range 795-1673 K

D* (cm?s) = 2.2 X 10-* exp — 246.9 kJ/RT [4]

Since the diffusion process is controlled by a vacancy
mechanism, D* is related to D by a correlation factor D* =
fD, where f = 0.78. At P",, = 1, Eq. [3] becomes

ky(g Ocm®-s) = 2.76nD*[1 — (P',,)"""] [5]

Based on Eq. [5], k, values were calculated utilizing
values of D* (Eq. [4]) and n = 6 for doubly charged nickel
vacancies, since 5.5 < n =< 6.2 from this investigation, and
P',, for equilibration of NiO with nickel (17). These calcu-
lated values are compared to the experimentally obtained
values in Table IV and Fig. 8. These values are in fair

Table IV. A comparison of the measured and calculated
values, Eq. [5], of the parabolic oxidation rate constants
of preoxidized nickel in oxygen, P,,, = 10° Pa,
and over the temperature range 1073-1473 K

k,(meas)
Measured Calculated

T (K) k, (g*/cm-s) k, (g°/cm'-s) k(calc)
1473 92 +0.2x10-" 5.7 x 10— 1.6
1373 2.3 x 10~ 1.3 x 10— 18
1273 5.0+ 03 x 10" 2.5 x 10-" 2.0
1173 82+ 0.2 x10-" 3.4 x 10— 2.4
1073 1.0 x 10~ 3.2 x 10" 3.2
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agreement, the measured values being two to three times
larger than the theoretical values.

It would appear that the difference between the experi-
mental and calculated values of the parabolic rate con-
stant was not associated with oxide formation by inward
diffusion of oxygen because its diffusion is at least two
orders of magnitude less than that for nickel diffusion in
NiO (18). Marker measurements, moreover, wherein the
marker remains at the metal/oxide interface, indicate that
the NiO layer grew predominantly by outward diffusion
of nickel. Nickel and platinum are completely miscible
and the platinum marker did not remain completely inert.
Consequently, formation of internal oxide and a concaved
oxide beneath the main metal/oxide interface and the
markers, Fig. 7, was brought about by dissociation of NiO
and inward oxygen migration through the marker. In sim-
ilar reported marker experiments (11), NiO formed be-
neath a porous platinum film marker, but fine relatively
inert Al,O, powder markers remained at the Ni/NiO
interface.

Since the NiO layer during growth was not completely
free from easy diffusion paths such as dislocations, sub-
grain boundaries (sgb), and grain boundaries (gb), the
nickel flux should be given in terms of an effective diffu-
sion coefficient

Dy =D+ 2D f; [6]

where D, is a diffusion coefficient for an easy diffusion
path and f; is the fraction of diffusion sites in this path
such that £ f; << 1. The comparison between experimen-
tal and calculated values of the parabolic oxidation rate
constant, Table IV, demonstrates that D./D ~ 1.5-3.

One can readily demonstrate that preferential nickel
diffusion via high angle boundaries characteristic of poly-
crystalline NiO did not play a role in growth of the colum-
nar grained and textured scales. At 1073 K, D = 2.8 X
10-" cm?s (14) and D,, = 2 X 10~* cm?s in polycrystalline
NiO (16) where the width of the boundaries may be taken
as 7 x 10~* cm (16). The average diameter of the columnar
NiO grains was ~ 3 um. Thus, Dufy = 2(2 x 10=-9(7 x
10-%)/(3 x 10~*) = 9 x 10" em¥s, which is 30 times larger,
rather than two to three times larger, than D. Metallogra-
phy, as shown in Fig. 4 and 6, also illustrated that the
boundaries of the columnar grains in the preferentially
(100)-textured scales did not exhibit evidence of ridges by
enhanced oxide growth as did boundaries of grains in un-
textured oxide scales formed at 1098 K as shown in Fig. 5.

One therefore concludes that the grain boundaries in
the textured columnar grained scale did not permit a
rapid rate of nickel diffusion as exhibited by high angle
boundaries in polycrystalline NiO. It would appear that
any enhanced nickel diffusion by boundaries in the co-
lumnar scale is of the same magnitude as to be expected
by dislocation arrays throughout the scale acting as
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subgrain boundaries. Since D, = 6 x 10~'" cm?¥s at
1073 K (3, 14), Dy fu, = 6 X 10~'* cm¥s, yielding D /D = 2
if each grain of ~3 um diam is assumed to contain two
subgrains. This latter consideration involving a small de-
gree of short-circuit nickel diffusion by dislocation arrays
at grain and subgrain boundaries is consistent with the
findings that uniformly thick columnar grained (100)-
textured scales grew on the preoxidized metal specimens.
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Growth Mechanism of Silicon Plasma Anodic Nitridation

M. Hirayama, T. Matsukawa, H. Arima, Y. Ohno, and H. Nakata
Mitsubishi Electric Corporation, LSI Research and Development Laboratory, 4-1 Mizuhara, Itami, Hyogo 664, Japan

ABSTRACT

Nitridation of silicon was performed in a temperature range of 680°-920°C by 13.56 MHz RF oscillation in nitrogen-
hydrogen plasma. Growth kinetics and activation energy of nitridation were investigated. The relationship between
nitridation time (t) and nitrided film thickness (x,) was found to be x, (2 — 0.00695V,.) = 0.86 x 10-%t. External dc volt-
age (V,.) on plasma nitridation was effective in obtaining a high growth rate of nitrided film on silicon. Activation en-
ergy for the plasma anodic nitridation of silicon (0.25 eV) was twice as large as the value of plasma nitridation without an
external dc voltage. The role of hydrogen in plasma nitridation was also studied with quadrupole mass spectroscopy.

Progress in MOS VLSI densification requires a large
capacitance in a small capacitor area (1). Therefore, the di-
rect nitridation of silicon may be one of the most attrac-
tive techniques for the device fabrication process. Com-
pared with the widely used silicon dioxide film, silicon
nitride film has a higher dielectric constant. The silicon
nitride film is chemically stable and is also much better
as a diffusion barrier for impurities and metals. In spite of
these advantages, the silicon nitride film deposited on
silicon wafers by LPCVD cannot be used for the gate di-
electric film of MOSFET because it was interfacial insta-
bilities between the silicon nitride and the silicon sub-
strate. Many attempts at achieving direct nitridation and
forming the silicon nitride film have already been made
(2, 3). Ito et al. reported that uniform amorphous silicon
nitride films could be obtained from the reaction of sili-
con in an ammonia ambient and applied to the LSI device
fabrication (4). However, these films were very thin be-
cause of the slow diffusion of nitridant species through
the nitrided film. To improve the low growth rate,
plasma nitridation and plasma anodic nitridation were at-
tempted. A high reaction rate was given by the plasma-
exited reactive species compared with the thermal reac-
tion. Plasma anodic nitridation was expected to give an
enhanced growth rate, similar to that in the case of the
anodic oxidation of silicon (5). Also, the reaction tempera-
ture could be decreased below the temperature of the
thermodynamical limit beause the plasma reaction forms
reactive species.

In this paper, the growth mechanism of plasma anodic
nitridation will be investigated. To prevent the contami-
nation of oxygen and hydro-oxygen, we used highly
purified hydrogen and nitrogen for our experiment.

Experimental

The vacuum system, gas sources, and experimental ar-
rangements for achieving the plasma anodic nitridation of
silicon are shown in Fig. 1. They are the same as those
used in the earlier study (6). Nitrogen plasma was gener-
ated at a pressure range from 0.5 to 2.0 torr by an RF os-
cillator whose frequency was 13.56 MHz. Anodization
voltage applied between the anode and the ground level
was supplied by an external dc supply. The nitridation
experiments were performed in a temperature range from
680° to 920°C. Boron-doped n-type (100)-oriented CZ sili-
con wafers, whose resistivity was about 10 Q-cm, were
used for the nitridation. To remove the native oxide on
the silicon surface, hydrogen plasma was generated prior
to the nitridation process under a pressure below 0.2 torr.
The reaction chamber was first pumped down to less
than 4 x 10~ torr with a turbo molecular pump to mini-
mize the residual gases. Then research-grade nitrogen
and hydrogen were admitted to the reaction chamber.
After the pressure became stable, glow discharge was ini-
tiated by applying RF power. The anodizing voltage ap-
plied to the sample was typically 150V. The nitridation
time was varied between 10 min and 400 min.

In order to study the nitridation mechanism, quadru-
pole mass analysis of the reacting plasma in the chamber
was performed. Transmission electron microscopy (TEM)

was carried out to examine the interface structure of sili-
con nitride and silicon. Also, characterization of the ni-
trided film was studied using Auger electron spectros-
copy and infrared absorption.

Results and Discussion

Film composition.—The infrared absorption spectrum
of Fig. 2 shows the characteristic absorption peak of ni-
tride film at wave number of 865, 895 cm—'. The wafer
was nitrided at 920°C for 400 min with an external dc volt-
age of 150V. A peak at 610 cm~' identified as the phonon
absorption of the silicon substrate was observed, but no
absorption interpreted as Si-O bonds was found in this
spectrum. The 865 and 895 cm~' peaks are due to the
stretching vibration of Si-N bonds and seem to be almost
the same as the peak described by Frieser (2). However, a
peak at 920 cm~', higher than our measurement, results
for Si-N bonds was reported by Ito et al. (4).

The chemical composition of films formed by plasma
anodic nitridation was examined by Auger electron spec-
troscopy (AES). The AES analysis revealed the presence
of nitrogen and oxygen at the surface of the nitrided
samples. Since hydrogen is not detectable with Auger
spectroscopy, the hydrogen content of these samples is
not known. Carbon peaks were not observed from any
AES spectra, so carbon atoms at the sample surface did
not exist. Sputter etching was accomplished with a 1.0
keV argon ion to obtain in-depth profiles. A typical Au-
ger spectrum of the plasma anodic nitridation film is
shown in Fig. 3. The film was grown for 300 min in a
nitrogen-hydrogen mixture with an external dc voltage of
150V. The Ny, and Oy, lines are clearly observed on this
spectrum obtained from the surface of the nitrided film.
From the results of infrared absorption and the Auger
spectrum, it is concluded that the silicon surface was
changed to silicon nitride by this plasma anodic nitrida-
tion.

Nitridation.—Figure 4 is a cross-sectional view of
plasma-anodized silicon and the silicon dioxide boundary
using a high resolution transmission electron microscope
(TEM). It is observed that the thickness of the nitrided
films on the silicon surface is almost the same as it is on
the silicon dioxide surface. On the sidewall of the silicon
dioxide, the film thickness is small. This nitridation be-
havior shows anisotropical growth resulting from plasma

Si wafer

PUMP
SiC Rod

GAS INLET
Fig. 1. Schematical diagram of experimental apparatus for plasma
anodic nitridation.
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Fig. 2. Infrared transmission curve of nitrided silicon

reaction. The most remarkable point of this TEM photo-
graph is the difference in the interface levels between the
silicon-nitrided film and the original silicon-silicon diox-
ide film. This phenomenon is generally observed on the
thermal oxidation of silicon. With the oxidation of silicon,
the interface between silicon and silicon dioxide drops
down into the bulk silicon, and the thickness ratio of the
upper and lower parts of the oxidized film divided by the
original silicon surface is generally about half and half.
Therefore, in this nitridation experiment, it is supposed
that the nitridant species also diffused into silicon and
that the silicon surface is actually nitrided like the oxida-
tion of silicon surface.

Growth kinetics.—Figure.5 illustrates the variation of
growth rate with the dc power applied to the wafers. The
RF power and the temperature were fixed at 500W and
900°C, respectively. The enhancement of the growth rate
by the externally applied voltage (V) is shown in this
figure. It is obvious that the growth rate is remarkably
enhanced by the application of the dc bias. The uniform-
ity of the films grown in this system is quite good except
in the upper area. For example, with a typical film about
17 nm thick, the standard deviation of the thickness was
about 0.8 nm thick within the 4 in. wafer areas.

The dependence of the film thickness on the growth
temperature is plotted against the inverse of nitridation
temperature in Fig. 6. These lines were obtained from the
samples under nitridation conditions listed in the insert.

(a.u)

dN /dE
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ELECTRON ENERGY  (eV)

Fig. 3. Typical Auger electron spectrum of plasma anodic nitrided
film.
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Fig. 4. TEM micrograph of the nitrided film

The nitridation temperature dependences are indicated
by the two pairs of parallel curves. From the straight lines
shown as solid and dotted, one can obtain apparent acti-
vation energies of 0.12 and 0.25 eV, respectively.

Activation energies of the plasma nitridation with or
without the external dc voltage indicate only a very weak
temperature dependence in the range of 680°-920°C. The
gradient difference of the curves is considered to be
caused by the application of the external dc voltage on
the nitridation. However, these activation energies are
somewhat smaller than those reported by Murarka et al.
for the thermal nitridation of silicon (7).

Next, we will discuss the kinetics of the plasma anodic
nitridation of silicon and propose a theory for the
anodization mechanisms of silicon. For this purpose, at
first, we referred to the model of thermal oxidation of
silicon.

In thermal oxidation, there are three basic steps theo-
retically established by Deal and Grove (8). These three
steps are the transportation of oxidant gases, the diffu-
sion of oxidant species in oxide film, and the reaction
with the silicon surface. The theory consists of the flux
correspondence to each step at each boundary and well
explains the experimental results of thermal oxidation.
The same analysis based on the solution of the continuity
equation has been applied to thermal nitridation (9). It
was concluded that the experimental results were ade-
quately explained by the three step model.
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Fig. 5. Dependence of the film thickness on nitridation time
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Fig. 6. Dependence of the film thickness on nitridation temperature

In the plasma anodic nitridation of a silicon surface, the
growth rate constants and characteristic parameters of
nitridation were deduced. When the nitridation time is
long, the growth rate has an exact parabolic relationship
for the plasma nitridation without the external dc voltage
supply. The relationship between the nitridation time and
the thickness of the growth film shown with open circles
in Fig. 5 can be expressed in functional form as x,* = Bt,
where x, and t are the silicon nitride thickness and
nitridation time, respectively, and B is the temperature-
dependent constant. In this relationship, the constant B is
calculated as 0.86 x 10— um?s.

The significant effect of an external dc voltage on
nitridation growth kinetics was suggested by the experi-
mental data. It is clear that the gradient of these curves
increases as the external dc voltage increases, as shown in
Fig. 5. The growth rate of nitride film on the silicon sur-
face was accelerated with the positive dc voltage supplied
on the silicon substrate. Therefore, the relationship be-
tween the nitridation time and the nitride film thickness
is empirically described as x, (2 - mV,) = Bt, where the
constant m was given as 0.00695 V~'.

The effect of the external dc voltage was investigated
from the in-depth Auger profile of the nitrided film. Fig-
ure 7 shows a typical profile of the plasma anodic ni-
trided film. The film was grown for 400 min in a nitro-
gen-hydrogen mixture at an external dc voltage of +80V.
The peak-to-peak heights of the Ny, and Oy, lines were
plotted as a function of the sputtering time. The nitrogen
and oxygen profiles are described with filled and open
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Fig. 7. In-depth Auger profile of the nitrided silicon in nitrogen-
hydrogen plasma with positive external voltage.

Fig. 8. In-depth Auger profile of the nitrided silicon in nitrogen-
hydrogen plasma with negative external voltage.

circles, respectively, for both the samples loaded on the
anode and the ground side of silicon carbide rods. The
thickness of the films of the anodized sample loaded on
the anode was almost twice that of the ground sample.
The most interesting feature in Fig. 7 is that the tail of the
nitrogen profile reaches deeply into the silicon substrate
compared with that of the oxygen profile. Nitrogen ap-
parently diffused into silicon more easily than oxygen,
even though the nitridant species seems to diffuse slower
through the nitride film in comparison to oxygen
through the oxide. The nitrogen fraction is highest near
the film surface and decreases toward the interface. It is
also shown that the nitridant species has difficulty
diffusing through the film and that the surface region is
preferentially nitrided.

The effects of the anodization by the application of the
external negative dc voltage were studied. The in-depth
Auger profiles of nitrided films grown for 400 min in a
nitrogen-hydrogen mixture plasma at an external dc volt-
age of —80V is shown in Fig. 8. Nitrogen profiles for both
samples loaded on the cathode (the supplied voltage po-

LI
Temper. 900°C
N» 900 scan
Pres. 1.0 Torr
3r RF. 400 W

\
\\9 (+80V)

N

,l"_t\\*o-§.\

—

Relative Auger Intensity (a.u.)

0 100 200 300
Sputtering Time ( sec.)

Fig. 9. In-depth Auger profile of the nitrided silicon in nitrogen
plasma with positive external voltage.
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Fig. 10. Quadrupole mass spectra for nitrogen-hydrogen mixture plasma (q,left) and nitrogen plasma (b,right)

larity was changed) and the ground show almost the same
curve. Beside the oxygen profiles were drawn almost the
same curve one above another for the external dc positive
and negative voltages. There exists no difference of film
thickness between the samples loaded on the cathode and
the ground level.

Role of hydrogen content.—Nitridation using plasma
anodization is considerably more complex, and, at pres-
ent, we can only present a tentative description of the
anodization mechanism. It has been previously suggested
that the nitridation of silicon is generally subject to para-
bolic growth behavior. Analysis of growth behavior in
plasma anodization indicates that nitridation is essen-
tially a diffusion-limited process and, presumably, the
nitridant species migrate to react with silicon at the inter-
face. Figure 9 illustrates in-depth Auger profile of the
film grown for 400 min in nitrogen only. The nitrogen
profiles were shrunk abruptly for both samples loaded
on the anode and the ground. However, the oxygen pro-
files fully broadened in the direction of the depth of the
films. It is quite different from the former profiles of the
nitrided film obtained in the hydrogen-nitrogen mixture
plasma. The tail of the nitrogen profiles disappeared be-
fore the decline and fall of the oxygen profile for both
samples loaded on the anode and the ground.

To investigate the difference between the nitrogen-
hydrogen mixture plasma and the nitrogen plasma, the
quadrupole mass spectrometer was operated during each
nitridation process. The base pressure of the spectrome-
ter was kept at 1 x 10~ torr, and the measurements were
started after the nitridation pressure became stable. In
Fig. 10a and 10b, mass spectra obtained from the nitro-
gen-hydrogen mixture plasma and nitrogen plasma are
shown. The peaks observed in both spectra at atomic
mass unit (amu) 14 and 28 were coincident with N and N,.
The intensities at amu 16, 17, and 18 were the residual ox-
ygen and hydro-oxygen. The amu 2 and 29 peaks appear
on the nitrogen-hydrogen mixture spectrum, and the am-
plitude of the other peak intensities has not changed be-
tween the two kinds of plasma. In the nitrogen-hydrogen
plasma, H' H,', nitrogen-hydrogen molecular ions of NH",
NH,’, and NH, were identified. Those ions might play
the role of nitridant species. Also, it is considered that
electrically neutral particles such as nitrogen and nitro-
gen-hydrogen radicals contribute to the nitridation reac-
tion in plasma discharge. One possibility is that the ener-
getic bombardment of these nitridant species in the
plasma promotes the reaction of nitridation on the silicon
surface to form the thick nitride film.

Conclusions

Growth kinetics of the plasma anodic nitridation of sili-
con were investigated using the nitrogen-hydrogen mix-
ture plasma. Results of infrared absorption spectrum and
the Auger profile indicated the formation of nitrided
films on the silicon surface and the TEM micrograph ac-
tually showed the nitridation of silicon. The relationship
between the nitridation time and the nitride film thick-
ness can be expressed as x, (2 — mV,) = Bt. In this equa-
tion, the temperature dependent constant B is calculated
as 0.86 x 10—% um?*s and m is given as 0.00695 V-'. The ac-
tivation energy of anodization is about twice that of
plasma nitridation. Therefore, the external dc voltage is
effective in obtaining a higher growth rate of nitrided
film on silicon surface. Hydrogen content also greatly
contributes to the nitridation of silicon in plasma glow
discharge. Some kinds of nitrogen-hydride ions in plasma
work as the nitridant species to promote the reaction of
nitridation.
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Solubilities of a-Fe:O; and Fe;O. in Fused Na.SO. at 1200 K

Y. S. Zhang and Robert A. Rapp*
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210

ABSTRACT

The solubility of mixed a-Fe,O, and Fe,O, in fused Na,SO, was measured at 1200 K as a function of the melt basicity
at 2.14 x 107 atm O,. At lower P,,,, in separate ranges of basicity where either Fe,0, or else FeS is the stable phase, the
solubilities of these compounds in Na,SO, were determined. From these solubility measurements, the activity coeffi-
cients of NaFeO,, FeS, and FeSO, in fused Na,SO, were calculated to be 430, 180, and 0.83, respectively. On this basis,
the solubilities of the iron oxides a-Fe,0, and Fe,O, and the dominant acidic and basic solutes were calculated for the
entire regimes of P, and melt basicity in which these phases are stable in Na,SO,.

Hot corrosion occurs at high temperatures in oxidizing
environments when a molten salt deposit contacts a metal
surface. Hot corrosion by molten Na,SO, can cause
significant damage in gas turbine and other combustion-
product environments. Metal oxides are often the stable
phases in contact with fused Na,SO,. Therefore, a knowl-
edge of the solubility behavior of metal oxides in molten
Na,SO, should assist in understanding hot corrosion pro-
cesses, especially the initiation of hot corrosion. The solu-
bilities of NiO (1, 2), Co,0, (1, 2), AL,O, (3), and Y,0; (4) in
Na,SO, have been reported recently.

The solubility of «-Fe,O, in fused Na,SO, (5) has been
previously measured at 1 atm O, and 1200 K as a function
of the melt basicity, defined as log ay,, However,
o-Fe,0, is stable only at high P,,, and in a certain basicity
regime. As the P, in a Na,SO, melt is reduced, Fe,O, be-
comes stable. From the thermodynamic phase stability
diagram for the Na-Fe-S-O system shown as Fig. 1, the so-
lute species and solubilities of the two iron oxides would
be expected to depend upon both the melt basicity and
the P, in the melt. Obviously, solubility measurements at
reduced oxygen pressures are needed to provide an
overview of the dissolution behavior in the iron-oxygen-
sulfur system in Na,SO,, and to provide insight for exten-
sion to other systems.

In the present work, the solubility of the coexisting ox-
ides, a-Fe,0, and Fe,0,, was measured at 1200 K and 2.14
x 10-7 atm O,. (See Fig. 1) This measured P,, corre-
sponds exactly to the thermodynamic value from Ref. (6)
for a-Fe,0.,/Fe,0, equilibrium at 1200 K. However, this re-
sult is inconsistent with the JANAF thermodynamic data
used previously (5). Furthermore, as shown in the previ-
ous work (5) as well as in this work, a plateau in the basic
solubility for a-Fe,O, occurs for log ay,,, > —8.9, which is
inconsistent with the only available data for AG°y.k,-
Therefore, in this work, to retain an internal consistency
for the calculation of solute activity coefficients and in
the construction of Fig. 1, values of AG° used for com-
pounds in the system are the same as those listed in the
preceding papers (3, 5) except for the use of AG®.o, =
—730 kJ/mol and AG°y,r.0, = —479 kJ/mol. These changes
are not great, but are thought to represent an im-
provement over other reported values (7, 8). The dashed
lines of Fig. 1 are calculated lines of isoactivity for the
several solute species in the system. Figure 1 shows that
at P, = 2.14 x 10~7 atm, NaFeO, and FeSO, should be the
dominant basic and acidic solutes, respectively. From the
solubility measurements reported here, activity coeffi-
cients of NaFeO, and FeSO, in Na,SO, are estimated later.
At even lower P, dissolved FeS should be the predomi-
nant acidic solute of Fe,O,. In order to obtain the activity
coefficient of FeS in fused Na,SO,, the solubility of FeS
was also measured within the field of FeS stability.
Finally, a generalized map for the solubility behavior in
the Fe-O-S system has been calculated for the entire
ranges of P,, and melt basicity in which «-Fe,O, and
Fe,O, are stable in Na,SO, at 1200 K. The method may
serve as a model for the analysis of other metal-oxygen-
sulfur systems.

* Electrochemical Society Active Member.

Experimental Apparatus and Procedure

The experimental setup is illustrated in Fig. 2. A closed-
end mullite tube served as the reaction chamber which
was closed by a gastight, water-cooled stainless steel
flange joined by epoxy. Solid-state electrodes were in-
serted into the Na,SO, melt through stainless steel adapt-
ors with O-rings. Fused Na,SO, and iron oxide powder
were contained in an internal alumina crucible supported
by an alumina tube which also sheathed a Pt-Pt/10% Rh
thermocouple. The temperature was controlled at 1200 +
3 K using an Electromax (L&N) temperature controller.

The basicity and oxygen pressure in the Na,SO, melt
were measured at a Pt wire working electrode by two im-
mersed reference electrodes: a sodium sensor and an oxy-
gen probe. The sodium sensor consisted of a silver wire
contacting a Na,SO,-10 mole percent (m/o) Ag,SO, melt
contained in a closed-end mullite (3Al,0, - 2Si0,) tube
(McDanel MV30), which is a sodium ion conductor (over a
grain boundary glass phase) at high temperatures. A plati-
num wire, spot welded to the silver wire, served as the
lead wire. The mullite tube was sealed at the top with an
Al,O,-base ceramic cement to prevent the loss of SO, by
the thermal decomposition of the sulfate. The oxygen
probe consisted of a painted porous platinum electrode
connected to a Pt wire inside a partially stabilized zirco-
nia [3.5 weight percent (w/o) CaO] tube. At 1200 K, the
open-circuit voltage (1) between these two reference elec-
trodes is given by

Log Psos
-15 -10 -5
ol I T T
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I
sho
N |
e | NaFeO,
g I
- I
I
-0 |
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I
N%Feozk Na,S0,
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0 5 10 15 20

- L°g GNuzo

Fig. 1. Thermodynamic phase stability diagram for the Na-Fe-S-O sys-
tem at 1200 K.
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Fig. 2. Experimental setup for solubility measurements

E(V) = 1.4943 + 0.119 log ay,,, (melt) [1]

The open-circuit voltage (1) between the Pt working elec-
trode and the oxygen probe is given by

E(V) = 0.0403 + 0.0595 log P,, [2]

The basicity of the Na,SO, melt was adjusted by pump-
ing oxide ions into or out of the melt using another par-
tially stabilized ZrO, tube. A platinum wire in another
mullite tube containing only Na,SO, served as a
counterelectrode for the titration. As shown recently
(2,9), upon applying a voltage in this circuit, the oxide ion
concentration of the melt may be increased or decreased
by driving the reaction

% 0, + 2%~ = 0~ (in melt) (3]

to the left or the right. In this study, different values of
voltage were applied to change the electrochemically
measured melt basicity, log ay.,o, from —7.5 to —13.6.

About 25g of reagent-grade Na,SO, and 5g of mixed
a-Fe,0, (99.9% purity) and Fe,O, (99.99% purity) powder
(1:1 molar ratio) were charged into the alumina crucible,
and about 150g of an equimolar «-Fe,O, and Fe,O, powder
mixture was placed on the floor of the mullite reactor.
After drying the salt and the mixed iron oxides at
150°-200°C in a slowly flowing purified argon gas for at
least 24h, the system was heated to 1200 K and closed to
further gas flow. A suitable voltage was applied to the
ZrO, pumping electrode with a potentiostat (Wenking
ST72). After a few hours, the P,,, in the melt decreased to
2.14 x 10~7 atm, corresponding to the equilibrium oxygen
pressure of a-Fe,O, and Fe,O, at 1200 K. Various times
were required for the melt basicity to reach a desired
value, and thereafter the basicity remained constant.
After a day of equilibration, samples of the melt were
taken by freezing a small amount of salt onto a cool alu-
mina rod. Each salt sample, about 0.2g, was weighed to an
accuracy of 0.1 mg, and dissolved into 100 or 1000 ml of
0.02N HCI solution, depending upon the expected iron
concentration in the salt. An atomic absorption spectro-
photometer (Perkin-Elmer, Series 360) with a graphite
furnace was used to determine the iron content of the
aqueous solutions. Only a small amount, 10 wliter, of the
sample solution was added to the graphite furnace in or-
der to avoid any uncertainty introduced by the Na,SO,
salt in the solution.

For determining the activity coefficient of FeS in fused
Na,SO,, the solubility of FeS was measured in the range
on Fig. 1 where FeS is the stable phase. The oxygen pres-
sure was kept at 3.5 x 10" atm by placing nickel powder
in the system, and the melt basicity was adjusted to —12
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and —-14 by titration. To substantiate the FeS activity
coefficient determined in this way, the solubilities of
Fe,0, were measured at the same P,, and at basicities of
—-8.5, —9.0 and —9.5, respectively.

Results and Discussion

The measured solubility values for mixed a-Fe,O, and
Fe,0, in fused Na,SO, at 1200 K and 2.14 x 10-7 atm O, are
shown in Fig. 3. Each data point in Fig. 3 is the average of
several measurements of the concentration of soluble iron
in Na,SO, for each salt sample, compared with a certified
standard solution for iron.

In basic dissolution, the measured dependence of the
solubility on the melt basicity indicates that FeO,~ is the
solute species for the mixed iron oxides. The dependence
is consistent with the following dissolution reaction

om +
mFe,0, + Fe,0, + (l‘z‘?’) Na,0 + % o,

= (2m + 3) NaFeO, [4]

For excess Fe,0, and Fe,O, at constant P,,,

EEl GaFe
M e l [5]
d(—1og ayuy0) 2

The individual oxide Fe,O, or Fe,O, obeys this same de-
pendence. Above 2.14 x 10-7 atm oxygen, oxygen is not
involved in the basic dissolution of a-Fe,0,, so that no ox-
ygen dependence is expected for the soluble NaFeO, con-
centration. At oxygen pressures below 2.14 x 10-7 atm,
the basic solubility of Fe,O, is dependent upon P, ac-
cording to the reaction

1
2Fe,O, + 3Na,O + 5 0O, = 6NaFeO, [6]

For excess Fe,0, at constant ay,,,

9(og Ayareoy) _ 1 7

a(log P,,,) 12
The FeO,~ concentration plateau at the left of Fig. 3 re-
sults because O*- ions are not involved in the dissolution
of NaFeO, to form FeO,~ ions.

In the acidic dissolution of Fe,O, + a-Fe,0,, the Fe* so-
lute ion is indicated by the log ay.,, dependence of the
solubility. The dependence of the soluble FeSO, concen-
tration upon the melt basicity is consistent with the fol-
lowing dissolution reaction
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Fig. 3. Solubilities of «-Fe,0; + Fe,0, in fused Na,SO, at 1200 K
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mFe,0, + Fe,0, + 2m + 3)Na,SO, = (2m + 3)FeSO,

m+ 1

+ (2m + 3)Na,0 + ( ) 0O, [8]

d(log a Fesog)

=1 9
d(-log aNag()) Al

The dependences of the acidic solubilities of a-Fe,O, and
Fe,0, on P, can be predicted from the reactions

1
Fe,0, + 2Na,SO, = 2FeSO, + 2Na,0 + =0, [10]

a(log an-s(u) 1

=—— 11
alog P, 4 (1]
and
Fe,0, + 3Na,SO, = 3FeSO,
1
+ 3N2,0 + -0, [12]
d(log aprsoq) = 1
alogP,) 6 1]

The activity coefficient of soluble NaFeO, in fused
Na,SO, was calculated to be 460, which is close to the
value of 400 derived from the previous work (using ad-
Jjusted AG°yure0,) (). The activity coefficient of the FeSO,
solute in Na,SO, was calculated to be 0.83. These activity
coefficient values possess significant uncertainties re-
sulting from the uncertainties in AG% for NaFeO, and
FeSO,. The minimum solubility for the mixed oxides,
a-Fe,0, and Fe,0,, lies at —log ay,,, = 11.8, which gener-
ally meets thermodynamic expectation from Fig. 1.

Four measurements of FeS solubility within the range
of FeS stability gave an average concentration of 5.68 x
10-* mole fraction FeS. From these measurements, the ac-
tivity coefficient of FeS in fused Na,SO, is estimated to
be 180. According to Fig. 1, at very low oxygen pressures,
Fe,0, can experience acidic dissolution as soluble FeS.
The dissolution reaction should be

13
Fe,0, + 3Na,SO, = 3FeS + 3Na,0 + —- 0,  [14]

From Eq. [14], the dependences of Fe,0, solubility as sol-
uble FeS upon the melt basicity and P, can be derived as
follows

d(log ayes)
_édogars) _ 15
(=108 ayay0) o)
and
d(log ayes) _ 13
a(log P, N 6 el

This model for Fe,O, dissolution at low P,,, as well as the
FeS activity coefficient, was proved by the three Fe,O,
solubility data points in Fig. 4, which were measured at
3.5 x 10-" atm oxygen (log P,,, = —11.46) for three differ-
ent basicities. As seen in Fig. 4, the two acidic solubility
measurements agree exactly with those calculated using
the measured activity coefficient for FeS and Eq. [15] and
[16]. The other point fits the calculated line for basic
solubility.

Based on an assumption of constant activity coeffi-
cients from these measurements in combination with the
previous work (5), the solubilities of the iron oxides,
a-Fe,0, and Fe,0, in fused Na,SO, were calculated for
wide ranges of P,, and melt basicity, as shown in Fig. 4.
In the construction of Fig. 4, the activity coefficient of
soluble NaFeO, was chosen to be 430, the average of the
values estimated from the previous study and this work.
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Fig. 4. Measured and calculated solubilities of a-Fe,0, and Fe,O, in
fused Na,SO, at 1200 K.

In Fig. 4, the solid lines represent the measured depend-
encies of solubilities upon the melt basicity at certain P,,,,
while the dashed lines are calculated values. For a
specific log P, value (indicated on the lines), each solu-
bility curve is composed of two segments: the left seg-
ment for basic dissolution, and the right for acidic disso-
lution. In Fig. 4, the basic solubility decreases with
decreasing P,,,, except for P, equal to or higher than 1.24
X 10-7 atm, whereas the acidic solubility increases with
decreasing P, The melt basicity corresponding to the
solubility minimum- moves to a more basic value with a
decrease in P,,. The only basic solute species of a-Fe,O,
and Fe,0, is FeO,~ (dissolved NaFeO,), regardless of the
P,,. The principal acidic solute of «-Fe,0, is either Fe*
[dissolved Fe(SO0,), ;] or Fe*' (dissolved FeSO,), depending
upon both the P, and melt basicity. Although the acidic
solute for Fe,O, is only Fe*, it can be described in terms
of either dissolved FeSO, or else dissolved FeS, de-
pending on the P,,. In Fig. 4, the acidic solubility lines for
Fe,0, at P, higher than about 10-* atm represent the con-
centrations of dissolved FeSO, in Na,SO,, while the solu-
bility lines at P, lower than about 10-'* atm represent the
concentrations of dissolved FeS in Na,SO,. Between
these two values for P,,,, both solutes are significant.

Figure 4 should be important in understanding the iron
oxide fluxing mechanism in the hot corrosion of iron. As
an example, consider a piece of iron covered by molten
Na,S0,, with a log ay,,, value in the acidic melt of log
Qnayo = —13, with 10" atm oxygen in the gas phase. At the
oxide/melt interface, P,,, should be much lower than 10-'
atm resulting from the SO,- or O,-diffusion limited oxida-
tion of iron, say, 10~* atm. The stable oxide phase at this
interface is then Fe,0,, and the solute species is Fe*'. Ac-
cording to Fig. 4, the solubility of Fe,O, at the oxide/melt
interface is much higher than that at the melt/gas inter-
face for log ay,,, = —13. Therefore, the migration of Fe*:
ions from the oxide/melt interface to the melt/gas inter-
face results in their oxidation to form Fe,O, with a lower
solubility

1
2Fe* +2 0%~ + -5 0, = Fe,0, [17]

and the Fe,O, may precipitate near the melt/gas interface
as porous particles. In this case, the Rapp and Goto crite-
rion (10)
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(18]

( d [Solubility of oxide] ) <0
dx r=0

is satisfied. In such a way, hot corrosion continues as the
protective Fe,O, scale is dissolved. This model was used
by Luthra to interpret the low temperature hot corrosion
of cobalt-base alloys (11).

It is useful to identify each of the predominant solute
species in the Na,SO,-iron oxide system, as shown in Fig.
5. The regimes in P,,, and melt basicity where «-Fe,O, and
Fe,0, are stable in Na,SO, are separated by dashed lines
into four sectors where different solute species are domi-
nant. The dashed lines denote points of equal solute con-
centrations (not activities) and therefore possess uncer-
tainties relating back to the solute activity coefficients.
The predominance plot may be helpful in the evaluation
of the electrochemical reactions in the Na,SO,-iron oxide
system.

Conclusions
From the solubility measurements and their discussion,
the following conclusions can be drawn.
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1. The basic solutes of a-Fe,0, and Fe,O, in fused
Na,SO, at 1200 K are FeO,~ ions while the acidic solutes
are either Fe* or Fe*', depending upon the P,, and the
melt basicity.

2. The activity coefficient for the basic solute NaFeO,
in molten Na,SO, at 1200 K was estimated to be 430, and
those for Fe(SO,), ;, FeS, and FeSO, are 3.6 x 10" (5), 180,
and 0.83, respectively.

3. The solubility measurements and calculations may
assist in understanding any fluxing mechanism for the
hot corrosion of iron, and may aid in the interpretation of
electrochemical studies for the Na,SO,-iron oxide system.
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Destabilization of Yttria-Stabilized Zirconia Induced by Molten
Sodium Vanadate-Sodium Sulfate Melts

A. S. Nagelberg*

Sandia National Laboratories, Livermore, California 94550

ABSTRACT

The extent of surface destabilization of ZrO,-8 weight percent Y,0, ceramic disks was determined after exposure to
molten salt mixtures of sodium sulfate containing up to 15 mole percent sodium metavanadate (NaVO,) at 1173 K. The
ceramic surface was observed to transform from the cubic/tetragonal to the monoclinic phase, concurrent with chemical
changes in the molten salt layer in contact with the ceramic. Significant attack rates were observed in both sodium sul-
fate and sodium metavanadate-sulfate melts in the presence of sulfur trioxide. The rate of attack was found to be quite
sensitive to the mole fraction of vanadate in the molten salt solution and the partial pressure of sulfur trioxide (1 x 10—*
to 1 x 10-* atm) in equilibrium with the salt melt. The observed approximately parabolic rate of attack was interpreted
to be caused by a reaction controlled by diffusion in the salt that penetrated into the porous layer formed by the
destabilization. The parabolic rate constant in mixed sodium metavanadate-sodium sulfate melts was found to be pro-
portional to the SO, partial pressure and the square of the metavanadate concentration.

Operating temperatures of today’s gas turbines are lim-
ited by the high temperature mechanical properties of the
nickel- and cobalt-based superalloys used for rotating
components and by the high temperature corrosion of the
metallic coatings on these components. The use of insu-
lating surface layers on critical combustion turbine com-
ponents is expected to allow higher gas turbine inlet tem-
peratures, thus increasing operating efficiencies.

A thin insulating surface layer is provided by a thermal
barrier coating that reduces the underlying metal surface
temperature by as much as 150 K and provides a barrier
to the ingress of corrosive species from the gas phase. Im-
proved component reliability can be achieved by this re-
duction in operating temperature. Alternatively, in-
creased gas turbine operating efficiencies are possible
since higher inlet gas temperatures can be tolerated.

Several ceramics have been proposed for use as thermal
barrier coatings, including Y,0,- and MgO-stabilized zir-
conia, MgO, and CaSiO, (1-3). Of these ceramics, zirconia-
based ceramics containing 6-12 weight percent (w/o) Y,O,
showed superior resistance to cracking and spallation in
laboratory tests (1, 3). Clean fuel burner rig tests have
shown extended lifetimes. Unfortunately, burner rig tests
using sodium or vanadium containing fuels show much
shorter ceramic coating lifetimes. Levine (3) reported life-
times in excess of 10,000 cycles when burning clean fuels.
In contrast, when 5 ppm of sodium and 2 ppm vanadium
were added to the fuel, lifetimes were less than 100 cycles.
The shorter lifetimes have been attributed to chemical at-
tack by fuel impurities and to destabilization of the
zirconia-based coating and/or condensation of high
thermal expansion phases in the coating pores (1, 3-6).

Zirconia ceramics are partially or totally stabilized by
the addition of oxides such as MgO, CaO, and Y,0,. Stabi-
lization refers to the retention of the cubic or tetragonal
phases at temperatures at which the monoclinic phase
would normally occur in pure ZrO,. This stabilization is
crucial to coating adherence, since the transformation
from tetragonal to monoclinic structure involves a large
volume change (~9%) (7). Even though the monoclinic
phase is predicted to form at lower temperatures for the
stabilized compositions, the slow kinetics of the transfor-
mations allow retention of the tetragonal or cubic phases
at room temperature. The phase diagram (8) shows that
the monoclinic structure is favored at lower temperatures
and at lower concentrations of stabilizing oxide.

The zirconia-based ceramics proposed for thermal bar-
rier coatings (6-12 w/o yttria) are found from the phase di-
agram to be in a two-phase region containing tetragonal
and cubic phases at typical turbine operating tempera-
tures (1073-1373 K). As long as coatings remain in either
of these two structures, cracking and spallation associ-
ated with the tetragonal to monoclinic phase transition
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will not occur. However, if the yttria content is reduced
slightly, the tetragonal to monoclinic transition will occur
upon cooling.

During operation of gas turbines, impurities in the fuel
and ingested air are known to lead to the formation of
molten surface deposits. The presence of vanadium in the
combustion exhaust gases can significantly affect the
composition and temperature stability range of the liquid
surface deposit. Luthra and Spacil (9) estimated that, for a
fuel containing 30 ppm vanadium and 2 ppm sodium, the
NaVO, + V,0; content of the condensate at 1173 K would
be nearly 80 mole percent (m/o). For these conditions, a
liquid condensate would be stable from 879 to 1279 K. Al-
though these impurity levels are high for presently used
clean fuels, numerous gas turbine users have considered
using fuels such as residual oils which contain signifi-
cantly increased impurity levels. For a fuel with only 2-4
ppm vanadium, the calculated NaVO, + V,0, content of
the condensate is 3-15 m/o, respectively. It is thus reason-
able to expect that ceramic-coated turbine components
may be exposed to salt films containing high vanadium
contents (10).

Sodium sulfate in the presence of a sulfur trioxide con-
taining environment has been found to induce destabili-
zation of yttria-stabilized zirconia ceramics (5). The
destabilization was attributed to the acidic leaching of yt-
tria from the ceramic substrate. Hamilton and Nagelberg
(11, 12) have used Raman spectroscopy to study the phase
transformations of stabilized zirconia induced by expo-
sure to molten salt solutions containing sodium metavan-
adate. They found that the surface attack is very rapid
and strongly depended on the metavanadate concentra-
tion during exposures in air at 1173 K.

In this study, we have measured the destabilization of
the surface of ZrO,-8 w/o Y,0, ceramics exposed to mol-
ten sodium sulfate and sodium metavanadate-sulfate
melts in oxygen-sulfur dioxide-sulfur trioxide atmo-
spheres at 1173 K.

Experimental

High density (greater than 96% of theoretical density)
ZrO, disks containing 8 w/o Y,0, were obtained from
Corning Glass Works, Zircoa Division. Sodium metavana-
date (NaVO,) was obtained from Cerac Pure, Incorpora-
ted, and sodium sulfate anhydrous from Baker, Incorpo-
rated.

Yttria-stabilized zirconia ceramics were exposed to mol-
ten salt mixtures containing 0.2, 2.0, 3.9, and 7.7 m/o so-
dium vanadate in sodium sulfate at 1173 K. Master melts
were prepared by melting premixed powders at 1223 K
and crushing the solidified salt melt to obtain a uniform
composition. Such prepared powders were used to fill 1
ml platinum crucibles in which the 1 ¢cm diam stabilized
zirconia disks were immersed during exposure. Initial

2502



Vol. 132, No. 10

melting and ceramic introduction to the salt was done in
air. In no case were the immersed ceramics at tempera-
ture for more than 5 min during this stage. For experi-
ments using a sulfur dioxide-sulfur trioxide containing at-
mosphere, the platinum crucibles containing the
ceramics were then suspended in a quartz reaction tube
in a cold end of the tube under an argon atmosphere.
Once the furnace had reached the reaction temperature,
the platinum crucibles were inserted into the constant
temperature zone of the furnace and the oxygen-sulfur
dioxide-sulfur trioxide exposure gas composition intro-
duced. The initial gas mixtures and final equilibrium
compositions are given in Table I. The gas mixtures were
obtained by mixing either SO, or a 1% SO, in O, mixture
with O, before passing the gas over a bed of platinum
mesh at 1173 K in a precatalyst furnace. A small piece of
platinum mesh was also positioned below the salt cruci-
bles in the reaction tube. Exposures were for times up to
500h for sodium metavanadate-sulfate melts and 1600h
for pure sodium sulfate melts. For air exposures, the plat-
inum crucibles were placed in a muffle furnace at 1173 K.
After exposure, the ceramic disks were removed from the
salts by immersion in distilled water. The washed ceram-
ics were subsequently metallographically mounted and
polished for examination by optical microscopy, scanning
electron microscopy, and electron microprobe analysis.

The solutions containing the dissolved salts were ana-
lyzed for elements contained in the salts and original ce-
ramics by atomic absorption and ICP techniques.

Results

Exposure of stabilized zirconia ceramics to a pure so-
dium sulfate melt at 1173 K in a 1% SO, in O, environ-
ment resulted in a measurable surface destabilization.
After 380h, the transformed layer is approximately 40 um
thick. Longer salt exposure showed the monoclinic layer
thickness was closely approximated by parabolic growth
kinetics, as shown in Fig. 1.

The surface destabilization rate was observed to in-
crease upon the introduction of sodium metavanadate to
the salt melt for all the exposures examined. Except for
the lowest metavanadate concentration used (0.2 m/o0), the
increase in the extent of destabilization was dramatic.
Figure 2 shows that yttria-stabilized zirconia exposure to
a molten salt solution containing 2.0 m/o sodium meta-
vanadate in sodium sulfate at 1173 K in an initially 1.0%
SO, in O, atmosphere resulted in formation of an approxi-
mately 50 um surface layer after 24h. The surface layer
formed is identified in the photomicrograph by the in-
creased porosity in the ceramic near the surface. Not very
apparent in Fig. 2 is a slight preferential attack of the ce-
ramic along grain boundaries. On several samples exam-
ined, a slightly uneven reaction front was observed with
the center of grains near the reaction front not appearing
as porous as the grain periphery. A more pronounced
grain boundary attack was observed by Nagelberg (12) for
the molten vanadate attack of magnesia-stabilized zirco-
nia ceramics.

Electron microprobe analysis showed the high porosity
region to be depleted in yttrium compared to the bulk ce-
ramic. The surface layer was determined to contain ap-
proximately 1 w/o yttrium throughout with no observable
concentration gradient except for the center of a few
grains near the reaction front. The yttrium concentration
in the bulk crystal was 8 w/o, as was expected from the in-
itial composition, and again no observable concentration

Table I. Exposure environment composition

Initial gas
composition (%) Equilibrium composition at 1173 K (%)
0, SO

4 ] : g

90 10 90 .7 24
99 1 99 0.76 0.24
99.9 0.1 99.9 7.6 x 10~ 2.5 x 102
99.985 0.015 99.99 1.1 x 102 3.7 x 10~
1 99 0.25 97 0.15
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Fig. 1. Transformed layer thickness as a function of the square root
of time for Zr0,-8% Y,0, exposed to Na,SO, at 1173 K in a 1% SO,
in O, atmosphere.

gradient was observed in the region in proximity to the
surface layer.

As expected, chemical analysis of the wash solutions in-
dicated that no zirconium was dissolved in the salt during
exposure to the molten salts. The observed dissolved yt-
trium levels correlated well with the extent of yttrium re-
moval from the ceramic.

The time dependence of the thickness of the yttrium-
depleted surface layer for metavanadate concentrations of
0.2, 2.0, and 3.9 m/o are shown in Fig. 3 as a function of
the square root of time after exposure to a 1.0% SO, in O,
atmosphere at 1173 K. Similar to destabilization induced
by a pure sodium sulfate salt in the presence of sulfur tri-
oxide, an approximately parabolic time dependence ap-
pears to be approximately followed for all three vanadate
concentrations in the molten salt. The measured para-
bolic rate constants are given in Table II. Also listed in
Table II is a parabolic rate constant for a sodium meta-
vanadate concentration of 1.0 m/o. This value was ob-
tained by assuming parabolic kinetics and a single mea-
sured value of the monoclinic layer thickness after a 164h
exposure to 1% SO, in O, atmosphere. The monoclinic
layer thickness does indicate a deviation from parabolic
behavior toward linear kinetics at longer times.

Variation of the sulfur dioxide (and thus sulfur trioxide)
content of the atmosphere above the salt melts was found
to cause significant changes in the extent of destabiliza-
tion of the ceramics. For an atmosphere initially con-

1173 K 1% SO, in 0,

452 hr

Fig. 2. Photomicrographs of ZrO,-8 w/o Y,0, exposed at 1173 K to
a 1% SO, in O, atmosphere for various times.
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Fig. 3. Transformed layer thickness as a function of the square root
of time for Zr0,-8% Y,0, exposed to NaVO,-Na,SO, melts at 1173 K
in a 1% SO, in O, atmosphere.

taining 0.1% SO, in O, (Py,, = 2.5 x 10~*) and 2.0% meta-
vanadate, the transformed layer was approximately 15 um
thick after 24h. In contrast, an environment initially con-
taining 10% SO, in O, (Py,, = 2.4 x 10~ results in a 200
um thick layer in the same time. Results for three vana-
date concentrations after a 24h exposure to various partial
pressures of SO, at 1173 K are given in Fig. 4. The slope of
all the lines drawn in Fig. 4 is 1/2.

Using the parabolic rate constants given in Table II, the
metavanadate compositional dependence in the presence
of an environment containing 0.0025 atm SO, is plotted in
Fig. 5. The measured parabolic rate constant for expo-
sures to a pure sodium sulfate melt under the same SO,
partial pressure is also given for comparison as the filled
triangle. Except for the parabolic rate constant for the
lowest metavanadate concentration (0.2 m/o), the mea-
sured rate constants are fitted well by a line with a slope
of 2.

Discussion

Hamilton and Nagelberg (13) have reported the rapid at-
tack of yttria-stabilized zirconia by both pure metavana-
date melts and mixed sulfate-metavanadate melts at
1173 K in air. From their salt exposures in air, it was es-
tablished that the formation of a surface monoclinic layer
occurred due to the acidic leaching of yttrium from the
stabilized zirconia ceramic to form a Y'* salt soluble spe-
cies. From the phase diagram, it can be seen that the re-
moval of yttrium results in a phase transformation to the
monoclinic structure. Associated with the removal of yt-
trium, an increase in the pyrovanadate content of the salt
was also observed. A similar reaction process is believed
to be occurring in the presence of an SO,-SO,-O, atmo-
sphere. As would be expected from their results, the mon-
oclinic ceramic surface layers observed in this study were
depleted in yttrium uniformly throughout the layer. In
addition, the salt was found to contain significant quanti-
ties of dissolved yttrium but no zirconium.

The attack rates measured in SO,-SO, containing atmo-
spheres are a factor of 100-1000 faster than were reported
for vanadate-sulfate melts exposed to air. Figure 6 com-

Table Il. Parabolic rate constants
(Pso, = 2.4 X 10-7)

NaVO, concentration Parabolic rate constant
(

m/o) (cm?s)
0.0 1 x10-"
0.2 1 x10-"
1.0 1.7 x 10—
2.0 54 x 10—
3.9 1.5 x 10-*

Vanadate Conc.
A 0%

X 2%

0 3%

Monoclinic Layer Thickness ( um )

0.001 0.01 0.1
P
so,

0.0001

Fig. 4. Transformed layer thickness as a function of partial pressure
SO, for Zr0,-8% Y,0, exposed to Na,SO, at 1173 K.

pares the morphology of the scales formed in air with the
destabilized surface layer formed in the presence of an
equilibrated 99% SO,-1% O, atmosphere at 1173 K. The
monoclinic surface layers formed in both air and SO,-
S0,-0, containing atmospheres were found to be ex-
tremely porous, as can be seen in Fig. 6. The only differ-
ence between the different salt exposures was the extent
of attack.

Similar to the observations of Barkalow and Pettit (5),
yttrium leaching from the ceramic was found to occur in
the presence of sodium sulfate alone. The addition of so-
dium metavanadate was found to significantly enhance
the rate of formation of a monoclinic surface layer. Since
the experimental melts were buffered with respect to the
sulfur trioxide partial pressure, it is assumed here that
two similar yet different mechanisms are active in the
mixed sulfate-vanadate melts.

In pure sodium sulfate melts, a possible dissolution
mechanism for Y,0, dissolved in the ZrO, [first proposed
by Barkalow and Pettit (5)] is the acidic leaching of yttria
given by

Y.0, + 380, = 2Y"* + 350, 1]
or considering the existence of the pyrosulfate ion
Y,0, + 38,0, = 2Y" + 6SO,-* (2]

In either case, the reaction strongly depends on the sulfur
trioxide partial pressure. Jones et al. (14) have determined

10

1% S0, in O,

N
BN

Parabolic Rate Constant ( cm?/sec )

107
] yd
10"1:<—i 4
E )/
ol 7
0.01 y " T ' I”rr?o

0.1 1
Percent NaVO; in Na,SO,

Fig. 5. Parabolic rate constant as a function of the NaVO, concen-
tration for ZrO,-8% Y,0, exposed to Na,SO, at 1173 K in a 1% SO,
in O, atmosphere.
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Zr0, - 8 wt% Y,0,

900°C 24 hr.

Exposure:

2 mol% Na,V,0, in Na,SO,

93% SO, 5% SO; 2% 0,

Fig. 6. Photomicrographs of ZrO,-8 w/o Y,0, exposed at 1173 K for
24h.

éxposed td

the minimum SO, partial pressure to cause sulfation of
pure yttria as approximately 2.5 x 10~ atm at 1173 K. The
partial pressures utilized in this study are easily in excess
of this value. These authors also noted an increased
sulfation rate of the yttria in the presence of Na,SO,.

For salt melts containing sodium sulfate, a SO,-SO,-O,
atmosphere determines the partial pressure of sulfur tri-
oxide and thus the sodium oxide activity of the melt by
Eq. 3]

Na,SO, = Na,0 + SO, 3]
k, = aNilz(IPhﬂ:g/a,\'ug.\(u [4]

In the absence of a sulfur dioxide-sulfur trioxide-oxygen
containing cover gas the Na,O activity of the salt melt is
undefined and is not regulated. Thus, the sodium salt
will decompose sufficiently to obtain local thermody-
namic equilibrium, making the melt increasingly basic
(high activities of Na,0) during exposure to a flowing gas
stream.

When considering mixed sodium metavanadate-sodium
sulfate melts, the sodium oxide activity of the molten salt
in turn affects the activity of V,0; by Eq. [5]

Na,O + V,0, = 2NaVO, [5]
Kz = Gavoy ByasoOvsig= (6]
Combining Eq. [3] and [5]
Na,SO, + V,0, = 2NaVO, + SO, M
ks = Qyavoy Progd Qxansos@vaos (8]

Thus it is found that the V,0, activity is proportional to
the partial pressure of sulfur trioxide and the square of
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the sodium metavanadate concentration as NaVO,, when
it is assumed that the sodium sulfate activity and activity
coefficient for the metavanadate are constant. The
change in sodium sulfate concentration from 99.8 to 94%
represents only a minor variation in comparison to the
change in metavanadate concentration. Therefore, it is
possible that the dissolution mechanism in metavana-
date-sulfate melts is given by

Y,0,(Zr0,) + V,0,(Na,S0,) = 2Y'* + 2VO,~  [9]

Even though Eq. [7] implies that the sodium sulfate activ-
ity and sulfur trioxide partial pressure can be influenced
by the presence of metavanadate, we believe the mecha-
nism given by Eq. [9] predominates in vanadate con-
taining melts. Sodium sulfate is expected to behave ide-
ally over the range of metavanadate concentrations
utilized and thus varies by approximately 8%. The V,0O;
activity of the molten salts will be modified to a very lim-
ited extent by volatilization of V,0, since the vapor pres-
sure at 1173 K is close to 10—* atm. Thus the SO, partial
pressure and the sodium metavanate concentration will
have the prime influence on the V,0; activity of the melt.

The parabolic rate constant for a diffusion-controlled
process relates the square of the reaction layer thickness
to the exposure time. In addition, for a diffusion-con-
trolled process it is found that the parabolic rate constant
is proportional to the diffusion coefficient of the rate-
controlling species through an increasingly thickening re-
action layer. Both Fig. 1 and 3 showed that the formation
of a monoclinic surface layer can be approximately fitted
to such a parabolic growth rate.

The measured parabolic rate constants given in Table II
are larger than would be expected from a process con-
trolled by cationic diffusion in the ceramic. Extrapolation
of the cationic diffusion coefficients in ZrO, measured at
higher temperatures, 1700-2100 K, give a value of D, at
1173 K of approximately 5 x 10~*" cra¥s or more than ten
orders of magnitude smaller than the measured rate con-
stants. In addition, the large sulfur trioxide and metavan-
adate concentration effects are difficult to reconcile with
a cationic diffusion-controlled rate.

The monoclinic reaction layer formed is found in all
cases to be very porous. For the structural conversion of
the tetragonal structure to the monoclinic phase with no
change in composition a net volume increase is expected
(7). The observed decrease in volume of the monoclinic
layer and thus the porosity can be explained by variations
in the lattice parameters of the tetragonal and monoclinic
phases with composition (15) and the dissolution of yttria
in the molten salts. Using the lattice parameters given by
Scott (15) for the tetragonal and monoclinic structures
and an assumed depletion of yttria from 8 to 1 w/o, a net
shrinkage of approximately 4% is expected.

Since the reaction layer forming is a porous outer mon-
oclinic layer and no yttrium concentration gradient was
observed, it would be reasonable to expect that the diffu-
sion of S,0,~* and V,0; through the porous channels of
this layer was the rate-controlling species for sulfate and
metavanadate-sulfate melts, respectively. Since approxi-
mately parabolic kinetics are followed, it must be as-
sumed that the pore structure is relatively uniform
throughout and thus the porous layer exhibits a nearly
constant permeability.

Even though the time-dependent formation of a mono-
clinic reaction layer is closely fitted by a parabolic rate
relationship, a small upward deviation from the square
root of time dependence was observed at very long times.
Haycock (16) has reported that this deviation toward a lin-
ear reaction rate can be due to the formation of a surface
layer with a diffusivity increased above the rest of the re-
action layer. The reaction product of the leaching reaction
is soluble in the molten salts and is not expected to lead
to clogging of the product layer porosity. As the transfor-
mation to the monoclinic structure progresses to comple-
tion, it is not unexpected that the size of the pores in-
creases. No increased porosity at the outer regions is
apparent in the micrographs. However, the deviation
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from parabolic behavior is small and the increased poros-
ity to induce such an effect would be difficult to observe.
This deviation implies that, at exposure times signifi-
cantly longer than those reported here, the rate of
destabilization may be influenced by the formation of an
outer porous reaction layer and make extrapolation of
rates to longer times difficult.

For both sulfate and vanadate-sulfate melts, the above
analysis indicates that the parabolic rate constant is
strongly dependent on the SO, partial pressure. In the
presence of sodium vanadate, Eq. [8] predicts a linear de-
pendence of the rate of growth of the monoclinic layer
with the SO, partial pressure. The parabolic rate constant
is proportional to the scale thickness squared at any given
time. Thus, the square root dependence of the monoclinic
layer thickness after a fixed time exposure of 24h, shown
in Fig. 4, indicates that a linear sulfur trioxide depen-
dence of the parabolic rate constant is followed (twice the
exponent of the dependence of the layer thickness on the
partial pressure of SO,).

Furthermore, for vanadate containing salts, it is ex-
pected from Eq. [7] and [9] that the parabolic rate con-
stant is proportional to the vanadate concentration
squared. Figure 5 shows that this metavanadate concen-
tration dependence was also observed.

Comparison of the measured attack rate in a pure so-
dium sulfate melt and the 0.2% metavanadate melt show
the two rates to be approximately identical. It thus must
be assumed that the contribution of the metavanadate to
the attack rate at these low concentrations is small and
that the destabilization rate is essentially due to the reac-
tion given by Eq. [1]. The dependence on metavanadate
concentration squared implied by Eq. [8] would predict in
association with the parabolic rate constants measured
for higher metavanadate contents a parabolic rate con-
stant for the 0.2 m/o metavanadate salt melt of approxi-
mately 5 x 10-'2, or half the experimentally measured
value. This predicted value from the higher vanadate con-
centration measurements and the proposed composi-
tional dependence of the vanadate-induced corrosion rate
constant is larger than calculated by simply subtracting
the parabolic rate constant measured in pure sulfate melt
from the observed value. Nevertheless, the discrepancy is
within the experimental scatter of the measurement.

The observed molten salt attack rate dependence on
vanadate concentration and sulfur trioxide partial pres-
sure strongly favors a reaction mechanism in which diffu-
sion of V,0; in the salt within the pores of the monoclinic
layer is rate controlling. Associated with this mechanism
would be an absence of a yttrium concentration gradient
within the monoclinic product layer. Microprobe results
support this conclusion, with the exception of the limited
regions in which the center of the ceramic grains near the
monoclinic tetragonal interface are untransformed. Even
for this case there is no observed gradient in the mono-
clinic phase. It is felt that this is solely because of a
slightly more rapid intrusion of and attack by the molten
salt along the grain boundaries and pore surfaces. The ob-
served absence of either sodium or vanadium in the inter-
nal pores of the ceramics by the electron microprobe is
due to the experimental procedure of dissolving the salt
in water to remove the ceramics from the salt melts.

The most extensive surface transformation found in
this study or by Hamilton and Nagelberg (13) was for the
exposures to the SO,-SO, containing atmospheres. Com-
parison of monoclinic layer thickness formed in air with
those formed in SO,-SO, containing atmospheres show a
dramatic change in the rate of leaching yttrium from the
ceramics. Air exposure to a 2% NaVO, salt melt for 24h re-
sulted in the formation of a transformed layer approxi-
mately 1.5 um thick, while exposure to the same salt in a
1% SO, in O, atmosphere results in the formation of an
~50 um thick monoclinic layer. If the square root depen-
dence of layer thickness (and thus linear dependence of
parabolic rate constant) on the SO, partial pressure holds
over extended variations in partial pressure, corrosive at-
tack in an air atmosphere over a 24h period is equivalent
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to exposure to an atmosphere containing a SO, partial
pressure of approximately 2 x 10-% atm.

The formation of a porous monoclinic reaction layer
implies a process that does not simply involve the re-
moval of yttrium from the stabilized zirconia ceramics
since the density of the monoclinic product phase (5.56
g/lem?) (7) is slightly lower than the original tetragonal
phase (~5.7 g/cm?®). Even though a net expansion is ex-
pected when the density alone is considered, the signifi-
cant leaching of yttrium from the ceramic (6-7 w/o) leads
to a shrinkage of the ceramic within the reacted layer.
Michalske (17) has observed that the transformation of
tetragonal zirconia in molten silicates occurs by a
dissolution-precipitation reaction. It was found that the
tetragonal phase has a higher solubility in the molten salt
and first dissolves before the monoclinic phase precipi-
tates. Although no evidence for high solubilities of zirco-
nia in the sulfates was found in this study, a similar pro-
cess may be occurring in the molten sulfate-vanadate
melts and represents a mechanism by which the highly
porous reaction layer forms.

Conclusions

The sodium vanadate enhanced surface destabilization
of yttria-stabilized zirconia occurs by a leaching of yt-
trium from the ceramic. Analysis of the molten salts indi-
cated that yttrium alone was being leached from the ce-
ramic. The removal of yttrium from the ceramic surface
results in a phase transformation from the tetragonal
structure to monoclinic structure. The monoclinic surface
layer is observed in micrographs as a highly porous
region.

The extent of transformation approximately increased
with the square root of time and is believed to be con-
trolled by a diffusion process. At long times, deviation
from parabolic kinetics was observed and is believed due
to the formation of an increasingly porous outer mono-
clinic layer. The measured parabolic rate constant was
linearly dependent on the SO, partial pressure of the at-
mosphere in equilibrium with the molten salt melt. In ad-
dition, the parabolic kinetics for the growth of a mono-
clinic surface layer as found to be dependent on the
sodium vanadate (NaVO,) concentration of the salts.
Since no concentration gradient was observed and a
strong reaction rate dependence on the melt thermochemistry
was observed, it is believed that the diffusion process
controlling the observed reaction rate was diffusion of
S,0,~ (in pure sulfate melts) or both S,0;~* and V,0; (in
mixed metavanadate-sulfate salt melts) through the salt
penetrating the porous monoclinic surface layer.
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Cathodoluminescent Properties of Evaporated ZnS:Mn Films in the
2-6 kV Acceleration Voltage Range
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ABSTRACT

Evaporated thin films of ZnS:Mn as used for yellow light emitting electroluminescent displays were analyzed with
respect to their cathodoluminescent properties in the 2-6 kV acceleration voltage range. In these films, the light output
normal to the film plane is 10-20 times lower than in yellow emitting powder phosphors. This result is explained in
terms of light piping in the plane-parallel thin film structure as well as in a specific saturation process occurring at high
excitation. Suitable measures to suppress the light piping could probably provide a technically useful high resolution

CRT thin film faceplate.

Evaporated thin films of manganese-doped ZnS consti-
tute the light emitting layers in ac-addressed electro-
luminescent displays. Scientific and industrial interest in
these matrix displays is growing. [For a comprehensive
review, see, e.g., Ref. (1).] Whereas highest luminance has
been achieved with displays of the refresh type (2), an in-
herent memory and accordingly storage capability of the
ZnS:Mn films fabricated under special preparational
conditions have been discovered (3, 4). It was demon-
strated that such panels can be addressed by electron
beams and thus constitute the faceplate of a new type of
storage CRT’s (5, 6).

We were interested in finding out the suitability of
evaporated thin ZnS:Mn films for high resolution, lower
voltage CRT’s without any additional storage features.
Only little has been published on the cathodoluminescent
properties of these films in the acceleration voltage range
between 2 and 6 kV. This voltage range roughly corre-
sponds to a complete penetration of the electrons through
the films used. (Film thickness usually was less than 1
«m.) Some exploratory experiments on the cathodolumi-
nescent properties of ZnS:Mn films evaporated on glass
will be reported here.

Sample Preparation and Characterization

The samples available for the cathodoluminescent in-
vestigations were prepared by electron-beam evaporation.
Mn incorporation into the ZnS film was achieved either
by evaporating a Mn-doped hot-pressed ZnS pellet or by
using a double-source system with separated ZnS and Mn
sources. Substrate heating was performed by two 1000W
quartz radiators placed in front of the samples.

Figure 1 illustrates the influence of the substrate tem-
perature on the thickness of the film obtained at process
times of equal length. One can extrapolate that in the
evaporation chamber used no ZnS growth could be ob-

tained at substrate temperatures above = 300°C. The tem-
perature was measured by a specially attached and
gauged bimetal which could rotate together with the
sample during the deposition process. It is interesting to
note that the initial growth rate at a given substrate tem-
perature is not constant. The growth rate increases with
increasing film thickness and attains a (temperature-
dependent) constant value only at a film thickness t >
200 nm. In other words, the growth rate in the very fine
grained initial layer, which we have visualized by cross-
sectional TEM analysis (7), is lower than in film regions,

d [nm]
800 1
600 1
400 1
200 1 !
\
\

0 : : : _
0 100 200 300 T [OCI
Fig. 1. Dependence of ZnS:Mn film thickness on substrate tempera-
ture T (at constant deposition duration, t = 1000s, and at constant
evaporation rate).
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where we observed the development of nicely shaped
conical or columnar grains.

In Ref. (7), the Mn depth distribution in the bulk of our
thin film samples was shown to be depending on
preparational conditions. Additionally, we examined the
photoluminescence intensity distribution emerging from
the surface of the sample in normal direction with high
spatial resolution. The luminescence observed was ex-
cited by the 488 nm line of an Ar laser and corresponds to
the well-known “‘T,-®A, transition between the crystal
field levels of the Mn?' ions, peaking at 585 nm at room
temperature. The observed photoluminescence intensity
normal to the surface was homogeneously distributed, in-
dicating a correspondingly homogeneous distribution of
Mn within the plane of the film. This result is important
for the assessment of the cathodoluminescence intensity
distribution.

Cathodoluminescence Apparatus

The specially prepared demountable cathodolumines-
cence (CL) apparatus is shown in Fig. 2. The rotatable
sample holder carries 14 samples (25 x 25 mm?) and a cur-
rent registration station which allows measurement of the
incident electron-beam current with neglectable losses.
The inner wall surface area of this current registration
box is 460 times larger than the slit aperture area and ex-
hibits a structure which minimizes the escape probability
of backscattered electrons of the incident beam to less
than 1%. This is very important in the energy range be-
tween 2 and 6 kV, where the coefficients for reflection
and secondary emission of electrons are strongly depen-
dent on material and voltage. The forward and backward
CL light emission of the samples is caught by suitably
arranged lightguides and registered by a calibrated
photodiode.

For the measurement of fast dynamical effects we used
a calibrated photomultiplier whose circuitry had response
times below 50 ns. The range of electron penetration d
into any material is defined by its specific properties
and the kinetic energy of the electrons. An empirical for-
mula for ZnS is given in Ref. (8)

dyns = 2.83 x 102 x U? 1

where d is in micrometers and U is in kilovolts. For the
range of interest, this formula yields the following table
for penetration depths d,,s of the electrons

1 Lightguide 1

Measuring head 1
Sample Sample holder
L8

Slit H

|

I Lightguide 2
I %\

|

|

|

I

|

/—Musuring head 2

Electron beam ‘1 lLfCathodnglow light

— Vacuum —

Fig. 2. Measuring system for cathodoluminescent light in forward
and backward direction.
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U (kV) dzas (wm)

0.11
0.26
0.45
0.71
1.02

DO W

Luminance vs. Accelerating Voltage, Current Density,
and Average Power

Figure 3 shows the cathodoluminescence intensity of
ZnS:Mn films vs. the acceleration voltage of the elec-
trons. The arrows indicate the voltage value which is
sufficient for a complete penetration of the film accord-
ing to the above formula (1). The cathodoluminescence
intensity tends to saturate at voltages above this value.
The saturation is a true bulk saturation and not due to
charging effects. This is evidenced by sample 2, which
has been prepared under equal conditions but addition-
ally covered with a 30 nm Al film to ensure proper
grounding of the film. The achievable saturation lumi-
nance increases with increasing substrate temperature
during deposition. In Ref. (9) we have established a corre-
lation between substrate temperature, grain size, and nor-
malized cathodo- and photoluminescence intensities.

The current density dependence of the CL emission
was measured in a pulsed mode with a 50 Hz repetition
rate. We choose two different ways of excitation variation.
Either the amount of charge per pulse was increased at
constant pulse duration (amplitude modulation) or the
pulse duration was varied, keeping AQ/At constant (pulse
length modulation). In Fig. 4, we plot the obtained lumi-
nance values. With increasing current density the light
emission tends to saturate, leading to a nonlinear depen-
dence of light on current. This behavior has also been ob-
served for the dissipative in-phase current flowing
through the ZnS-layer during electroluminescent opera-
tion (10). There have been published a lot of speculations
in the literature to explain the nature of the observed lu-
minance saturation with increasing current [see Ref. (11)
and references therein). The most probable reason seems
to be the one suggested in Ref. (11). The author proposes
that saturation arises from an interaction between excited
Mn?' which occurs by energy transfer via unexcited Mn*'
and results in nonradiative decay. Furthermore, we can
confirm the results of Mach and Muiller (12), who find a
dependence of decay time constant on the exciting beam

150
B 1
2 1
1001
2
4
501
4
3
Ot~ T T - v
2 3 4 5 U[kV]6 .

Fig. 3. Backward | e B vs. accelerating voltage U for three
different ZnS:Mn films. Curve 1: 630 nm, 0.4 w/o Mn, substrate tem-
perature T, = 180°C. Curve 2: 700 nm, 0.4 w/o Mn, T, = 180°C
(with additional 30 nm Al coverage). Curve 3: 120 nm, 0.7 w/o Mn,
T, = 180°C. The arrows indicate the voltage value where according
to Eq. [1] full penetration of the bulk of the film is expected.
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Fig. 4. Luminescence vs. exciting charge. Curve a: Keeping the cur-
rent amplitude during the pulse at a constant value (100 1A) and
varying the pulse duration At (50 Hz repetition rate). Curve b: Keep-
ing the pulse duration constant (64 us) and varying the current ampli-
tude i, during the pulse (50 Hz repetition rate). The spot diameter on
the sample is 2.6 mm.

current density, i.e., if we increase the charge density per
pulse (60 us, 50 Hz repetition rate) from 5 to 25 uA/mm?,
the decay time constant 7 in samples with 0.4 weight per-
cent Mn shrinks about 30%. This phenomenon is ex-
plained in terms of the above-mentioned nonradiative de-
cay channel 7*,, ((Mn*'J*)

1 1 1

1
e 2
T M T, (M (2

where 7, is the radiative lifetime, 7, ((Mn*']) the concen-
tration-dependent nonradiative lifetime, and *,, ((Mn*']*)
the nonradiative lifetime depending on the concentration
of excited centers.

In Fig. 5 (lower curve), we show how luminance satura-
tion with current density affects the performance of an
electron-beam addressed thin film faceplate when dy-
namical pictures should be displayed. The upper curve in
Fig. 5 represents the behavior of an ordinary (Zn, Cd)S:Ag
yellow emitting CRT phosphor. Although the efficiency
for this phosphor also varies with excitation condition,
the effect of this variation is by far not so strong as in the
case of ZnS:Mn films. The thin film efficiency de-
creases by roughly one order of magnitude when the av-
erage power per spot (2.6 mm diam) is increased from 0.64
to 60 mW.

If we compare the light emission efficiency of the thin
films under equal average power excitation, we find that
higher pulse duration always yields a relative decrease in
efficiency as one expects from the sublinear behavior of
the pulsewidth modulation vs. brightness curve in Fig. 4.
The obtainable efficiencies of the thin film are roughly
ten times lower than the corresponding values of the
phosphor at average power P,,, < 3.5 mW. This ratio in-
creases to a factor of 20 for 3.5 mW < P,,, < 10 mW and
even to a factor of 30 for P,,, > 10 mW. For steady-state
excitation with P,, = 60 mW, the efficiency ratio be-
tween powders and thin film yields a factor of 20.

In Ref. (12), a very useful factorization of the efficiency
7 of thin film electroluminescent devices was suggested.

Fig. 5. Relative efficiencies of typical ZnS:Mn thin films and (Zn,
Cd)S:Ag powder phosphors vs. different excitation conditions. Point 1:
50 uA; 64 us; 50 Hz; P,,, = 0.64 mW. Point 2a: 130 nA; 64 us;
100 Hz; P,,, = 3.328 mW. Point 2b: 130 nA; 128 us; 50 Hz; P,,, =
3.328 mW. Point 3a: 130 nA; 125 us; 100 Hz; P,,, = 6.656 mW.
Point 3b: 130 wA; 256 us; 50 Hz; P,,, = 6.656 mW. Point 4a: 120
nA; 2.5 ms; 50 Hz; P, = 60.0 mW. Point 4b: 120 nA; 5 ms; 25 Hz;
P... = 60.0 mW. Point 4c: 15 nA-cw; P,,, = 60.0 mW. The spot di-
ameter on the sample is 2.6 mm.

N = Nee Mum Mot [3]
N = centers excited (cm—*)/electrons transferred (cm-—2)
[3a]
Mum = centers decaying radiatively
(cm~*)/centers excited (cm~¥) [3b]
n.m = Photons emitted through the surface
(cm~?)/photons generated (cm~*) [3c]
n., can be further factorized into
Nopt = NaNeeNear [4]

where 7, accounts for absorption losses (and yields the
dimension distance-' required from Eq. [3c], which in
terms of dimensions is counterbalanced by 7., the exci-
tation yield per unit length), n,, accounts for the Fresnel
loss which occurs when light passes from a medium
whose index of refraction is n, (ZnS) to a medium whose
index of refraction is n, (air). The well-known formula for
the reflection coefficient is

R = [(n, = n)/(n, + n)F [5]
and since the transmission coefficient T is
T =1-R =4nmn/(n? + 2n,n, + 1 [5a]

The Fresnel loss efficiency factor is then defined as
T/nn,

N = 42 + nyn, + ny/ny) [6]
Nirzns = 42 + 1/2.4 + 2.4) = 0.83 [6a]

The third (and most important) efficiency loss is due to
total internal reflection (Snell’s law). The critical angle
loss factor is determined by
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Near = (M/n,)? [7]
Nearzns = (1/2.4)* = 0.17 [8]

Hence, even if we neglect (at low excitation densities) ab-
sorption losses, the optical efficiency is

Noptzns = 1 X 0.83 x 0.17 = 0.14 [9]

This figure accounts for a major part of the inferiority in
efficiency of the thin film compared to the (Zn, Cd)S:Ag
powder (which has practically no light piping losses) at
least in the low excitation density region. At higher exci-
tation densities, the above-mentioned reabsorption pro-
cesses leading to nonradiative decay take place, leading
to even worse optical efficiencies. In order to compare
the stability of powders and thin films under heavy exci-
tation conditions, we have measured the relative decrease
of light output within a few hours. With the same amount
of high average excitation energy (P = 20 mW-mm -?) ap-
plied to both types of luminophors, we observed a de-
crease in efficiency of 60% for the powder and of only
25% for the thin film within 4h. Driven with equally high
average energy, the powders degrade by nearly a factor of
two faster than the thin films. Since phosphors, however,
are much more efficient than the thin films, they need
only a fraction of the power necessary to obtain the same
level of brightness and accordingly do not degrade sub-
stantially in technical applications.

Conclusion

Mainly due to light trapping effects in the ZnS:Mn thin
film layer, the cathodoluminescence efficiency of such
films is lower than in a yellow light emitting (ZnCd)S:Ag
powder phosphor by nearly a factor of ten at low excita-
tion energies. At higher current densities, luminescence-
current saturation effects as have been observed in elec-
troluminescence as well further limit the cathodolumi-
nescence efficiency of ZnS:Mn films. The main
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disadvantage of high light loss by waveguiding in the
transparent ZnS layer can be minimized by proper sur-
face treatment (roughening) and/or additional antireflec-
tive layers. With an estimated increase of the optical
efficiency by a factor of two or three, the material seems
to be quite interesting for high resolution, low degrada-
tion CL display applications.

Manuscript submitted March 21, 1985; revised manu-
script received June 4, 1985.

Siemens Aktiengesellschaft assisted in meeting the pub-
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A Novel Method for Growing Thin Gate Oxide

D. N. Chen' and Y. C. Cheng

Department of Electrical Engineering, University of Hong Kong, Hong Kong

In the present trend of miniaturization, thin oxide has
become the subject of intense investigation. Recently, we
proposed a novel method (1) for routinely growing thin
(< 200A) gate oxide with good stability and integrity. In
this “partial-TCE” technique, a low temperature dry oxi-
dation is followed by a high temperature dry oxidation
with an appropriate amount of TCE. The former step
is to provide a large portion of oxide with high dielectric
strength, while the latter step gives a good Si/SiO, inter-
face with a passivation ability against sodium contamina-
tion.

While it has been reported that addition of water to the
oxidizing environment weakens the effect of the chlorine
species (2), wet oxides have been shown (3) to possess
higher dielectric strength. Taking these effects together,
we are interested in examining the effectiveness of a wet
partial-TCE process, aiming at obtaining thin oxides with
higher dielectric strength. This paper summarizes an in-

Permanent address: South China Institute of Technology,
Gaungzhou, China.

vestigation of the properties of a wet oxygen partial TCE
process consisting of two steps. The substrate is first oxi-
dized in a wet O, atmosphere at a lower oxidation temper-
ature to form an initial oxide film, and subsequently the
oxidation is continued in a dry oxygen atmosphere con-
taining TCE at a higher temperature. The overall aim is to
incorporate the advantage of wet oxidation into the dry
O, TCE technique. This oxidation process is not compli-
cated, but the advantages of both wet O, and dry O, TCE
can be fully exploited.

Experimental Procedure

All substrates used in the present studies are n-type sili-
con with a resistivity of 10 Q-cm, and (111) orientation.
These wafers were cleaned by standard cleaning proce-
dure and were then oxidized in a resistance-heated fur-
nace at a temperature range of 850°-1000°C for the initial
oxidation period. For each oxidation temperature, wet ox-
idation was carried out by bubbling oxygen through
water maintained at three different temperatures. Initial
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various processes.

oxide films were grown at 900°C in dry O, partial-TCE
and in standard dry oxygen in order to compare with the
wet O, partial- TCE process. Except for those oxidized
with a standard dry O, process, all other wafers were fol-
lowed by a TCE oxidation at a higher temperature. An-
nealing was performed in N, or Ar for 1h. Essential pro-
cessing conditions are summarized in Table I.

Results and Discussions

Measured results on dielectric breakdown show that
the distribution is generally in the high field region (e.g.,
8-10 MV/cm), with only a small percentage in the low
field region (e.g., 0.3-2 MV/cm). Figure 1 shows a plot of
the percentage of high field breakdown (i.e., > 5 MV/cm)
as a function of capacitor areas. The results in general
agree with those of a previous report (1) in that the proba-
bility of low field breakdown increases with larger capac-
itor area. Relatively speaking, samples fabricated by the
wet O, partial-TCE method have the highest breakdown
field compared to other processing techniques. At any
oxidation temperature, the higher the water temperature,
the stronger is the breakdown field, and the distinction
between different water temperature diminishes as the
oxidation temperature goes up. These observations
confirm the notion that wet oxidation yields oxides with
a greater portion of areas having higher dielectric
strength, especially when the oxidation temperature is
lower. These results are summarized in Fig. 2.

However, the combined influence of the oxidation tem-
perature and water temperature is not so straightforward.
At any water temperature, the general trend is that the
higher the oxidation temperature, the higher the dielec-
tric breakdown, and this is true for the water temperature

breakdown vs. oxidation temperature in the initial period.
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Fig. 3. Dependence of high field breakdown on capacitor area for
various oxidation temperatures in the initial period.

at 50°C. Complication, however, arises when the water
temperature is 70°C, and the maximum dielectric break-
down field occurs at an oxidation temperature of 950°C
rather than 1000°C. These observations suggest that an
optimal process condition may exist as far as dielectric
breakdown field is concerned (Fig. 3). An analysis of the
histograms of breakdown fields indicates that wet oxides

Table I. Processing conditions

Step Wet TCE Dry TCE Standard dry O,
1 T = 850°-1000°C T = 900°C T = 900°C
Ty,0 (°C) = 50; 70; 90
0, = 500 mI/min 0, = 1000 ml/min 0, = 1500 ml/min
t = 4 min t = 10 min t = 10 min
2 T = 1060°C T = 1060°C T = 1060°C
0, = 500 ml/min 0, = 500 ml/min 0, = 1500 ml/min
TCE/N, = 80 mU/min TCE/N, = 80 ml/min
t = 11 min t = 11 min t = 13 min
3 Annealing in N, or Ar = 1500 ml/min
Table Il. High field and low field breakdown characteristics (%)
Ref. (1) Present work
Area of capacitor = 0.204 mm? Area of capacitor = 0.25 mm?®
Standard oxide Partial-TCE Dual TCE Standard oxide Partial-TCE Wet O, TCE
(3524) oxide (4084) oxide (4994) (4234) oxide (4094) oxide (3984)
> 8 MV-cm~' 71.6 90.7 90.3 75 88 98
<4 MV-cm~' 14.7 1 11 3 0
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Fig. 4. Comparisons of dielectric field breakdown distribution for
different oxidation processes.

grown at a furnace temperature of 950°C with a water
temperature of 90°C possess the best field breakdown
distribution (Fig. 4).

These results may be explained in terms of a model
based on the results of Gibson and Dong (4). They found
the existence of micropores in dry oxides by high resolu-
tion transmission electron microscope. The oxidant can
diffuse to the interface through the micropores, with the
explanation that the growth rate is linear for dry oxygen
and the oxides give poor breakdown statistics. In the case
of wet oxidation, it is postulated that the OH group will
reduce the strain in the random network or the OH group
will plug the micropores. Thus the potential fluctuation
from the water-filled pores will be less than that of empty
ones, resulting in a more uniform dielectric breakdown.
This may probably explain the fact that there is less de-
pendence of high field breakdown on capacitor area for
wet oxides. However, some metallic ions will perhaps be
attracted by the micropores, thus forming conducting
channels which will cause low field breakdown. There-
fore, the probability of low field breakdown will increase
with the dryness of the oxidation environment.

In general, our experimental data show that raising the
oxidation temperature at a fixed H,O partial pressure
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will improve the relation of high field breakdown vs. ca-
pacitor area. This may be due to the fact that water mole-
cules do not dissociate sufficiently at low oxidation tem-
peratures to give enough OH radicals to plug the
micropores.

In addition, we also measured the I-V characteristics of
oxide films grown in wet O, partial TCE atmosphere
with water temperature at the range of 70°-90°C. The field
breakdown is nondestructive until the current is up to a
few tens of microamperes, similar to that of dry O, partial-
TCE (1). However, an abrupt transition always occurs in
oxide films grown in standard dry O, process.

To summarize our results of investigation, we compare
the high field and low field breakdown values among
various oxidation techniques. Table II shows that the
present technique yields the highest percentage of high
field breakdown (> 8 MV-cm~') and the lowest percent-
age of low field breakdown (< 4 MV-cm-') when com-
pared with other processes in the present work and with
other techniques of the previous investigation. We have
not examined in detail the effect of the present technique
on oxide charges and defect densities. The former had
been found to be comparable to that with other tech-
niques, deducing from rough estimates of the flatband
voltages. The latter quantity could possibly be lower, as
suggested by the observation of a larger equilibrium cur-
rent of breakdown than samples prepared by other tech-
niques.

Conclusion

The wet O, partial-TCE technique has been success-
fully applied to grow thin oxide films with good integ-
rity. Although the distribution of field breakdown of wet
O, partial-TCE is very similar to that of dry O, partial-
TCE for smaller capacitor’ area, the relation of field
breakdown vs. capacitor area and the maximum break-
down current are much better in the wet case than in the
dry O, case. The weakening effect of water vapor on TCE
does not arise in the present oxidation technique, because
both the wet oxidation and TCE: oxidation are executed
separately. Thus, the process conditions can be adjusted
separately to an ideal value, if there is any, but they will
not influence each other in an adverse manner. We be-
lieve that the optimum processing condition can be found
if more experiments are performed. Though oxides
grown by the present method appear promising, a more
complete characterization is needed to perform on other
oxide quality besides the dielectric breakdown in order to
yield an overall picture of the quality of the thin oxides.
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Nickel Plating on Porous Silicon
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Porous silicon has been obtained by anodic oxidation
of monocrystalline silicon in concentrated hydrofluoric
acid solutions (1). Thick layers up to several microns can
be obtained, with an average density ranging between 30
and 75% of that of the starting material (2), with pore radii
between 20 and 100A according to operating conditions
and substrate resistivity (3). Thermal oxidation of PS can
lead to thick layers of silicon dioxide, in relatively short
times, because of the easy access of gaseous oxygen
through the pores (4). It is why PS has been proposed to
realize localized dielectric insulation and silicon-on-
insulator (SOI) structures in the integrated circuit tech-
nology (5). In fact, another application of PS might be
possible in the field of metallization, for contacts and in-
terconnections. If a metal could be deposited in the po-
rous volume, a very interesting structure would be ob-
tained for the formation of metal silicides upon heating.
Standard vacuum metallization techniques result in a
quick pinching off of the pores, leading only to a thin
superficial layer of metals. In this work, we report pre-
liminary results which show that electrodeposition is an
appropriate method for metallization of the porous silicon
volume.

Electroplating on silicon has been studied very early in
order to form electrodes. Various metals have been de-
posited and several solution compositions and solvents
have been proposed (6). The main difficulty encountered
with plating silicon is a rather poor adhesion of the depos-
ited film when no special surface treatment (such as
roughening of the surface by chemical etching) is per-
formed before the electrolysis (7). In this preliminary
work, we have been interested in the nickel deposition,
which is said to present a rather good adhesion, and
which is able to form silicides upon heating at relatively
low temperatures. The electrolyte composition that we
have used is slightly different from that described by
Wurtz and Borneman (7): it was composed of 0.2M NiSO,,
6H,0 and 0.1M tetraethylammonium perchlorate as sup-
porting electrolyte. The solvent was a mixture of 85% eth-
ylene glycol and 15% deionized water. Substrates were
p-Si samples boron doped and (100) oriented with a 0.01
Q-cm resistivity. The cell was a standard electrolytic cell,
with a platinum counterelectrode and a Ag-AgCl refer-
ence electrode; illumination of the semiconductor surface
was performed with a 100W tungsten-halogen lamp, pro-
viding intensities of the order of 10 mW/cm? at the silicon
surface. Potentiostatic measurements were performed
with a PAR M173 potentiostat, driven by a PAR M175
programmer. All plating experiments were conducted at
room temperature. Porous samples were prepared in
HF/EtOH electrolyte (25% HF and 50% EtOH), at a con-
stant current density of 200 mA/cm?, leading to a porous
film of an average density of 45% of that of silicon, with
pore radii of about 80A as determined by gas adsorption
experiments (3).

Nickel plating has been performed in the same experi-
mental conditions which lead to bright and adherent
films on nonporous silicon surface. Deposition occurs for
potentials more negative than —0.55V vs. Ag/Ag'; how-
ever, for potentials more negative than —0.90V, hydrogen
bubbles form at the semiconductor surface. Plating on
porous silicon was performed at constant current density,
with values between 0.05 and 1 mA/cm?, which corre-
sponds to electrolysis potential greater than —0.90V. In
thi® current density range, a faradic efficiency of 70-85%
is obtained.

We have studied the Ni concentration profiles in the
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porous layers by x-ray microanalysis, with a LINK analy-
zer mounted on a JEOL electronic microscope. Primary
electron energy was set to 22 keV, in order to get a good
ionization of L., nickel lines. The electronic spot is fixed
at a given point of the cleaved porous layer: the x-ray
spectrum obtained during this analysis leads by integra-
tion (and after an initial calibration) to the atomic ratio of
silicon to nickel present at the point where the spot is
fixed. Concentration profiles are obtained by analyzing
several points at different depths in the porous layer. Fig-
ure 1 shows the results obtained with a 10 um thick po-
rous layer. The cathodic current density used during met-
allization was 100 pA/cm?, and the charges exchanged
were 1.3 C/em? for curve A and 6.7 C/cm? for curve B. It
can be seen that nickel has been deposited in the whole
thickness of the layers, and that the relative amount of
nickel deposited decreases when depth increases. The
comparison between curves A and B indicates that longer
electrolysis times do not change significantly the nickel
concentration at the bottom of the porous layer; on the
contrary, it is observed that for longer metallization times
the difference between both curves increases towards the
surface, suggesting a progressive blockage of the access
of nickel atoms to the pores from the bottom to the sur-
face. Similar profiles are obtained at other plating cur-
rent densities, with a slight increase in the nickel concen-
tration gradient at the highest current density (1 mA/cm?).

When profiles obtained with rather thin porous layers
(of the order of 5000A) are investigated, x-ray microanaly-
sis is no longer a suitable technique because of its rela-
tively low spatial resolution. In this case, secondary ion
mass spectroscopy (SIMS) can be used. However, only
qualitative results will be presented, as the ratio of the in-
tensity of the nickel signal over the intensity of the silicon
signal, because the ionization rate of the element has not
been determined. Profiles were not calibrated in depth,
because we could not assume that the etching velocity
was constant all along the thickness, so that only the
depth measured with an alpha-stepper is given. A typical
result is shown in Fig. 2, obtained for a 46004 thick po-
rous layer metallized with a plating current density of 100
wnA/cm?. It appears that for the small thicknesses the con-
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centration profile is quite flat on mainly all the porous
layer. The same result is obtained for other current densi-
ties up to 1 mA/cm?. A rather good metallization of the po-
rous volume is thus obtained in these conditions.

The formation of nickel silicide has been studied by an-
nealing thin layers plated in the above conditions. X-ray
diffraction of the as-plated samples (before annealing)
shows the presence of a nickel layer, and from the broad-
ening of diffraction peaks, a rather small particle size can
be calculated (in the order of 50-70A); otherwise, porous
silicon presents a monocrystalline structure (8). When
samples are annealed at different temperatures in the
range from 400° to 800°C for 1h in dry nitrogen, nickel sili-
cides are formed. We have observed a mixture of several
silicide phases: NiSi,, NiSi, and Ni,Si,. In addition to sili-
cide formation, large stresses have developed, especially
at the highest temperature; the diffraction pattern of
monocrystalline porous silicon has disappeared, leaving
place in the x-ray diagram to Bragg peaks corresponding
to polycrystalline silicon.

In conclusion, this preliminary work demonstrates that
metallization of the inner structure of porous silicon can
be achieved by an electrochemical deposition method.
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The metal concentration is found uniform in depth for
thin porous layers (50004 thick), which may present a
technological interest, but a large concentration gradient
is obtained for thick porous layers (10 um thick). A de-
tailed study of the concentration profiles as a function of
the cathodic current density and of the layer thickness,
with porous structures presenting different pore sizes, is
now necessary for getting a better understanding of the
deposition mechanism in porous silicon. This would al-
low a comparison between the results on metal deposi-
tion on porous silicon and those obtained on micropro-
files of different types, which have been studied in detail
using theoretical and experimental approaches (9). Such a
study, interesting from a fundamental point of view,
might be of technological interest, as metallized porous
layers seem to be promising structures for obtaining lo-
calized metal silicides.
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Interface Traps Caused by Ge Pre-Amorphization
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Modern CMOS VLSI technologies require shallow
source-drain junctions for both p-channel and n-channel
devices. Junction depths between 0.1 and 0.25 um will be
necessary in order to minimize both source-drain leakage
currents and threshold voltage reduction due to short
channel effects. This is particularly difficult for
p-channel transistors because of the channeling and the
high diffusivity of boron in silicon. However, these effects
can be minimized by applying both preamorphization
techniques and rapid thermal annealing (RTA) (1-3). More
recently, silicon preamorphization using germanium im-
plantation was shown to be a suitable choice for Si
preamorphization, since it has a high solid solubility in Si
and because it does not appear to alter the electrical prop-
erties of Si significantly (3). In order to be compatible
with self-aligned polysilicon gate technology, the damage
caused by high energy implantation must be prevented

*Electrochemical Society Active Member.
**Electrochemical Society Student Member.

from degrading the silicon-silicon dioxide interface.
MOSFET characteristics can be degraded if the damage is
not removed by annealing. In our recent work, the inter-
face traps caused by the Ge preamorphization were ob-
served even with very low implant energy. A comparison
between different isotopes of germanium showed that the
effect was due to hydrogen, not germanium. The purpose
of this communication is to document the effect and to
alert other workers to the adverse impact of GeH implan-
tation.

Experimental

Starting with <100> p-type Si wafers, a 38 nm gate ox-
ide was thermally grown. A 0.25 um polysilicon layer was
then deposited. After POCI, doping, a 0.15 um CVD oxide
was deposited to increase the height of the gate barrier up
to 0.4 um. Then, Ge was implanted at several energies
with a dose of 2E15 cm~2. Two isotopes of Ge [Ge(70) and
Ge(74)] were used using GeH, as the source. The CVD ox-
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Fig. 1. The C-V characteristics of capacitor with Ge(74) implanta-
tion (energy = 75 keV, dose = 2 X 10'). a: After RTA 1000°C, 10s.
b: After RTA 1100°C, 10s.

ide layer on the top of poly was etched off and standard
MOS capacitors were generated by plasma etching the
polysilicon. Rapid thermal annealing was then performed
at 1000° and 1100°C, respectively, for 10s. The C-V charac-
teristics of the capacitors were obtained and the results
were compared.

Results and Discussions

Figure la shows the C-V characteristics of the MOS ca-
pacitors with Ge(74) implantation at 75 keV, after RTA
1000°C for 10s. There is a hysteresis in the C-V character-
istics between forward and retrace curves. The minority
carrier lifetime of the devices is so low that the device
cannot be driven into the deep depletion. Similar results
had been obtained on the samples with Ge(74) implanta-

Table I. The LSS projected range of Ge in Si (4)

Energy (keV) R, (um) AR, (um)
300 0.17 0.055
150 0.087 0.030
75 0.047 0.017

Table Il. The major isotopes of Ge (5)

Isotope Percentage
Ge(70) 20.55
Ge(72) 27.317
Ge(73) 7.67
Ge(74) 36.74
Ge(76) 7.67

INTERFACE TRAPS
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Fig. 2. The C-V characteristics of capacitor with Ge(70) implanta-
tion (energy = 150 keV, dose = 2 X 10'%), after RTA 1000°C, 10s.

tion at the energies of 150 and 300 keV. These results indi-
cate that the interface damage exists even with very low
implant energy (75 keV). Such damage can be removed
only by RTA at 1100°C for 10s (Fig. 1b) and was not ob-
served on the control wafer without implantation. The
LSS projected range and standard deviation for Ge in Si
are listed in Table I. The estimated depths of amorphous
layer are 0.39, 0.21, and 0.11 um for the energies of 300,
150, and 75 keV, respectively. TEM cross-sectional analy-
sis for Ge implantation at 300 keV showed the amorphous
layer to be about 0.4 pum (3). Thus Ge penetration through
the thick polygate stack (0.15 um CVD oxide/0.25 uwm
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(energy = 100 keV, dose = 1 x 10'%). a: After RTA 1000°C, 10s. b:
After RTA 1100°C, 10s.
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polysilicon/oxide) was considered unlikely at 75 and 150
keV. Nevertheless, the defects were clearly caused by the
implantation process.

Since Ge has several isotopes (Table II), the Ge(74) is
usually selected because of the highest percentage. Un-
fortunately, implantation with 74 amu might include
Ge(73)H and Ge(72)H, in addition to Ge(74). In an ion
implanter with a preanalysis system, the mass analysis
takes place at low extraction voltage, and the beam then
passes through an acceleration stage to reach its final en-
ergy. Postanalysis dissociation of GeH(74) could occur be-
fore high energy acceleration, giving the hydrogen atoms
enough energy to penetrate the polygate and gate oxide.
Indeed, the hysteresis and low lifetime phenomena due to
the interface defects are not seen in 150 keV Ge(70)-
implanted samples after RTA at 1000°C for 10s (see Fig. 2).
As a further verification that defects are due to hydrogen
penetration, samples with only H, implantation were fab-
ricated in the same manner. C-V hysteresis and low mi-
nority carrier lifetime were seen in the C-V curve (see Fig.
3) of 100 keV H,-implanted wafers; furthermore, the C-V
curves exhibited considerable variability from die to die.
Based on these experiments, we conclude that anoma-
lously high energy H implantation can occur during
Ge(74) implantation. We are unable to determine whether
this results from preacceleration dissociation, from
charge exchange with residual H,, or during dissociation
of GeH at the wafer.

At 300 keV, the defects were observed in both Ge(70)-
and Ge(74)-implanted wafers. It showed that the Ge
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penetrated the 0.4 um gate barrier and caused damage at
the oxide-silicon interface, confirming the previous work
of XTEM analysis by Sadana et al. (3).
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Evidence for a Bipolar Mechanism of Passivity in Mo

Bearing

Stainless Steels

Y. C. Lu' and C. R. Clayton*
Department of Materials Science and Engineering, The State University of New York, Stony Brook, New York 11794

Variable angle XPS studies of the pas-
sive films formed on the alloys Fe-19Cr-9Ni
and Fe-19Cr-9Ni-2.5Mo in deaerated 0.1M HC1 is
presented. Passivation in each case was car-
ried out for 1 hour at -180mV (Vs. SCE) fol-
lowing cathodic removal of the air formed
film by polarization at -600 mV for 15 min-
utes. In figure 1 we compare the Cr 2p®/2
spectra for each alloy, at 20°(w.r.t. sample
surface) to enhance the outer regions of the
film and 50° to enhance spectra of the Cr spe-
cies at the metal-film interface. The complex
spectra contains two major peaks with posi-
tions corresponding to .Cr,0; and CrOOH or
Cr (OH) 3’.‘ Two minor peaks corresponding to
Cr0, and Cr0,?"are also found. For each alloy
the Cr,0, phase appears to be situated at the
metal-film interface. Independent studies to
be fully presented later, indicate that Cr0,
is incorporated in Cr,0, and that CrOi is
incorporated in the Cr (SH) 3 or CrOOH phase.
The outer layers of the anodic film in each
case contain iron hydroxy-oxides. In partic-
ular we note that the Mo bearing alloy pro-
duced well defined spectra of Fe*+, Mo0, and
Mo02-. The Mo3d spectra are presented in fig-
ure 2. It is possible that FeMoO, is formed
in the outer layer. The addition of Mo to the
alloy also results in the development of the
Cr,0, phase and a marked reduction in the
Cr (OH) , OF CrOOH phase.

The nature of the passive film formed in
0.1IM HC1 appears to follow the behavior ex-
pected of a bipolar duplex membrane as de-
scribed by Sakashita and Sato (1). In figure
3 is a schematic representation of the bipolar
behavior of the passive films formed on stain-
less steel. This model proposes that Cr0,2"
and the more abundant MoOZ2~ anions may con-
vert the otherwise anion selective hydrated
oxides to cation selective phases. While de-
protonation is enhanced by the field assisted
egress of protons through the cation selective
layer, 02~ anions resulting from the disso-
ciation of OH groups, are able to diffuse
through the anion selective phase towards the
metal-film interface and to react with Cr to
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form Cr,0,. Due to the fact that Cr,0,and
Cr0; have very similar standard free enthal-
pies it is not surprising that, as postulated
by Revesz and Kruger (2) some Cr0, is formed
in the Cr,0, phase. The deprotonation reac-
tion may falte the following course: Cr(OH),
»CrOOH + 027+2H+, as evidenced by RHEED stu-
dies reported elsewhere (3). The resulting
Cr,0, layer will act as a non-selective ionic
barrier for both anion and cation diffusion.

The presence of Cr02~ and Mo0?~ is not
expected since both ions are unstable in low
pH media. However, it would appear that they
are formed in the solid-state by reaction of
lower valent metallic ions with lattice water
trapped in the gel-like disordered state at
the onset of passivity. The solid-state en-
viromment in which the lower valent cations
are initially accomodated is, therefore, anal-
ogous to a neutral to high pH solution where
both Cr0Z- and Mo02- are stable. We propose
that there is a cofmon 1link between the effe t
of solution born inhibitors of the type Me0
and Me0,” anions incorporated in anodic fi
at low concentrations. It has been shown
from quantum mechanical studjes by Rosenfeld
that anions of the form Me0O, appear to be
electron acceptors with the partial electron-
ic charge residing on the oxygen ligands sur-
rounding the central atom (4). Such systems
would therefore provide strong negative fixed
charges capable of rectifying ionic current.

A fuller discussion of the proposed mech-
anism of passivity of stainless steel will
shortly be submitted to this journal.
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Sulfur Dioxide Gas Detection with Na,SO.-Y,(SO.).-SiO, Solid
Electrolyte by a Solid Reference Electrode Method

N. Imanaka, Y. Yamaguchi, G. Adachi, and J. Shiokawa
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadaoka 2-1, Suita, Osaka 565, Japan

In recent years, sulfur dioxide exhausted in-
to the surroundings has been seriously deterio-
rating the environments. The suppression of the
exhausted SO, gas amount is an urgent necessity.

Lately, a%kali—metal sulfates(1-8), have
been examined to utilize as solid electrolytes
for a sulfur dioxide gas detector. However,
alkali-metal sulfates are not suitable materi-
als because of the phase transformation(9-11)
and their low electrical conductivities, In
electromotive force(EMF) measurements, two main
techniques have been investigated. One is an
80, gas concentration cell method(1-4,12) using
an 802 standard gas electrode, The other is to
apply the metal sulfate-metal oxide(5,6) or the
silver-silver sulfate mixture(7,8) electrode
as reference electrode instead of the standard
reference gas. The former method is a general
technique to examine whether the sample is ap-
propriate for the solid electrolyte or not.
However, the size of the S0, gas detector of
this type becomes larger ana complicated. In
the case of the sulfate-oxide(5,6) electrode,
it is necessary to maintain the solid electrode
separated from the electrolyte completely be-
cause the electrode may react with the sulfate
electrolyte to give a false EMF, The tempera-
ture in practical use should be restricted be-
tween 783 K and 833 K with a silver-silver
sulfate reference electrode method(7,8).

In our previous investigation(12), rare
earth sulfates(Ln=Y and Gd) and silicon dioxide
have been mixed so as to enhance the electrical
conductivity and to prevent the electrolyte
from becoming ductile, respectively. In addi-
tion, the suppression of the phase transforma-
tion has been attempted by the mixing both
Ln (so )3(Ln—Y and Gd) and SiO In this study,
a meta Sulfate-metal ox1de(M—§g, Mn, and Ni)
solid electrode has been applied as the refer-
ence electrode and directly fixed to the Nazsoa—
YZ(SO ) —SlO solid electrolyte.

The éMF measurement by the sulfate-oxide
solid reference electrode method was conducted
with the Na S0 —Y (s0,) -SiO solid electro-
lyte. The appara us &s illustrated in Fig. 1.
The platinum net reference electrode was tight-
ly fixed between the electrolyte and the solid
reference electrode. The sample was covered

with the bonding agent(SUMICERAM from Sumitomo
Chemical Industries Ltd.). A ringed glass
packing was adopted so as to separate the test
gas from the reference electrode compartment.,
The test SO, and air gas mixture was regulated
with the Standard Gas Generator (SGGU-711SD)
from Standard Technology Co.. The air gas was
introduced into the reference electrode com-
partment in order to maintain the constant
oxygen partial pressure(2,13X10° Pa). Platigum
was sputterred on both center surfaces(§X10 m
in diameter) of the electrolyte(1.3X10 ~ m in
diameter) by Shimadzu's Ion Coater IC-50., The
Pt film thickness was approximately 10 nm. By
this sputtering, good contact between the elec-
trolyte and the Pt electrode was obtained.
Furthermore, the formation and the decomposi-
tion of sodium sulfate might be considered to
be made smoother. The preparation of the
Na S0 Y (SO ) SiO solid electrolyte is dis-
cusseé in our grevious paper(12) (The reaction
between Na SO Y (SO ),, and 510 has been com-
pleted by %hls preparatgon) The EMF measure-
ments were conducted twice with each solid ref-
erence electrode and almost the same results
were obtained, The EMF results with the MgSOA-
MgO solid reference electrode at 973 K are shown
in Fig. 2. The values obtained were approxi-
mately 280 mV higher than the calculated EMF(6).
The MgSO,-MgO reference electrode seemed to re-
act with the Nazso4 -Y (SO -S$i0, solid electro-
lyte during measurement° Tals cﬁemlcal reac-
tion might be considerably enhanced the EMF
value. The variation of the EMF with the MnSO,-
Mn,0, solid reference electrode at 973 K is also
presented in Fig, 2, In all measurements, the
measured EMF was about 80 mV larger than the
calculated value. The MnSO —Mn 0, electrode,
however, did not react with the e]?ectrolyte°
The difference between the measured and the cal-
culated EMF can be mainly ascribed to the fact
that manganese oxides of different oxidation
states may have been produced. The results of
the EMF measurements with the NiSO, -NiO solid
reference electrode at 973 K are sﬁown in Fig,
3 together with the results of Na,SO, as a com-
parison., The EMF characteristics for Na250
decreased significantly in the inlet SO, gas
concentration less than 0.1 %(1og(PSO )i ==3,0)
o in
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because of the gas permeation through cracks
occurred in the electrolyte, In the case of the
Na, SO -Y (SO ) Sio electrolyte, the measured
EM% was In goo accordance with the calculated
EMF(6), in the inlet S0, gas concentratlon from
30 ppm(log (P =-4.58) to 1 %(log(Pg,
-2.,0), No cgeﬂical reaction between tﬁeze*ec—
trolyte and the NiSO,-NiO reference electrode
was observed. The EMF characteristics for the

SO Y (SO ) -Si0, were appreciably improved
bo%h the m1x1ng of % (so )3 and 8102 simultane-
ously into sodium suifate and by thé Pt sputter-
ing., In addition, the Na SO -Y (SO ) -SiO
solid electrolyte can be ixe alrect?y to the
solid reference electrode.

The NiSOa—NiO solid reference electrode tech-
nique has a potential in practical utilization
for a sulfur dioxide gas detector.
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Please address replies to the box num-
ber shown, c/o The Electrochemical Soci-
ety, Inc., 10 South Main Street, Penning-
ton, NJ 08534-2896.

Ph.D. Electrochemist—15 years experience in
applied electrochemical R&D. Recent experi-
ence in corrosion measurement, electrochemi-
cal instrumentation and sensor development for
high temperature agueous environments, mod-
eling of corrosion environment in SCC cracks,
and electrochemistry of ceramics. Desires uni-
versity or industrial R&D position. Reply Box
C-257.

Senior Electrochemist—Ph.D. industrial/aca-
demic background. Industrial electrolytes,
chlor-alkali, fused salt electrolysis, hydrometal-
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ality and electronic materials, plasma chemistry.
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Symposium”
June 9-12, 1986
Cherry Hill, New Jersey

For further information, contact Carl
Berger, Power Sources Div., Attn.: DELET-P,
ERADCOM, Fort Monmouth, NJ 07703-5302.

iDigiRad

DigiRad Corporation, an innovator and
a manufacturer of computerized radi-
ology equipment, has an opening for a
Senior Phosphor Chemist.

The ideal candidate will have at least 5
years of experience in the preparation
of phosphors for x-ray, cathodolumi-
nescent, or photoluminescent applica-
tions.

In addition, at least a masters degree,
and preferably a Ph.D., in inorganic
chemistry or a related discipline is
required.

You will work closely with an electronic
imaging group to develop photostimul-
able phosphors for medical applica-
tion.

DigiRad offers a rare opportunity to
work in an entrepreneurial environ-
ment for an energetic hands-on scientist.

The compensation package will in-
clude salary, equity, and liberal fringe
benefits.

If you qualify for this opportunity,
please send your resume to Dr. Melvin
Tecotzky at:

DigiRad Corporation
1047 Elwell Court
Palo Alto, CA 94303

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 July 1985.

Active Members

Ambrosiano, N. A, Cincinnati, OH
Bakhshai, A., Arlington, TX

Baum, S. K., Wilmington, MA
Bertram, R., West Allis, WI

Bleiler, R. J., St. Louis, MO

Bryant, R. G., Houston, TX

Bugge, K., Stavanger, Norway
Clinton, C., Elgin, TX

Davignon, J. J., Stafford, TX
Eppley, W. J., Horsham, PA
Hansen, R. L., St. Peters, MO
Jovanckevic, V., College Station, TX
Kwiatkowski, J. H., Long Branch, NJ
Lee, H.-L., Sunnyvale, CA

McGrath, R. L., Reading, PA
Melnicki, L. S., Palo Alto, CA
O’Hara, A., Surgarland, TX

Plichon, V., Paris, France

Riggott, G., Wilmington, MA
Sarrazin, C., Paris, France
Scharifker, B. R., College Station, TX
Smith, R. A, Horsham, PA

Soubeyrand, M. J., Toledo, OH

Tam, N. K. M., Vancouver, B.C., Canada
Tsai, V. Y., San Francisco, CA

Tsang, S., Oakland, CA

Tzeng, Y., Auburn, AL

Wallace, J. L., Coatesville, PA

Wright, J. K., Houston, TX

Youngjai, K., Kanagawa, Japan

Student Members

Basu, S. N., Cambridge, MA
Boucher, C. F., Jr., Cambridge, MA
Chung, J.-H., Hoboken, NJ
Comeau, T. C,, Kingston, RI
Denuzzio, J. D., Philadelphia, PA
lla, D., Lowell, MA

Kim, S. T., Hoboken, NJ

Misra, D., Waterloo, Ont., Canada
Moslehi, M., Stanford, CA
O'Grady, D. S., Bethlehem, PA
Torosian, K., Belmont, MA

Trese, U., New York, NY

Turner, C. D., Baltimore, MD
White, J. H., Santa Barbara, CA
Wulu, H.-C., Stanford, CA

Yu, J., Los Angeles, CA

Reinstatement
Wright, R. C., Pilot Point, TX

October 1985

(Lithlum Hexafluoroarsenate)

LECTRO-SALT®

The superior electrolyte salt for
nonaqueous lithium cells. Avail-
able in commercial quantities.

Pure LiAsFg is not toxic by
dermal absorption, and is only
slightly toxic when ingested.
Ames test results indicate
LiAsF, is not a carcinogen.

ELECTROCHEMICAL GRADE 99.9+%

1. Less than 100 ppm H,0

2. Completely soluble in
organic solvents

3. Acid equivalent near zero

For technical bulletins, and
price information, call or write:

Agri-Chemicals

Division of United States Stee

Atlanta Technical Center
685 DeKalb Industrial Way
Decatur, GA 30033

Phone: 404/292-2525
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Corrosion Division Award
for

Summer Study in Corrosion Science

The Corrosion Division of The Electrochemical Society is offering its new Award for Summer Study in Corrosion Science to a
qualified graduating senior or advanced undergraduate for the summer of 1986. This award provides a minimum grant-in-aid of
$1000 and travel expenses toward a summer's (at least two months) research and study in a laboratory of a recognized institute or
institution of higher learning.

The objectives of this award are as follows.

1. To stimulate and encourage active and continued participation in the field of corrosion science and corrosion protection by
outstanding students of science and engineering.

2. To encourage education in this field for a student likely to attend graduate school for an advanced degree.

To be eligible for the award, the entrant must qualify in at least one of two following categories. He or she must be either (1) a
graduating senior of demonstrated ability, regularly enrolled in any recognized college, university, or institute of technology in the
United States or Canada, who intends to seek an advanced degree, or (2) an advanced undergraduate similarly enrolled, within six
months of graduation who intends to seek an advanced degree. No limitations of sex, race, nationality, or religion are to be imposed
by the Award Committee in determining the recipient of the Award.

The award shall be presented on the basis of the following material.

1. A complete transcript of the student’s academic record.

2. The original and two copies of a letter, over the signature of the head of the college or department in which the student is
enrolled, describing briefly the student’s academic work, campus activities, and abilities.

3. The original and two copies of a letter, over the student's signature, containing a brief biographical sketch, a detailed descrip-
tion of the nature and extent of the student’s academic work, particularly as it may relate to the field of the Award, and an outline of
future plans. The student shall suggest the topic and site for the intended research and his or her basis for this choice. The student’s
letter should also contain a statement signifying willingness to fulfill the requirements of the Award as described in the Award Rules.

Application forms are available from the Executive Secretary, V. H. Branneky, The Electrochemical Society, 10 South Main St.,
Pennington, NJ 08534-2896. Deadline for receipt of completed applications is December 1, 1985, and the award winner will be an-
nounced by April 1, 1986.

The Electrochemical Society, Incorporated
Society Awards

The Edward Goodrich Acheson Award

Given for distinguished *“‘contributions to the advance-
ment of any of the objects, purposes, or activities of The
Electrochemical Society.”

Presented in the Fall of
even-numbered years.
The Vittorio de Nora-Diamond Shamrock Award

Given for distinguished “‘contributions to the field of elec-
trochemical technology.”

Presented in the Spring of
even-numbered years.

The Henry B. Linford Award for
Distinguished Teaching

Given for “excellence in teaching in subject areas of inter-
est to the Society."

Presented in the Spring of
even-numbered years.

The Olin Palladium Award

Given for distinguished “contributions to the field of elec-
trochemical science and corrosion.”

Presented in the Fall of
odd-numbered years.

The Electrochemical Society Award
in Solid State Science and
Technology

Given for distinguished “contributions to the field of solid
state science.”

Presented in the Spring of
odd-numbered years.

The Electrochemical Society
Carl Wagner Memorial Award

Given to ‘‘recognize mid-career achievement and excel-
lence in research in areas of interest of the Society, and
significant contributions in the teaching or guidance of
students or colleagues in education, industry, or
government.”

Presented in the Fall of
odd-numbered years.




The Electrochemical Society, Inc.

10 South Main Street, Pennington, New Jersey 08534 e Telephone: 609-737-1902
Instructions to Authors

The JOURNAL OF THE ELECTROCHEMICAL SOCIETY is the offi-
cial monthly journal of the Society. It contains three sections: Electro-
chemical Science and Technology, Solid-State Science and Technol-
ogy, and Reviews and News. Technical Papers, Technical Notes,
and Accelerated Brief Communications are published in the first two
sections and Review Papers in the third. All manuscripts (in English)
submitted are idered for publication, with the understanding
that they have not been submitted, ted for publication, or
published elsewhere. Material, e.g., flgures and tables, may not be
reproduced from another publi unless it absolutely

be described in words. If ﬂns material must be used, it must be
properly referenced and acknowledged, and permission to repro-
duce it must be obtained from the publisher. A wide range of sub-
ject matter is acceptable. Manuscripts can be handled promptly and
efficiently if these instructions are followed.

Technical Papers describe fundamental or applied studies in

depth. They contain new data and/or

TYPES OF new interpretations of existing data.

PAPERS Abstracts summarizing the results are
required.

Technical Notes report briefly on limited research or de-
velopment that is not being pursued further. No abstracts are
required.

Accelerated Brief Communications present, in camera-ready
format of limited length, scientific or technological informa-
tion warranting rapid dissemination. No abstracts are
required.

Review Papers furnish critical analyses of topical subjects.
Abstracts are required.

Submit three complete, clear copies of each manuscript
SUBMISSION qnd fhg origfnals of all figures and
illustrations to:
Editorial Office
The Electrochemical Society, Inc.
10 South Main Street
Pennington, New Jersey 08534
A letter accompanying the manuscript should give (a) the
name and mciling address of the author to whom corre-
spondence should be sent, (b) reference to any presentation of
the work at a meeting of The Electrochemical Society, (c) the
Division or Group of the Society or the Divisional or Group
Editor (both are listed in the front of each issue of the
Journal) whose interests are most closely related to the work
being discussed, (d) the section of the Journal in which the
work should appear, and (e) the names and addresses of
people able to act as reviewers.

Following receipt by the Editorial Office, each manuscript is
sent to a Divisional or Group Editor with
knowledge of the subject matter. This
editor arranges for review of the manu-
script  and communicates  with  the
author(s) regarding revisions. Final acceptance or rejection
of a manuscript is determined by the Editor.

Accelerated Brief Communications are handled as rapidly
as possible, ordinarily with a response to the author(s) from
the Divisional Editor, the Group Editor, or the Editor within
three weeks of their arrival at Pennington. Response to the
authors of other manuscripts usually takes place within six
weeks. Following acceptance, authors are notified of the
Journal issue in which publication is scheduled; about one
month before publication, page proofs and an order blank for
reprints are provided. Proofs must be promptly corrected and
returned. Extensive alterations by the author may delay
publication; their cost will be billed to the author(s).

To help meet publication costs, a payment of $65.00 per
printed page is requested for the publi-
cation of technical material. If at least
one author is a Society member or an
employee of a Patron or Sustaining mem-
ber, a 10% reduction is allowed. Acceptance of manuscripts
for publication is, however, based on merit and is in no way
dependent on such payment, which may be waived in indi-
vidual cases upon request.

Revised August 1, 1984

EDITORIAL
PRACTICES

PUBLICATION
CHARGE

Organization and clarity are essential elements of successful
written communication. ldentify the
PRESENTATION subject matter in the title, using words
useful in indexing. State the purpose of
the work early in the text. Avoid introductory and explanatory
material that is overly familiar to those in the field. Present
the work and the arguments in an order that leads naturally
to clearly specified conclusions. Provide enough information
for the work to be reproduced and the logic behind it to be
understood. Identify and justify any assumptions that are
made; avoid tacit assumptions. Omit details that are generally
known or that can be covered by reference to other publica-
tions. Give the magnitude and define the significance of
experimental errors. Use headings and subheadings as appro-
priate. Avoid proprietary and trade names, but capitalize
them where their use is necessary. Define unusual technical
terms and abbreviations. Where symbols are used extensively,
list them with their definitions at the end of the paper. Avoid
repetition in the text and duplication of material in figures
and tables. Be brief but clear.
Edit and proofread the manuscript carefully; these are not
the responsibilities of the editors or reviewers.

Accelerated Brief Communications must be typewritten or

printed on standard forms obtained,
MANUSCRIPT with detailed instructions for their use,
PREPARATION from the Pennington Editorial Office.

All other manuscripts must be type-
written or printed, double-spaced throughout, on one side
only of white 21.6 x 27.0 cm paper, with 2.5-3.8 cm margins.
Do not use single spacing anywhere, in title, abstract, text,
references, tables, or figure captions.

For general matters of style and format, see papers in
recent issues of the Journal and consult a style manual such
as that of the American Chemical Society or that of the
American Institute of Physics. These also provide lists of com-
mon abbreviations and units. The following specific items
should be noted:

(a) Systeme Internationale (SI) units are to be used; a
description may be found in NBS Special Publication 330 or
ASTM Metric Practice Guide E-380-72.

(b) The signs of cell and electrode potentials are to follow
the IUPAC conventions of 1953.

(c) Mathematical equations should be written on a single
line, if possible, using parentheses, brackets, the solidus,
negative exponents, etc.

(d) References are to be listed separately at the end of the
paper in the order they are cited in the text, being sure that
each listed reference is cited. Authors’ initials must be given,
and Chemical Abstracts abbreviations must be used. Citations
of other than the generally available literature should be
avoided if possible.

(e) Tables are to be presented on individual sheets, with
both captions and body double-spaced.

(f) Figure captions and numbers are to be included on a
separate sheet and must not appear in the body of any figure
or illustration.

(g) Drawings and graphs will ordinarily be reduced to
column width (8.3 cm) and after such reduction should have
lettering at least 0.15 cm high. Lettering must be of
letter-guide quality. Originals in India ink on tracing
cloth or paper are preferred, but India ink on coordinate
paper with blue ruling is acceptable. When several curves are
shown, each may be lettered and identified in the caption.
The Editorial Office will not make corrections or additions to
figures.

(h) Photographs should be used sparingly. The originals
supplied must be glossy prints and should be protected against
bending. Micrographs must have a labeled unit length within
the body of the picture; reduction for printing makes magni-
fications meaningless.

Printed in the United States of America
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APPLICATION FOR ADMISSION
TO
The Glectrochemical Socicty, Juc.
Return completed application to:
Secretary

For office use only

Date Rec'd. S

Notice of Ackn.

The Electrochemical Society, Inc. e
10 South Main Street, Pennington, New Jersey 08534-2896
609-737-1902 Approved: _ . _

To the Board of Directors of The Electrochemical Society, Inc:

Name: -
Address: e

Please print complete
name and address )
as it should = - S mesmE—— e
appear on mailings.

-Busi ness Telephone: (include area code)

I hereby make application for admission to The Electrochemical Society, Inc., as an —._ member,
and enclose the amount of $ covering the first year's dues. (Please see reverse side for proper class of membership and dues applying
therete, noting the options with regard to the date of election and active life membership and the credit available for nonmember meeting
registration.)

1. Date of Birth:
2. Please check LOCAL SECTION with which you wish to affiliate:

Boston (05) —— Detroit (25)

Canadian (60) —— European (27)
Chicago (10) —— Indianapolis (30)
Cleveland (15) — Japan (33)

Columbus (20) — Metropolitan N.Y. (35)

(month) (day) (vear) _

Midland (Mich.) (40) —— Philadelphia (70)
Natl. Capital Area (45) —— Pittsburgh (75)
North Texas (55) —— Rocky Mountain (80)
Oregon (62) —— San Francisco (85)
Pacific Northwest (65) —— South Texas (88)

So. Calif.-Nevada (90)
Southern Wisconsin (92)
Twin Cities (96)

None (99)

3. Please indicate your DIVISIONAL and GROUP interests, noting your primary interest(s) with the number 1 and secondary interest(s)
with the number 2.

—— Battery (AO)

—— Corrosion (BO)

—— Dielectrics and Insulation (CO)
—— Electrodeposition (DO)

—— Electronics (EO)
[ New Electronic Technologies (E1)
(7] Semiconductors (E3)

—— Energy Technology (GO)

——High Temperature Materials (HO)

—— Industrial Electrolytic (10)
—-—Luminescence and Display Materials (KO)
- ---Organic and Biological

Electrochemistry (FO)
—— Physical Electrochemistry (JO)

=

. Education:
Institution

Dates Attended

Major Subject Degree Earned

w

. Work Experience:

Name of Employer (current, followed by previous)

Position

6. The Society’s Constitution provides that two Active Members of the Society (who can substantiate the above record) must recom-
mend you for admission to membership. It will facilitate the handling of your application if you are able to have your references
sign this application form; if this is not convenient, please list their names and addresses. On a student application, only a single
taculty member recommendation with signature (including title and and institution) is required.

Name (please print) Signature Address

Name (please print) Signature Address
The undersigned certifies that the above statements are correct and agrees, if elected to the Society, to be governed by its Con-

stitution and Bylaws and to promote the objects of the Society as stated in its Constitution.

Date
Rev. 7/85

19 (Signature)




Active Member

Student Member

Date of
Election Dues

Active Life
Membership

Nonmember Meeting
Registration Credit

EXTRACTS FROM THE CONSTITUTION AND BYLAWS

CONSTITUTION—Article Il
Membership

Section 1. The individual membership shall consist
of Active, Honorary and Emeritus Members. The Board
of Directors may from time to time authorize other
classifications of membership as defined in the Bylaws
of the Society.

(Active Member—Annual Dues $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 Il

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.

CONSTITUTION—Article Ill
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:i if any, and dues for the current year have been
paid.

Section 3. A member desiring to resign shall send a
written resignation to the Office of the Society.

Section 4. Upon the written request of ten or more
Active Members that, for cause stated therein, a mem-
ber be dismissed, the Board of Directors shall consider
the matter and, if there appears to be sufficient reason,
shall advise the accused of the charges against him, He
shall then have the right to present a written defense,
and to appear in person before a meeting of the Board
of Directors, of which meeting he shall receive notice
at least twenty days in advance. Not less than two
months after such meeting the Board of Directors
shall finally consider the case and, if in the opinion of
the majority of the Board of Directors a satisfactory
defense has not been made and the accused member
has not in the meantime tendered his resignation he
shall be dismissed from the Society.

Section 7. The entrance fee, if any, annual dues and
any other payments to be made by the members of the
Society shall be paid in accordance with regulations
set forth in the Bylaws.

Section 8. Any member delinquent in dues after
April 1 shall not receive the Society’s publications and
will not be allowed to vote in any Society election
until such dues are paid. All members in arrears for
one year after April 1 shall lose their membership sta-
tus and can be reinstated only by action of the Board
of Directors.

All members receive a subscription to the Journal of The Electrochemical Society.



1 The
NEW BENCHMARK

for Electirochemical Research
Instrumentation

EGzG PRINCETON APPLIED RESEARCH

Our new MODEL 273 POTENTIOSTAT/ and a hefty compliance of +100 V. Current
GALVANOSTAT is the most versatile electro- measurements can autorange over eight decades
chemical research instrument you can buy. As a from 1 A to 100 nA full scale! A front panel con-
manually-controlled potentiostat, it provides trol lets you optimize the Model 273 for either
features such as waveform generation and cur- high-speed or high stability operation. The
rent, log current, and coulomb outputs. As a Model 273/97 IR compensation option uses the
computer-controlled potentiostat, it offers both current-interrupt technique and includes a 5 ps
RS232 and GPIB Interfaces together with an A/D converter.
expanded version of our easy to use Electro-
chemical Command Set. We even offer a less expensive version of the
Model 273 without front-panel controls. It's call-
The Model 273 is functionally equivalent to a ed the Model 272. For corrosion studies, up to
rack of research instruments, yet its price is eight Model 272's or 273's can be used with our
significantly lower and its performance is new Model 351 Corrosion Measurement Console.
remarkably better. A completely new design
allows both extraordinarily low noise operation Sound intriguing? Write or call for more details.

— JNEGzG PRINCETON APPLIED RESEARCH —

P.O. BOX 2565 « PRINCETON, NJ 08540. U.S.A. * 609/452-2111  TELEX: 843409
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You don’t have to be made
of money to afford
Electrochemistry

Chemical instrumentation is -
expensive! Acquisition of MS, .

NMR, FTIR, and ESCA can ,

involve a capital expense & ‘ \ ~
measured in multiples of )
$100,000. The information ~

gained justifies the invest-
ment. Electrochemical tech-
niques provide unique ther-
modynamic, kinetic, and
mechanistic information
which is simply not available
from spectroscopic instru-
mentation. The cost-benefit
analysis is in your favor if you
work with transition metal
complexes, biochemical
redox reactions, thin-films, and
chemically modified surfaces.
For an order of magnitude
less, you could learn more.
Our BAS-100 Electrochemical
Analyzer does most of the
work, giving you time to think.

D 4 ;G
D Il D
2701 Kent Ave

West Lafayette
Indiana 47906

Telex: 276141
(317) 4683-4527

A
{
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Off-the-shelf electrochemical cells for lab,
pilot plant and production are now available
foravariety of applications.

Expertly designed and engineered flow cells are available for applications
including chloralkali and synthesis of a wide range of inorganic and orga-
nic chemicals. These modular membrane cells have found application
world-wide! Start with a laboratory unit as small as 0.01 m? (Electro MP
Cell) or 0.04 m2 (ElectroSynCell) and expand to a pilot scale module,
and then to production plant size by adding on modules, or installing
the NEW Electro Prod Cell especially designed for production. Injection
molded cell parts are available in a wide range of inert materials. Electro-
des can be of DSAR, Pt on Ti, PbO,on Ti, graphite and many others.
Further advantages: leakproof, uniform hydrodynamics and current distri-
bution, and narrow inter-electrode gap.

Electro MP Cell

ElectroSynCell

————— membrane
——— frame,inner
———— electrode
E—1 frame,outer
—— frame,inner
—— membrane

fluid distributor

membrane —

membrane electrode element—

Characteristics of Cells
Electro MP Cell ElectroSynCell ElectroProdCell

AB Electrode area (min): 0.01 m? 0.04 m2 0.4 m2
(max): 0.2 m2/module  1.04 m2/module 16.0 m2/module
Current density (max): 4 kA/m?2 4KkA/m?2 4 kA/m?2
Interelectrode gap: 6-12 mm 5 mm 0.5-4 mm

ElectroCell AB Electrolyte flow, per cell: 1-5 I/min 5-15 I/min 10-30 I /min
P.O. Box 34, Flow Rate in each cell: 0.03-0.15 m/s 0.2-0.6 m/s 0.15-0.45 m/sek
154 00 Akersborts, Write or call for further technical information and a quotation.
Int. + 46 764-60040
Telex 15313 ECAB S REPRESENTATIVES:
USA, Canada: France: Germany: Spain: Southeast Asia:
THE ELECTRO SORAPEC. SIGRI ELEKTROGRAPHIT AFORA S.AA.  SHOKO CO. LTD.
SYNTHESIS 192 rue Carnot, GMBH Aribau 240 8-3 Nishi Shimabashi,
CO,, INC. 94120 Fontenay Werner-von-Siemens Barcelona-6  3-chome, Minato-ku,
P.O. Box 16, Sous-Bois, Strasse 18 Spain Tokyo 105,
E. Amherst, N.Y., France. D-8901 Meitingen (93) 200 9911 Japan.
14051 USA. (1) 8774959 West Germany (03) 459-5280~6
(716)684-0513. (08 271) 83-0

433C
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If you’re doing multi-sample
corrosion research. . .the
ESC 440 MULTICHANNEL
POTENTIOSTAT should be in
your lab. ..

Ten independent potentiostats for Interchangeable electronic modules for
control of corrosion coupons during each channel. Separate current moni-
extended testing. The ESC 440 is the tor outputs for connection to your data
most cost effective method for individ- collection system.

ual control of multiple samples.

Call us today for the details.

nt "' A 440
4 , C

THE ELECTROSYNTHESIS CO., INC.
P.O. Box 16, E. Amherst, N.Y. 14051 « 716-684-0513




Call for Papers

169th Meeting
Boston, Massachusetts, May 4-9, 1986

Selected symposium topics and planned General Sessions are described in the following pages.
Procedure for Submitting Papers

1. Submit one original 75-Word Abstract on the attached form or a facsimile together with one original Extended Abstract to The
Electrochemical Society, Inc., 10 South Main St., Pennington, NJ 08534-2896. The deadline for receipt of both the 75-Word and Extended
Abstract at The Electrochemical Society Headquarters Office is December 1, 1985.

2. Sendacopy of both the 75-Word and Extended Abstract to the appropriate organizing symposium or General Session chairman listed.
No paper will be considered unless both the 75-Word and Extended Abstract are received at Society Headquarters by Decem-
ber 1, 1985. Both abstracts and the oral presentation are required in English.

Instructions for Preparation of Extended Abstract

1. New Deadline—Extended Abstract must be submitted with the 75-Word Abstract by December 1, 1985.

2. All scheduled papers will be published in the EXTENDED ABSTRACTS volume for this meeting. The volume is published photo-ottset
directly from typewritten copy submitted by the author. The volume will be 7 x 10in.; therefore, it is essential that the typing be clear and all
lettering should be the size of ordinary type or at least 1/16 in. 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 trom The Electrochemical Society, Inc., 10 South Main St.,
Pennington, NJ 08534-2896, or you may use any white bond paper 11 x 17 in. The diagram below gives the dimensions of the Extended
Abstract torm.
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3. The text of the abstract, including references, must not exceed one page (two columns) in length. An additional two columns are
permitted for figures, if necessary. Papers exceeding this limit will be returned or rejected.

Mailing Instructions

Mail the original Extended Abstract together with the original 75-Word Abstract to The Electrochemical Society, Inc., 10 South Main St.,
Pennington, NJ 08534-2896 and a copy to the organizing chairman for receipt before December 1, 1985.

Notification of Paper Acceptance

Programming for this meeting will occur in early January. Organizing chairmen will notify those authors whose papers have not been
accepted. In early March, a complete packet of program materials, including an Advance Program, will be sent to the presenting authors.
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 tull manuscript form in order to be considered. “Instructions to Authors” for JOURNAL publication are available from
the Society Headquarters office and are published monthly in the JOURNAL. If publication elsewhere is desired after presentation, written
permission from Society Headquarters is required.



Boston, Massachusetts, Meeting Symposia Plans—Spring 1986

May 4-9, 1986

Extended Abstract must be submitted with the 75-Word Abstract by December 1,1985.

CORROSION

General Session

Papers on all aspects of low and high temperature cor-
rosion and associated phenomena will be considered
Experimental techniques for the study of corrosion pro-
cesses and corrosion products are also of interest.

Suggestions and inquiries should be sent to the Ses-
sion Chairman: E. McCafferty, Code 6314, Naval Re-
search Laboratory, Washington, DC 20375-5000.

DIELECTRICS AND
INSULATION/ELECTRONICS

Electrochemistry in Electronic
Packaging

Papers on electrochemical process are solicited in
areas of: 1. microwave as well as electronic packaging:
2. electroless copper catalysis and deposition on insula-
tors; 3. metallization of silicon; 4. photoenhanced metal
deposition; 5. materials and processing considerations
in high density/high frequency packaging; 6. sensor
(biomedical, pressure, etc.) packaging: 7. corrosion
mechanisms and failure testing; 8. electromigration,
with special attention to fundamentals and scientific
understanding.

Suggestions and inquiries should be sent to the Sym-
posium Chairman: E. A. Giess, IBM T. J. Watson Re-
search Center, P.O. Box 218, Yorktown Heights, NY
10598.

DIELECTRICS AND INSULATION/
ELECTRONICS/CORROSION

Aluminum Surface Treatment
Technology

This symposium is for people who are involved with
the diverse products that are made from oxide-coated
aluminum. It will be a forum for the exchange of ideas
and information concerning the electrochemical and re-
lated chemical processing of aluminum surfaces, as well
as the properties of the finished surface or device. The
goal will be technology transfer between different appli-
cations through consideration of common fundamental
aspects.

Pr i on recent . either from a

or an eng| ing viewpoint, are encouraged.

Principal areas of interest are as follows. 1. Adhesive
bonding of aluminum alloys. The relationship of anodic
oxide film structure and composition to the integrity of
the adhesive bond; aging, humidity, and other environ-
mental effects; fallure mechanism and evaluation of ac-
celerated test methods. 2. Electrolytic capacitors, both
wet and solid types. New processes and materials for ac
and dc atchlng Improved types of oxide dielectrics;
of and oxide growth;

novel capacitor materials such as Ti-Al sintered bodies
and TCNQ solid electrolyte; capacitor performance re-
lated to use of advanced materials. 3. Lithographic plate.
R p of surface texture, and anodic
oxide propevﬂas to image quality and plate life; etch and
anodizaton processes for high speed production lines;
plate surfaces for new printing technologies. 4. Porous
anodic oxide coating for architectural, corrosion protec-
tion, electrical insulation, decorative, and wear-resistant
applications. Fundamental aspects of oxide growth,
structure and environmental effects; improved pro-
cesses, new prcducts shifting markets. 5. Surface treat-

DIELECTRICS AND INSULATION/
ELECTRONICS/LUMINESCENCE
AND DISPLAY MATERIALS

Patterning Science and Technology

Papers on advances in the technology of pattern trans-
fer in the optical, E-beam, and x-ray regimes are solic-
ited. Relevant ion beam topics will also be consldered.

The emphasis will be on materials, and processes, to
maximize the fidelity of the pattern-transfer step (in the
radiation-sensitive layer) both by incremental improve-
ments in current technology and by novel systems. Mod-
eling papers to increase understanding and predict per-
formance are also invited.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: A. W. McCullough, Shipley Co.,
Inc., 2300 Washington St., Newton, MA 02162; or M. J
Watts, AZ Corp.. 615 Palomar Ave., Sunnyvale, CA 94086

ELECTRONICS/DIELECTRICS
AND INSULATION

Silicon on Insulators

In this symposium, focus will be placed on recent ad-
vances in the various approaches to the formation of
device-quality silicon on insulating substrates. This fo-
rum should provide the opportunity to develop a per-

o] onthe ges and li i oftheindivid-
ual approaches with respect to preparative procedures,
crystalline and electronic properties, applicability to
various device configurations, and economics. An im-
portant aspect of the symposium will be the crystalline
and electronic characterization of SOl materials. SOl ap-
proaches to be discussed include: 1. lateral growth from
the melt (seeded and unseeded); 2. lateral growth by
solid phase epitaxy; 3. lateral growth by CVD; 4. the for-
mation of an insulating layer beneath a layer of bulk sili-
con; 5. oriented growth induced by a patterned relief
structure; and 6. the heteroepitaxial growth of silicon on
single-crystal insulating substrates

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: G. W. Cullen, RCA Laboratories,
Princeton, NJ 08540; J. Butcher, Microelectronic Center,
Middlesex Polytechnic, London, England N11 1NQ; G. K.
Celler, AT&T Bell Laboratories. Rm. 6F-217, Murray Hill,
NJ 07974; J. C. C. Fan, MIT Lincoln Laboratory, 244
Wood St.. Lexington. MA 02173; S. Furukawa, Dept. of
Applied Electronics, Tokyo Institute of Technology,
Nagatsuta, Midori-ku, Yokohama 227, Japan; or V. A
Wells, Sandia National Laboratories, Div. 2147,
Albuquerque, NM 87175,

Electrochemical S rs for Bic dical
Applications

This symposium will explore a variety of novel elec-
tronic and electrochemical sensors important in biology
and medicine. Presentations will address sensor fabrica-
tion, principles of operation, applications, and measure-
ment sensitivities. The types of sensors to be discussed
include, but are not limited to, 1. solid-state chemical
sensors, 2. membrane electrodes, 3. potentiometric sen-
sors of immunological reactions, 4. electronic detectors
of nucleic acids, and 5. enzyme-mediated electrochemi-
cal detectors.

Publication of a proceedings volume is being consid-
ered. Papers published in a proceedings volume may
also be submitted to the Journal, but must be received
no later than 6 months after the date of the symposium at
whlch the Ppaper was presented.

ments of new alloys and P
Emerging applications such as electrochromic and Iu-
minescent displays, memory storage disks, and solar
heat collector panels.

Publication of a proceedings volume is planned. Pa-
pers published in a proceedings volume may also be
submitted to the Journal, but must be received no later
than 6 months after the date of the symposium at which
the paper was presented.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairman: R. S. Alwitt. Boundary Technolo-
gies, Inc., 3000 Dundee Rd., Suite 309, Northbrook, IL
60062; or G. E. Thompson, Corrosion and Protection
Centre, University of Manchester Institute of Technol-
ogy. P.O. Box 88, Manchester, England M60 1QD.

and inquiries should be sent to the Sym-
posium Chairman: C. Li, Cambridge Research Labora-
tory, 195 Albany St., Cambridge, MA 02139.

Tutorial on Medical Electronics

This symposium will be presented for the benefit of
the nonexpert. Its focus is on implanted devices. Topics
to be covered include the following: 1. implantable elec-
tronics, sensors, and actuators in acute and long-term
use; 2. neural prostheses; 3. electronic interface with
physical prostheses; 4. the interface between electronic
components and body fluids, both acute and long term;
5. electrical stimulation; 6. regulatory issues and pro-
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cesses; 7 sa'ety issues; 8 boay response to materials
and st ) . induced
bone growth, and excapsulauon 9. materials: polymers,
metals, and substrates; 10. testing and rallsb“l(y 1"
percu and t taneous signal
leads, coupling methods; 12. passivation and protection
of unencapsulated integrated circuits. Topics specific-
ally excluded are imaging systems and electronics not
related to implanted devices

Some contributed papers may be included. Publica-
tion of a proceedings volume is being considered. Pa-
pers published in a proceedings volume may also be
submitted to the Journal, but must be received no later
than 6 months after the date of the symposium at which
the paper was presented

Suggestions and inquiries should be sent to one of the
Symposium Co-Chairmen: P. W. Barthand L. A. Roberts,
Integrated Circuits Laboratory. Stanford University
Stanford, CA 94305; or R. J. Huber, Dept. of Electrical En-
gineering, University of Utah, Salt Lake City, UT 84112

Fifth International Symposium on Silicon
Materials Science and Technology

The symposium will cover a wide range of topics re-
lated to silicon material phenomena accompanying the
fabrication of advanced devices, integrated circuits
and. in particular, very large scale integration (VLSI)
Thisincludes the preparation, properties, and character-
ization of silicon crystals and thin films, as well as the
chemical impurities and structural imperfections ac-
companying VLSI processing. Particular emphasis will
be accorded the manifold interactive effects of silicon
starting material properties and the multiple IC pro-
cessing steps on VLSI circuit performance

Initial plans call for a selection of papers to be compre-
hensive reviews of fundamental research as well as
items of technological importance. The remainder of the
papers will be selected from a representative sampling.
but not necessarily inclusive of. contributed original re-
search papers not previously published in the areas
listed below. Authors are encouraged to recommend the
appropriate session for their submitted abstracts

The sessions will include: 1. crystal growth; 2. thin
film and interfaces; 3. oxidation and nitridation; 4. diffu-
sion and ion implantation; 5. silicon defects; 6. gettering
phenomena; and 7. silicon materials/IC process failure
analysis.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: H. R. Huff. Monsanto Electronic
Materials Co.. P.O. Box 10123, Palo Alto. CA 94303; T
Abe. SEH R&D Center, Shin-Etsu Handotai Co.. Ltd.
2-13-1 Isobe, Annaka-Shi. Gunma-Ken 379-01, Japan; or
B. O. Kolbesen, Siemens AG. Zentralbereich Technik
Zentrale Forschung und Entwicklung, Postfach 832729,
D-8000 Muenchen 83, Germany.

Detailed instructions concerning participation in this
symposium appear in the special Call for Papers in the
Journal of the Electrochemical Soclety, April 1985, p. 183C.

Joint General Session

Papers are solicited on all aspects of electronic mate-
rials and processing technologies except those covered
by special symposia. Topics of interest include elec-
tronic materials preparation, characterization, interac-
tions. and device applications, basic chemistry and
physics of materials processing. process and device
modeling, sensor technology. and computer-aided man-
ufacturing of electron devices. Of particular interest are
new or novel materials and processes.

Suggestions and inquiries should be sent to the Ses-
sion Co-Chairmen: W. M. Bullis, Siltec Silicon, 423 Na-
tional Ave.. Mountain View, CA 94043; H. R. Huff,
Monsanto Electronic Materials Co., P.O. Box 10123, Palo
Alto. CA 94303; 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 Pa-
pers consisting of topics covered by the symposia and
sessions being sponsored or cosponsored by the Elec-
tronics and Dielectrics and Insulation Divisions are in-
vited for presentation.

A special Call for Recent News Papers will appear in
the January, February, and March 1986 issues of the
Journal

Suggestions and inquiries should be sent to the Ses-
sion Chairman: W. A. Pliskin, IBM Corp., Dept. 04A, Zip
48A, Hopewell Junction, NY 12533.



ELECTRONICS/DIELECTRICS AND
INSULATION/LUMINESCENCE
AND DISPLAY MATERIALS

State-of-the-Art Program on Compound
Semiconductors (SOTAPOCS IV)

SOTAPOCS IV is the fourth of a new series of special
symposia intended to provide a forum for discussion on
the latest developments in areas involving compound
semiconductors. Original papers and reviews relating to
all aspects of compound semiconductor processing are
solicited and welcomed. Of particular interest are papers
which correlate materials properties with fabrication
processes for high speed, microwave, photonic,
optoelectronic and sensing devices, and integrated
circuits

The symposia are also aimed at providing a forum for
synergistic interactions between those working in com-
pound semiconductors and those involved in silicon
technologies. A recent example of such synergism in
materials research is the new area of silicon/compound
semiconductor heteroepitaxy.

To ensure the timely nature of the SOTAPOCS IV ef-
fort, a special deadline has been set. Abstracts will be ac-
cepted until February 1, 1986. The standard 75-word
Electrochemical Society abstract (refer to form in this
Call for Papers) is sufficient for paper presentation at
SOTAPOCS. There is no need to submit an extended
abstract.

Suggestions, inquiries, and the abstracts should be
sent to the Symposium Co-Chairmen: S. N. G. Chu, AT&T
Bell Laboratories, Rm. 7C-226, Murray Hill, NJ 07974;
R. E. Enstrom, RCA Laboratories, Princeton, NJ 08540;
orV.G. Keramidas, Bell Communications Research, Rm
78-402, Murray Hill, NJ 07974.

ELECTRONICS/PHYSICAL
ELECTROCHEMISTRY/ENERGY
TECHNOLOGY/NEW TECHNOLOGY

Organic Semiconductors at
the Molecular Level

This symposium will be devoted to the fundamental
physical, chemical, and electrochemical properties of
organic semiconductors and related electroactive or-
ganic materials. Contributions relating to the synthesis,
oxidation-reduction, charge transport, charge compen-
sation and stability properties, theory and potential use
of these materials in sensors, photovoltaics, molecular
electronics, and other nonbattery applications are in-
vited. Papers on structure-property relationships, the
design synthesis of large organic molecules with
mgm'icanlly delocalized pi networks and organic
supercond are p! is will be on re-
sults which provide an underslandlng of the fundamen-
tal principles governing the structures. properties, and
behavior of the materials and mechanisms involved in
their electrochemically important characteristics.

Publication of a proceedings volume Is being consid-
ered. Papers published in proceedings volumes may
also be submitted to the Journal, but must be recelved
no later than 6 months after the date of the symposium at
which the paper was presented.

Suggestions and Inquirles should be sent to the Sym-
posium Co-Chairmen: D. S. Ginley, Sandia National Lab-
oratories, Org. 1154, Albuquerque, NM 87185; or J. J.
Smith, Office of Naval Research, Chemistry Div.,
Arlington, VA 22217-5000.

ENERGY TECHNOLOGY

General Session

Papers are solicited in the fundamental and applied
aspects of energy conversion, storage, and transmission
not covered by current symposia. Of particular interest
are new developments in photoelectrochemistry and
novel methods for energy storage, conversion, and
transmission. Papers on the application of electrochem-
istry for environmental cleanup are also welcome

Suggestions and inquiries should be sent to Session
Co-Chairmen: H. C. Maru, Energy Research Corp.. 3
Great Pasture Rd., Danbury. CT 06810; or D. S. Ginley,
Sandia National Laboratories, Div. 1154, Albuquerque,
NM 87185

ENERGY TECHNOLOGY/
DIELECTRICS AND
INSULATION/ELECTRONICS

Materials and New Processing
Technologies for Photovoltaics VI
This symposium will focus on the new developments

in the rapldly growing field of photovoltaics with special
emphasis on processing techniques that help lower the

cost of manutacturing PV modules and approaches that
are needed to develop high efficiency solar cells.

Papers are solicited on the following main topics: 1.
thin tilm amorphous silicon solar cells; 2. thin film poly-
crystalline solar cells; 3. crystalline silicon solar cells; 4.
tandem-structure solar cells; 5. new materials and ad-
vanced concepts In photovoltaics. Papers that deal with
the material properties and characterization, growth
mechanisms, structure of thin films, nature of Inter-
taces, stability of photoactive materials, defects that af-
fect the performance of solar cells, and papers on pro-
cesses for uniform deposition of thin films, and
monolithic Integration of solar cells and silicon sheet
growth are welcome.

Publication of a proceedings volume Is planned.
Camera-ready copies of manuscripts must be provided
at the time of presentation. Papers published in a pro-
ceedings volume may also be submitted to the Journal,
but must be recelved no later than 6 months after the
date of the symposium at which the paper was pre-
sented.

Suggestions and inquirles should be sent to the Sym-
posium Co-Chairmen: V. K. Kapur, International Photo-
voltalc Systems, 9540 Donna Ave., Northridge, CA91324;
P. Rai-Choudhary, Westinghouse Research and Devel-
opment Center, 1310 Beulah Rd., Pittsburgh, PA 15235;
or S. Pizzini, Dept. of Physical and Electrochemistry,
University of Milan, Via Golgi-20133, Milan, Italy.

ENERGY TECHNOLOGY/
ELECTRODEPOSITION/
ELECTRONICS

position of S

Electrod ductors

This symposium will focus on mechanism, applica-
tions, and end use of electrochemically deposited semi-
conductor thin films and on electrochemical deposition
of thin films on semiconducting substrates.

Papers are solicited in the following areas: 1. mecha-
nisms, including correlation of solid-state properties of
the deposit and solution chemistry, correlation between
deposition parameters and the electronic and optical
properties of the film. control of stoichiometry and
doping. and correlations between the mechanism of the
deposition and the morphology of the film; 2. photo-
electrochemical and photothermal deposition; 3
electrodeposition of organic semiconductors; 4. post-
treatment including nonelectrochemical post-treatment
to electrochemical deposits and electrochemical post-
treatment to thin films in general; 5. adhesion; and 6.
economlc analysis, utilization, and comparison of elec-
tro and ochemical deposition methods.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: M. Tomkiewicz, Dept. of Physics,
Brooklyn College of CUNY. Brooklyn, NY 11210; R.
Nouti, Solar Energy Research Institute, 1617 Cole Bivd.,
Golden, CO 80401; or G. Hodes, Dept. of Plastic Re-
search, The Weizmann Institute of Science, Rehovot
76100, Israel.

ENERGY TECHNOLOGY/
PHYSICAL ELECTROCHEMISTRY

Strong Metal-Support Interaction in
Electrocatalysis

There are many scattered evidences of metal-support
interactions in electrocatalysis, such as enhanced activ-
ity and reduced degradation, the causes of which have
been postulated to be simple physical attraction, elec-
tronic interaction, and even chemical reaction between
metal and support. Even for gas phase catalysis, on
which a considerable amount of research has been re-
ported, no comprehensive understanding of metal-
support interaction exists. This symposium will attempt
to bring together researchers in the catalyst field, to
produce a common forum for discussion, and to guide
future advances in electrocatalysis.

Topics of interest include catalysis in electrochemical
energy conversion, industrial electrolytics, electromet-
allurgy, and organic and biological electrochemistry.
The proposed papers may cover all studies ranging from
preliminary experiments to commercial processes and
theoretical considerations.

Suggestions and Inquiries should be sent to the Sym-
posium Co-Chairmen: V. M. Jalan, Giner, Inc., 14 Spring
St.. Waltham, MA 02154; or J. A. Horsley, Exxon Re-
search and Engineering Co., Corporate Research-
Science Laboratories, Annandale, NJ 08801

HIGH TEMPERATURE
MATERIALS/CORROSION
Fundamental Aspects of High Tempera-
ture Corrosion Il
This is the second In a serles of symposia that will deal

with the mechanlstic aspects of high temperature corro-
sion. Papers are soliclted In the following areas: 1. fun-
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damental mechanisms of scale growth in single or multi-
ple oxidants; 2. fur of
complex scale growth on alloys; 3. fundamental mecha-
nisms of reaction product growth on nonmetallics,
structural ceramics; 4. chemical and electrochemical
mechanisms of hot corrosion; 5. studies of the relation-
ship of alloy or scale microstructure to corrosion; 6.
studies of the development of growth stresses, thermal
stresses, and/or cracking of scale; and 7. theoretical
considerations in high temperature corrosion.

Publication of a proceedings volume is being consid-
ered. Papers published in a proceedings volume may
also be submitted to the Journal, but must be received
no later than 6 months after the date of the symposium at
which the paper was presented.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: D. A. Shores, University of
Minnesota Corrosion Research Center, 221 Church St.,
Minneapolis, MN 55455; or G. Yurek, Massachusetts In-
stitute of Technology, 77 Massachusetts Ave, Rm. 4-136,
Cambridge, MA 02139.

HIGH TEMPERATURE
MATERIALS/CORROSION/
DIELECTRICS AND INSULATION

Surface Modification of High
Temperature Materials

Oxidation, corrosion, erosion, and wear of materials
modified by surface treatment are to be covered. Exam-
ples of such surface treatments could include ion im-
plantation, ion plating, ion mixing, coatings effected by
sputtering, electron-beam-physical vapor deposition
(EB-PVD), plasma spraying. chemical vapor deposmon
(CVD), and diffusion pr as well as i
produced by laser and electron-beam techniques.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: J. G. Smeggil, United Technolo-
gies Research Center, M/S 22, Silver Lane, East Hartford
CT 06108; or K i, Naval L
Code 6671, 4555 Overlook Ave. SW, Washington, DC
20375.

HIGH TEMPERATURE
MATERIALS/DIELECTRICS AND
INSULATION

Contemporary Film Structures
and Their Properties

This symposium will focus on recent advances in
multicomponent thin film structures that owe their
unique properties in part to the geometry of their individ-
ual componenls Modulated thin metal film structures
as well as L type films,
and composite thin film struc(ures such as metal dis-
persions in dielectric thin film matrices, will be consid-
ered. Contributions are being solicited that deal with
novel synthetic or characterization techniques with em-
phasis on microstructure/physical property correla-
tions, both theoretical and experimental. Discussions of
existing or unique potential applications are welcome.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: E. Kay, IBM Research Laboratory,
Dept. K33/281, 5600 Cottle Rd., San Jose, CA 95193; or J.
Susko, R. D. 1, Box 401, Owego, NY 13827.

High-Technology Silicon-Based
Structural Ceramics

This symposium will focus on physical, chemical, me-
chanical, and tribological properties of SiC, Si;N,, and
related compounds. Topics include powder synthesis,
processing characterization,and microstructure-
property relationships. There is interest in applications,
manufacture, and design of ceramic components for use
in high performance turbine engines, automobile en-
gines, and cutting tools. Contributions may be state-of-
the-art review articles or from research in a related field.

Suggestions and inquiries should be sent to Sympo-
sium Co-Chairmen: K. S. Mazdiyasni, AFWAL/MLLM,
WPAFB, Dayton, OH 45433; or T. Johansson, KemaNord,
S-840 10, Ljungaverk, Sweden.

INDUSTRIAL ELECTROLYTIC

Nonaqueous Electrolytic Processes

This symposium focuses on the industrial applications
of nonaqueous systems in electrolysis and related elec-
trochemical processes. A broad spectrum of contribu-
tions is being sought, with special emphasis on
nonaqueous electrolytic areas such as molten salts, or-
ganic solvents, solid electrolytes, membranes, and room
temperature ionic liquids. Metal electrowinning,
electrorefining, electroplating, nonmetallic production
processes, and surface treatment are particularly solic-
ited. The chemistry, design, development, current and



potential distribution, optimization, and economic eval-
uatlon are among the various aspects of the symposium.

Publication of a proceedings volume is planned. Pa-
pers published in a proceedings volume may also be
submitted to the Journal, but must be received no later
than 6 months after the date of the symposium at which
the paper was presented.

Suggestions and inquiries should be sent to the Sym-
posium Co-! Chalrmen J. Jorne, Dept. of Chemical Engi-
neering, Uni . NY 14627;
or K. Hanson, AT&T Bell Laboralones Rm 7D-208,
Murray Hill, NJ 07974,

General Session

Papers are sohcned in the areas of industrial electro-
ing not covered
by the speclal symposia. Of particular interest are papers
concerning the application of statistics, parameter esti-
mation, or experimental design to industrial electro-
chemical systems.
Suggestlons and Inquirles should be sent to the Ses-
sion Chalrman: J. Van Zee, Dept. of Chemical Engineer-
ing, University of South Carolina, Columbia, SC 29208.

INDUSTRIAL
ELECTROLYTIC/BATTERY/
ENERGY TECHNOLOGY

Load Leveling and Energy
Conservation in Industrial Processes

The objective of this symposium is to bring together
the technical experts who are working on electrochemi-
cal energy storage and energy conservation in industrial
electrochemical processes. The spectrum of the sympo-
sium covers the research and development, conceptual
design, economic analysis, prototype test, and operat-
ing results of full-scale installations.

Papers are solicited on the following or related areas:
1. secondary batteries for energy storage and on-site
load leveling applications; 2. fuel cells for power genera-
tion; 3. solar and photovoltaic energy conversion sys-
tems; 4. hydrogen energy storage and utilization in the
process Industry; 5. on-site power generation and stor-
age using wing, geothermal, and small hydroelectric en-
ergy resources; 6. depolarized air or oxygen cathode for
Industrial electrolysis; 7. electrocatalysis and develop-
ment of energy efficient electrodes; 8. novel cell design,
cell separator and membrane for energy savings; 9. use
of pulsating or alternating current in Industrial electroly-
sls; 10. other energy conservation measures in industrial
eleclrochemlcal processes including electro-organic
g. etc.; 11. cost
analysis, mass and energy balance, and optimization of
electrochemical energy storage systems.

Publication of a proceedings volume is being consid-
ered. Papers published in a proceedings volume may
also be submitted to the Journal, but must be received
no later than 6 months after the date of the symposium at
which the paper was presented.

Suggestions and inquiries should be sent to the Sym-
posium Chairman: D.-T. Chin, Dept. of Chemical Engi-
neering, Clarkson University, Potsdam, NY 13676.

INDUSTRIAL
ELECTROLYTIC/BATTERY/
PHYSICAL
ELECTROCHEMISTRY

Diaphragms, Separators, and
lon-Exchange Membranes

Papers are solicited for this symposium which deal
with separators for batteries, fuel cells, or electrochemi-
cal cells used for the production of chemicals. Papers
that deal with the prep iza-
tion methods, transport properties, appllcalions, and,
especially, ones that combine these aspects will be of in-
terest. Papers should contaln both theoretical and ex-
perimental work, but papers dealing with either will be
considered.

Publication of a proceedings volume is being consid-
ered. Papers published in a proceedings volume may

also be submitted to the Journal, but must be received
no later than 6 months after the date of the at

doubls Iayer potential profiles in relation to kinetics of
;4.

which the paper was presented.
Suggestions and inquiries should be sent to the Sym-

Ti duced ion
transport 5. ITIES In relation to ion transport through
Ilpld bilayers; 6. metal ion/chelate interfacial transport;

poslum Co-Chairmen: R. E. White, Dept. of C| En-
gineering, Texas A&M University, College Station, TX
77843; H. S. Burney, Dow Chemical Co., B-2234,
Freeport, TX 77541; or K. Kinoshita, Applied Science
Div., 90-3026, Lawrence Berkeley Laboratory, Berkeley,
CA 94720.

ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY

Electrochemical and lonic Mechanisms
in Electr gnetic Cell Stimulati

Electromagnetic stimulation has been found useful in
certain forms of therapy. There have also been reports of
harmful effects In living systems due to exposure to elec-
tromagnetic radiation. Papers in this symposium should
be devoted to el the basic electr and
ionic mechanisms Involved In these effects.

Suggestions and inquiries should be addressed to the
Symposium Chairman: G. Rein, Dept. of Orthopedic Sur-
gery, Mt. Sinai Medical School, New York, NY 10029.

Organic Reaction Mechanl

interfacials transport; 8.
proleln modlﬂed Interfaclal transport; and 9. hetero-
phase catalysis mechanisms. New points of view, new
applications, new techn!ques and instrumentation from
avariety of y sp ists will be
in this symposium.

Suggestions and inquiries should be sent to the Sym-
posium Chairman: R. P. Buck, Dept. of Chemistry, Uni-
versity of North Carolina, Chapel Hill, NC 27514.

NEW TECHNOLOGY
SUBCOMMITTEE
Electrochemistry and Solid-State

Science Education at the Graduate and
Undergraduate Level

The and yment of electro-
chemical and solid-state science and engineering are
jecti of The Electr i Society. The goal of
this symposium is to identify means of enhancing the
role of education in achieving these objectives
Batterles, electronics, corrosion, dielectrics, insulation,

Papers devoted to studles of organic reactions accom-
panying electron transfers using electrochemical and
auxiliary (echnlques are solicited. Blochemically Impor-
tant and lytl will also be ed.

Suggestions and inquiries should be addressed to the
Symposium Co-Chairmen: J. F. Russling, Dept. of Chem-
istry, University of Connecticut, Storrs, CT 06268; or P.
Zuman, Dept. of Chemistry, Clarkson Unlversity,
Potsdam, NY 13676.

PHYSICAL ELECTROCHEMISTRY

Electrode Processes IV

The symposlum will consist primarily of invited pa-
pers. The focus is on aspects of structure and micro-
scopic dy at
ical interfaces. Subtopics (hat will receive emphasis
include kinetics of simple systems, interfacial structure,
spectroscopic probes of electrode processes, electro-
chemical microstructures, and organic and inorganic
mechanisms. Persons Interested in contributing papers
to this symposium should contact one of the organizers.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chairmen: B. E. Conway, Dept. of Chemistry,
University of Ottawa, Ont., Canada K1N 9B4; M. J
Weaver, Dept. of Chemistry, Purdue University, West La-
fayette, IN 47907; or L. R. Faulkner, Dept. of Chemistry,
University of [llinois, Urbana, IL 61801.

General Session

Papers concerning any aspect of physical electro-
chemistry notincluded in the topic areas of the symposia
are welcome

Suggestions and inquiries should be sent to the Ses-
sion Chairman: B. Miller, AT&T Bell Laboratories, Rm.
1D-350, Murray Hill, NJ 07974.

PHYSICAL ELECTROCHEMISTRY/
ORGANIC AND BIOLOGICAL
ELECTROCHEMISTRY

lon Transfer at Liquid-Liquid Interfaces

This symposium will provide a forum for discussion of
theoretical and applied research on ion-transport kinet-
ics and mechanisms at Immiscible electrolyte interfaces
(ITIES). Among the relevant topics are: 1. single lon parti-
tion equilibrium theory; 2. double layer structures; 3.

electr . high p e matevlals energy

gy. industrial y and
display materials, organic, blologlcal and physical elec-
tr y have ped rapidly and as

major areas of interest of this Society. Maintaining the
breadth of these multidisciplinary fields and increasing
their applications are extremely important pedagogical
aims of this symposium. The progress of theoretical and
applied science and eng ing in the coming

will be connected with the underlying need for acquiring
greater and deeper knowledge. Both theoretical and
experimental topics are requested that will advance the
process of educating scientists and engineers in electro-
chemistry and solid-state sclence.

Publication of a proceedings volume is being consid-
ered. Papers published in a proceedings volume may
also be submitted to the Journal, but must be received
no later than 6 months after the date of the symposium at
which the paper was presented.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chalrmen: W. H. Smyrl, Dept. of Chemical
Engineering and Materials Science, University of
Minnesota, Minneapolis, MN 55455; A. Landgrebe, Dept.
of Energy, MS 5E052, Washington, DC 20585; R. C
Alkire, Dept. of Chemical E: ing. L y of Illi-
nois, Urbana; IL 61801; F. McLamon Applied Science
Div., Lawrence Berkeley Laboratory, University of
Californla, Berkeley, CA 94720; G. C. Farrington, Dept. of
Materlals Science, University of Pennsylvania,
Philadelphia, PA 19104; E. H. Nicollian, Dept. of Mechan-
ical Engineering and Engineering Science, University of
North Carolina, Charlotte, NC 28223; or L. R. Faulkner,
Dept. of Chemistry, University of Illinois, 1209 West
California St., Urbana, IL 61801.

NEW TECHNOLOGY
SUBCOMMITTEE/CORROSION/
BATTERY

Electrochemistry of Reactive Metal
Electrodes In Aqueous Solution

Papers are solicited concerning the aqueous electro-
chemistry of reactive metal electrodes such as alumi-
num and alkall or alkaline earth metals. Relevant topics
include lonic and electronic transport In surface films,
physical and morphologlcal properties of fiims, kinetics
or of lons (e.g., metal dis-
solution and water reduction) and technologlcal appli-
catlons In energy storage, corroslon protection, etc.

Suggestions and inquiries should be sent to the Sym-
posium Co-Chalrmen: J. F. Cooper, Lawrence Livermore
Natlonal Laboratory, L-4980, P.O. 808, Livermore, CA
94550; or S. Gross, 7201 26th NE, Seattle, WA 98115.

Extended Abstract must be submitted with the 75-Word Abstract by December 1, 1985.
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Extended Abstract must be submitted with the 75-Word Abstract by December 1, 1985

Boston, Massachusetts—May 4-9, 1986

Submit to: The Electrochemical Society, Inc. AbstractNo. ................
10 South Main Street, Pennington, NJ 08534-2896 (to be assigned by the Society)

Schedule for

(Title of Symposium)

SPONSOTBE. DY: & o v onsasssmsiaammse sssioss 6y s11s oshesssorsiaiasms o aisameyssmssstsrsysrodzess s a 8w 0 s oo s By yosa ot ATSToralh i Vs g TR e s o S\al B o awrins s igamieimpiots
(Division/Group)

Title of paper

Authors (Underline name of author PreSenting PAPEI.) . ... ...ttt et et e ettt et ettt

(State or Country) (ZIP Code) (Telephone No.)

(Type abstract in this area—double-spaced.)

Do you require any auaiovisual equipment? Has the information in this abstract been
presented verbally, submitted for publication,

O 35 mm (2 x 2 in.) slide projector or published?

(J Yes (1 No
SR If the answer is yes, please provide the
O other (specify) reference (except in the case of Invited review

Is a full length paper on this work to be submitted for Society Journal publication? O Yes O No

Papers presented before a Society technical meeting become the property of the Society and may not be published elsewhere without written
permission of the Society. Papers presented at Society technical meetings must be authored by a member or sponsored by an active member.
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